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Abstract

Gravitational waves are ripples of spacetime produced by massive accelerated objects.
Gravitational waves can be detected as a fluctuation in strain, which is a fractional change
in distance between two objects. The gravitational-wave strain is very hard to be detected
due to its extremely small amplitude. The strongest sources of gravitational waves are
astronomical events such as the collision of black holes and supernovae. These events emit
gravitational waves around 10 to a few kHz. Detectable gravitational wave strains are
around 1072!, which is extremely tiny. To detect such a tiny amount of strain, scientists
built the world’s largest and most complex laser interferometer. And, on September
14" 2015, the two detectors of the Laser Interferometer Gravitational-Wave Observatory
(LIGO) have made the first detection of gravitational waves, which has opened a new

window on the universe.

To be able to detect gravitational waves, noise mitigation is particularly important
in gravitational-wave detectors. There are many noise sources in a gravitational-wave
detector such as quantum noise and thermal noise. For ground-based gravitational-wave
detectors, seismic noise, which is the vibration of the ground, is particularly interesting.
At the observation band, the seismic noise can cause unwanted motion between the optics
of the interferometer. This adds strain noise to the detector that is orders of magnitude
higher than that caused by gravitational waves. Therefore, the core optics of the laser
interferometer need to be suspended by spring-mass systems or multiple-pendulums, which
behave like low-pass filters between the ground and the optics. At lower frequencies, the
seismic noise can excite the resonances of the mirror suspensions. Also, the ground hums
around 0.1 - 0.5 Hz, which is known as the secondary microseism and is the vibration of the
ground caused by ocean waves. The resonances and the microseism can cause excessive
motion in the optics and eventually knock the interferometer out of alignment. Therefore,
the motion at lower frequencies needs to be damped and this is done by active isolation.
Active vibration isolation refers to the use of active components such as displacement
sensors and coil-magnet actuators to achieve motion suppression via control systems.
However, the active components are not perfect and contain self-noise that can adversely
affect the performance of the isolation system or even compromise the sensitivity of the
detector at higher frequencies. Hence, they require proper design and optimization of the

control laws and digital filters to achieve active isolation in a gravitational-wave detector.
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KAGRA is an underground cryogenic gravitational-wave detector recently constructed
in Japan. In KAGRA, three types of active vibration isolation systems are used for the
main optics of the interferometer, namely, Type-A, Type-B, and Type-Bp suspensions.
They provide seismic isolation of different scales for different optics in the interferometer.
Commissioning these suspensions can be a daunting task. For proper implementation of
an active isolation system, several sub-tasks are identified. These include calibration of
sensors, sensors and actuators alignment, frequency response modeling of the suspension,
and designing feedback control systems to achieve active damping and coarse alignment
of the optics. To tackle these tasks, several suspension commissioning techniques are
developed and demonstrated using the KAGRA suspensions. These methods provided in
this thesis are conservative approaches that are robust and easy to use. The compilation
of the methods serves as a guideline for current and future commissioners for tackling
daily commissioning tasks. Nevertheless, the methods have already been implemented in
some KAGRA vibration isolation systems, such as the Type-B suspensions, as part of the

commissioning for the upcoming fourth observation run (O4).

The pre-isolation stage of the Type-A and Type-B utilizes several types of sensors
for active isolation, including linear variable differential transformers (LVDT), geophones,
and ground seismometers. They can be used in coordination with each other in two
special control schemes called sensor fusion and sensor correction. In sensor fusion, the
relative displacement sensor (LVDT) and geophone are blended into a “super sensor”
with better overall noise performance. And, in sensor correction, a seismometer placed
in the proximity of the suspension can be used to remove the seismic noise coupling in
the relative displacement sensors, which measure the relative displacement between a
suspended platform and the ground. The two schemes can be used individually (either
using sensor fusion or sensor correction) or together (sensor fusion between the sensor-
corrected LVDT and the geophone). successful implementation of these control strategies
could reduce the effective sensor noise in the control system and hence potentially achieve
better active isolation performance. This calls for an optimization of the control filters,
i.e. complementary filters and sensor correction filter, that are used in these schemes. The
two control optimization problems are similar as they correspond to one that seeks an
optimal trade-off between two conflicting objectives. Furthermore, the feedback control
problem for a single degree of freedom in an active isolation system is of a similar nature,
which seeks the optimal trade-off between disturbance rejection and noise attenuation.

Hence, that can be solved using similar approaches.

To solve the control filter design problems, special techniques using the H-infinity
(Hoo) method are proposed. The H,, method is an optimization approach that seeks the
minimization of the H, norm of a closed-loop generalized plant. Due to the property
of the H,, norm, the generalized plant can be designed to specify frequency-dependent

upper bounds for the signals that need to be minimized in a control system. Special



generalized plants are specified for sensor fusion, sensor correction, and feedback control
problems. And, with a proper choice of frequency-dependent upper bounds, the solution
to the problems yields control filters that minimize the target signal (sensor noise or
controlled displacement) in a way that its spectrum is a multiplicative offset (which is
shown to be equal to the Ho, norm) from the lower bound. In other words, the sensor
noise or feedback-controlled displacement is minimized in the sense that its spectrum is
equally close to the lower bound at all frequencies in a logarithmic scale.

The H,, methods are tested with the signal recycling mirror (SRM) suspension, which
is a Type-B suspension, in KAGRA. The results are compared to the original KAGRA
implementation of sensor fusion and sensor correction. And, results show that the H.,
approaches result in better sensor fusion and sensor correction noise performance. In
particular, the H., sensor correction suppresses the seismic noise coupling to a similar
extent compared to the KAGRA sensor correction but with virtually no seismometer
noise injection at low frequency. In contrast, the KAGRA sensor correction introduces
a significant low-frequency noise amplification, which makes it unusable. Similarly, the
KAGRA sensor fusion also introduces low-frequency noise from the geophone but to a
lower extent. In comparison, the H., sensor fusion, combined with H., sensor correction,
has a better suppression of the geophone noise while achieving a better seismic noise
decoupling. This makes the H,, method relatively suitable for sensor correction and
sensor fusion.

As for feedback control, the H,, optimization for seismic isolation control of the pre-
isolator gave a high-order control filter that has been misinterpreted by the control soft-
ware, Foton, used in KAGRA and therefore cannot be tested. However, the simulation
result shows that the H., control can suppress the dominant motion of the pre-isolator
while not ruining the passive seismic isolation performance at high frequency by injecting
noise. This is exactly what is needed for active isolation systems in gravitational-wave
detectors. The H,, method was also used to solve a simpler damping control problem,
which resulted in a simpler controller that can be implemented in the KAGRA control
system. It is compared to a control filter designed using a critical damping criterion. The
result shows that the critical damping filter injects excessive noise at higher frequencies
whereas the H, control achieves a similar level of damping without excessive noise. The
results from H., control are promising and hence it should be further developed for active

isolation systems in gravitational-wave detectors.
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Chapter 1
Gravitational Waves

In 1915, Albert Einstein published the general theory of relativity, which redefines New-
ton’s law of universal gravitation. General relativity describes gravity as a geometry
property of the four-dimensional spacetime, i.e. curvature of spacetime. The curvature
of spacetime is a result of the presence of matter and radiation. This relationship be-
tween spacetime curvature and the energy and momentum of the matter and radiation is
given by the Einstein field equations [1], which is a set of ten coupled partial differential

equations written in the form

Ry, — %QWR = 87CT—40TW. (1.1)
The left-hand side of Eqn. (1.1) is the Einstein tensor G, = Ry, — %gWR and it only
depends on terms that describe the geometry of spacetime. The stress-energy tensor 7},
on the right-hand side of Eqn. (1.1) describes the density and flux of energy momentum.
While the mathematics of Einstein’s general theory of relativity can be difficult, it can be
summarized in just 12 words: “Spacetime tells matter how to move; matter tells spacetime

how to curve.” |2]

In 1916, Einstein predicted the existence of gravitational waves as a solution to the
linearized Einstein field equations under the weak-field limit, i.e. when spacetime is nearly
flat |3, 1]. In the weak-field limit, the Einstein field equations have solutions corresponding
to transverse waves of spatial strain that travels at the speed of light and they are gener-
ated by time variation of the mass quadrupole moment of the source. The gravitational-
wave strain has a remarkably small amplitude, thus making them very hard to detect. In
this chapter, the nature of the gravitational waves is discussed, to an introductory extent
following Ref. [5]. Detailed explanations can be found in Refs. [6, 7]. In this chapter,
Sec. 1.1 provides a brief derivation of the gravitational wave under the weak-field limit.
And Sec. 1.2 discusses some possible astrophysical sources of gravitational waves. Lastly,

Sec. 1.3 briefly introduces the history of gravitational wave detection.



CHAPTER 1. GRAVITATIONAL WAVES

1.1 Gravitational waves

Gravitational waves are tiny ripples of spacetime. Here, spacetime refers to the combina-
tion of the three-dimensional space x, y, 2z, and the one-dimensional time ¢ and it is first
introduced in the theory of special relativity. Analogous to the three spatial coordinate
(x,y, z), a point in spacetime coordinate (t,z,y, z) is called an event. The combination of
space and time allows one to defined a so-called spacetime interval ds, which is invariant

under coordinate transformations, between two neighboring events such that
ds® = —cPdt* + da® + dy® + d2* (1.2)
where ¢ is the speed of light. Eqn. (1.2) can be generalized as
ds* = g, dz"dz” (1.3)

where g, is the metric tensor, ;1 and v are indices that range from 0 to 3 such that
(ct,w,y,2) = (2% 2!, 22, 23) (they are indices, not exponents). Note that the Einstein
summation convention is used here where a repeated index implies a summation over all
possible values of the index, i.e. a;b' =3, a;b". It is easy to see that Eqn. (1.2) can be

recovered by setting the metric sensor as ¢,, = 1,,, where

-1 0 0 O
1 00
, = 1.4
um 01 0 ( )
0 0 1

is called the Minkowski metric. The Minkowski metric denotes a special case of spacetime
corresponding to the flat spacetime. Any spacetime that is not flat corresponds to a metric
9uw 7 N and hence the metric tensor g, encodes the information about the curvature

of spacetime.

To derive gravitational-waves, consider a small perturbation of the the flat spacetime.

In this case, the metric can be written in the form

Guv = Nuw + hp,l/ ) (15)

where |h,,,| < 1 and h,, represents the small metric perturbation away from Minkowski
space. Such configuration is called weak-field limit. Because of this, the second-order
terms of h,, can be discarded and the Einstein Tensor GG, and the stress-energy tensor
T, can be expressed in linear terms of h,,. In this case, the Einstein field equations (1.1)

is said to be linearized. Now, under the choice of a special coordinates marked out by the

4 Optimizing Active Isolation Systems in Gravitational-wave Detectors



1.1. GRAVITATIONAL WAVES

worldlines of a free-falling mass!, the linearized Einstein field equations in vacuum can be

1d
2
(v -5 —dt) hw =0, (1.6)

which is a wave equation. Now, recall that h,, is a small perturbation of the flat space-

written as

time. The fact that it satisfies the wave equation means that the small perturbation
can propagate through space at the speed of light and these perturbations are known as

gravitational waves.

For simplicity, assume that the gravitational wave propagates along the z direction,

the transverse traceless gauge requires the perturbation to take the form

0 0 0 O
0 h h 0
= M. (1.7)
0 0 0 O
This gives two polarizations, + and X, for the gravitational wave, one along
00 0 O
- 01 0 O
h, = 1.8
T oo —10 (18)
00 0 O
and the other along
0000
~ 0 010
h., = 1.9
o100 (19)
0000

To see what the physical effect of the polarization is, consider a gravitational wave po-
larized in the fLJr direction so the h, = 0 and hy = he’® %2 where w is the angular
frequency of the gravitational wave and k is the wavenumber. The spacetime interval can

then be written as
ds® = —c2dt* + (1 + hy)dx® + (1 — hy)dy® + dz*. (1.10)

Suppose there is a free-falling particle located at * = Lcosf, y = Lsin6, and z = 0,

where 6 is the angle between the position vector of the particle and the z-axis. The

!This corresponds to fixing the so-called gauge freedom using the transverse traceless gauge (TT
gauge).
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proper distance between the particle the origin can then be evaluated as

5= / ds = / V(14 hy)da? + (1 — hy)dy?
%/ <1+%h+ 005(20)) dr (1.11)
=L (1 + %hcos (29)6““) :

Now, instead of one particle, suppose there is a ring of free-falling particles populating
the full 27 angle of #. An observer in the proper frame measuring the distance between
the particle and the origin along the z-axis, i.e. # = 0, 7, with respect to the origin would
be oscillating, with an expansion followed by a contraction. However, the proper distance
of a particle along the y-direction, i.e. 6§ = 7/2,—7/2, would be a oscillation with a
contraction followed by an expansion, which is the opposite of that in the z-direction. A
similar analysis could be done for the By polarization and would result in a proper distance
that reads L[1 + (1/2)hsin (20)e™*]. In this case, the expansion-contraction principle axis
along the 0 = 7/4, 7+ /4 axis while the contraction-expansion principle axis is along the
0 = —7/2,m/2 4+ 7/4 axis, i.e. along the cross directions hence the name hy. The time
evolution of the ring of test masses over a period of 27 /w is shown in Fig. 1.1 for the two

polarization modes.

~
Il
o
~
|
£l
~
+ |
ISEE]
~
§
~
|
¥

+ polarization

X polarization

Figure 1.1: Ring of test masses with gravitational waves going into the paper at time

stamps ¢ =0, -, 7, g—g, %’r Top: + polarization. Bottom: X polarization.

If the observer measures the radius of the ring along the direction of the expansion,
and compare the measurements at time t = 0 and ¢t = 7/2w, the distance would change

by a fraction Al = [h/2, where [ is the original distance. Rewriting the relationship gives

2A

h
l Y

(1.12)
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which is similar to the definition of strain, which is Al/l. From here, it can be seen
that the gravitational wave is a transverse wave of strain. This makes instruments that
can measure a fractional change in distance, such as a Michelson interferometer, a good

candidate for direct detection of gravitational waves.

1.2 Gravitational wave sources

As mentioned previously, gravitational waves are generated by sources whose mass quadrupole

moments vary in time. The metric perturbation from a source is given by

huu = @Lﬂf? (113)

where G is the gravitational constant, R is the distance between the observer and the

source, and [, is the reduced quadrupole moment defined by

1, = / av (:L‘M:C,, - %(5,“,7"2) p(r), (1.14)
where V' is the volume, §,, is the Kronecker delta and p(r) is the mass distribution.
The reason why the dominating component is the quadrupole term, as oppose to the
dipole term in electromagnetism, is due to the conservation of momentum and angular
momentum |[5]. Suppose there are two point masses with mass M and orbiting along the
z-axis with an orbital frequency of f.1, and a radius of ry. The quadrupole moments can

then be straightforwardly calculated as

1
Lo = 2M13 (0082 (27 forpt) — §) , (1.15)
2 [ 2 1
I, =2Mrg (sm (27 forpt) — 5) : (1.16)
and
Ly = 2M71§ cos (2 fot) sin (27 forpt) - (1.17)
Plugging these into Eqn. (1.13) yields
327G
hyw = —hy, = ot M1y f2, cos (4T fornt) (1.18)
and 29201
™ .
hoy = hyz = o S My f2, sin (47 forpt) - (1.19)
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As can be seen, the amplitude of the gravitational wave scales as

332G

p— 220 7
Rt

Mrif2, . (1.20)
Suppose there there are there is a binary system of two neutron stars with masses at the
Chandrasekhar limit of about M = 3 x 10**kg. They are orbiting in such that they are
almost touching. This gives a orbiting radius of around ry = 20km and a frequency of
forb = 400 Hz. They are located at the Virgo Cluster, which is the nearest galaxy clusters
to the Earth, at around R = 4.5 x 10*m, corresponding to 15 Mpc (Megaparsec). This

gives an gravitational wave amplitude of
h~ 1072 (1.21)

which is extremely small.

As can be seen, gravitational waves are very tiny. While gravitational waves can
easily be produced by massive objects that has a changing quadrupole moment, only
systems that are massive, compact, or violent enough can produce a gravitational field
strong enough that can be observed with current technology. This means that terrestrial
sources are unlike to be detected. Fortunately, there are several candidates of astronomical
gravitational wave sources. Example includes the aforementioned binary neutron star
mergers, binary black hole mergers, core-collapse supernovae, and stochastic background.

They are only mentioned here and details are given in Refs. |5, 0].

1.3 A brief history of gravitational wave detection

In 1974, the first indirect detection of gravitational waves was made via the discovery of
a binary pulsar system (PSR B1913+16) [3|, which has a decaying orbital rate matching
that predicted by general relativity as a loss of energy due to the emission of gravitational
wave. The first direct detection of of gravitational waves was made in 2015 by the two
detectors of the Laser Interferometer Gravitational-Wave Observatory (LIGO), which are
located in the US [9]. The two detectors simultaneously observed a transient gravitational-
wave signal (GW150914), with an increasing frequency from 35 Hz to 250 Hz with a peak
gravitational-wave strain of 1072!. The signal has lasted for about 0.2 seconds and it
matches the waveform predicted by general relativity for the inspiral and merger of a pair
of black holes and the ringdown of the remnant black hole.

The first detection of gravitational waves opens up a unique window on the universe.
Following the first detection, two more detection of gravitational waves were made during
the first observation run (O1). The Virgo detector, which is located in the Italy, joined

the second observing run, O2, and has detected a gravitational wave generated by binary
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neutron star mergers (GW170817). The particular event has an electromagnetic coun-
terpart in the form of gamma ray burst and it was detected by the Fermi Gamma-Ray
Burst Monitor (GRB 170817A) 1.7 seconds after the coalescence of the neutron stars [10].
The close arrival times of the two waves can be used to place strong constraints on the
fundamental physics of gravity, including the speed of gravitational wave. In fact, the dif-
ference between the speed of gravity and the speed of light was constrained to be between
—3 x 107" and +7 x 1071® times the speed of light, improving the previous estimate by
around 14 orders of magnitude [11]. The LIGO and Virgo detectors continued to operate
for a third observation run (O3) in 2019 after substantial upgrades between the runs.
Due to the improved sensitivities of the detector networks, the total number of detected
gravitational wave candidates has been increase from 11 (after the end of O2) to 90 (after
the end of O3) [12].

KAGRA is a new underground cryogenic gravitational-wave detector located in Japan
[13, 14]. Different from LIGO and Virgo, KAGRA implements two new technologies that
are important for the third-generation gravitational-wave detectors such as the Einstein
Telescope [15], that is, being built underground and operating at cryogenic temperature.
These new technologies enable the detector to run at higher sensitivities. The KAGRA
detector has been constructed and still being developed to reach the designed sensivity
[14]. In 2020, KAGRA and GEO 600, a gravitational-wave detector in Germany [10],
conducted an two-week observing run (O3GK), during the suspension of the O3 [17].
The binary neutron star range of the two detectors were 0.6 megaparsec and 1 parsec for
KAGRA and GEO 600, respectively. But, no observations were made. Upgrades of the
KAGRA detector is still ongoing and it is planned to join the forth observing run (O4),

which is planned to be commenced in March 2023.
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Chapter 2
Gravitational-Wave Detector

The gravitational-wave detector is instrument designed to achieve an outstanding sensi-
tivity such that it is capable of detecting a fractional change in length in the order of
10721, Current gravitational-wave detectors are interferometers that has a complicated
optical configuration. But, the basic principles of a gravitational-wave detector can be
illustrated by just a few fundamental components, such as the Michelson interferome-
ter and the Fabry-Perot cavity. The Michelson interferometer and Fabry-Perot cavity
are explained in Sec. 2.1 and 2.2, respectively. In Sec. 2.3, several noise sources of the

gravitational-wave detector are also discussed.

2.1 Michelson interferometer

A gravitational wave causes space to contract and expand in the two transverse directions.
To detect gravitational waves, this calls for a measurement of differential length changes
in two orthogonal directions. Omne particular instrument fulfilling this purpose is the
Michelson interferometer. The Michelson interferometer is originally used to detect the
relative motion between the Earth and the luminiferous aeither [18]. The simplest version
of the interferometer shown in Fig. 2.1 is only composed of 5 components, a laser, a
beamsplitter, two mirrors, and a photodiode.

In a Michelson interferometer, the laser is divided into two beams traveling along
orthogonal paths, say along the  and y directions. The two beams travel some distances
l; and [, before reaching the mirrors, which are denoted test mass X and test mass
Y. They are reflected by the test masses and they travel the same distances before the
recombination at the beamsplitter. The recombined beam is an interference of the two
beams and it is absorbed by the photodiode, which measures the light power of the
recombined beam. Suppose, right before beam travels through the beamsplitter, the

electric field of the laser reads
E(x,t) = Eye'@t-ka) (2.1)
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Test mass Y

Laser
Beamsplitter Test mass X

</® g D

A 4

Photodiode

Figure 2.1: A simple Michelson interferometer.

where Ej is the amplitude of the electric field, w is the angular frequency, ¢ is time, and k
is the wave number. The returned beam at the photodiode traveled along the x direction

reads

E,(t) = %Eoei(”t’2klz) , (2.2)

picking up an amplitude transmission coefficient of i/v/2 and an amplitude reflection co-
efficient of 1/+/2 from the beamsplitter. Similarly, the beam traveled along the y direction

reads .
E,(t) = %Eoei(“t’my) . (2.3)

The electric field at the output, i.e. the photodiode, reads

Eout(t) = Ex(t) + E,(t)

_ _Eoei(wt—lex) + EEQGi(Wt_Zkly)
2

Eoeiwt (e—ilez ‘l’ 6_i2kly) (24)

l
2
l
2

_ L pitwt—hla—hty) (ceto) . ikllely))
2

= i By @Mk cos (k(1, — 1))

The power detected by the photodiode is proportional to |E,y(t)|* and the power at the
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input is proportional to |F(x,t)|*> with the same proportionality. This gives

P,  E§cos® (k(l, — 1))

P £

PQin [1+ cos (2k(l, — 1,))] ,

(2.5)
Pout =

where P, is the power readout of the photodiode and P, is the laser power at the input.

If the Michelson interferometer is used as a gravitational-wave detector, each mirror
needs to be a free-falling mass and instead of having it fixed on a rigid structure as in
the original Michelson-Morley experiment. This is by decoupling the mirrors from the
ground motion and the details are given in Chapter 3. With the mirrors suspended, they
can be thought as two of the test masses in a ring of test masses shown in Fig. 1.1. As
gravitational wave propagates through the ring, assuming that the interferometer arms
are aligned in with the polarization of the gravitational wave, one arm gets compressed
and the other gets stretched. This induces a differential change in arm length. Suppose
the gravitational wave caused a length change of Al/2 in the x direction and a change of

—Al/2 in the y direction. The Michelson interferometer readout (2.5) becomes

Phoa(A1) = T2 14 cos (2k(L — 1, + A1) (2.6)

The differential change in length Al is a small quantity. Therefore, the power readout

can be written as a first-order approximation

d Py (Al)
Poue(Al) = Pou(0) + —257— " Al, (2.7)
which gives
/ Pil'l .
P! (Al) = 5 [1+ cos (2k(l, — 1)) — 2kAlsin (2k(l, — 1,))] - (2.8)

As can be seen, the Michelson interferometer has effectively become transducer of gravi-

tational wave signal Al with a calibration factor of —kP;, sin (2k(l, —1,)).

Here, the difference in the interferometer arm lengths [, — [, is a design factor. Intu-
itively, it would seem reasonable to put the initial lengths such that sin (2k(l, —{,)) =1,

giving

1
lx—ly:%<gj:n7r>

:%(%in) | (2.9)

where the wave number is £ = 27/, \ is the wavelength of the laser, and n =0,1,2,....
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This would put the detector at an operating point where it is most sensitive to the
gravitational wave and this particular operating point is called the mid-fringe. However,

this is not true when readout noise comes into consideration.

2.1.1 Photon shot noise

One fundamental readout noise of the interferometer is the photon shot noise. The photon
shot noise is due to the quantum nature of light. Measuring the laser power at the output
of the Michelson interferometer is effectively the same as counting the number of photons
arriving at the photodiode. The number of photon arrival is not a constant but is a
random variable that follows a probability distribution called the Poisson distribution.
The Poisson distribution can be estimated as a Gaussian distribution with a standard

deviation of
O-Nphomn =V Nphoton ) (210)

where Nphoton 1s the mean number of photon arriving at the photodiode. Now, the light

power is related to the mean number of photon by the Planck-Einstein relation
Pout = Nphotonhwa (211)

where h is the reduced Planck constant. The fluctuation in laser power at the mid-fringe

is then

O-Pmid - O-Nphoton hw
= Nphoton hw

R (2.12)
B 2hwhw

P hw

2 Y

where the mean number of photon is approximated from the power readout with the
absence of the gravitational-wave signal, i.e. Nphoton = Pin/(2fw). The fluctuation in
power cannot be distinguished from the change in power caused by the change in arm
length Al, which is caused by the gravitational wave. The fluctuation in power can be
converted to an equivalent change in arm length via the calibration factor, which is kP,
at the mid-fringe. Dividing the change in arm length by the common arm length [ of

the interferometer (assuming [, — [, is much smaller than [) gives a strain fluctuation at
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mid-fringe of

1 UPmid
Ohmia = T T
¢ 1 kP

1 Piniw 2.13
L\ 2027 /0)2P2 (2.13)
B 1 hel

IV arp,

Now, instead of the mid-fringe, consider the operating point near the dark fringe.

Here, the dark fringe is defined the operating point where the Michelson readout is null.
This is achieved by setting the difference in arm length by

1
l, —l, = — (m £ 2nm)
i’f (2.14)
=7 (1£2n),

where n = 0,1,2.... Suppose the operating point is set to some distance d from the dark

fringe, where d < A. The power readout is then
Piak(Al) = Py [1 — cos (2kd) + 2k Al sin (2kd)] . (2.15)

And, expanding up to a second order of d gives
Paanc(Al) = Py, [2K*d* + 4K*dAl] (2.16)

This gives a calibration factor of 4k?dP,,. Without the presence of the gravitational wave,
the power detected by the photodiode is 2k2d? P, which converts to a mean number of

photon of Nppoton = 2k*d* Py, /(hw). This gives the power fluctuation at the dark fringe

OPjark — V Nphotonmu
2k2d2 P,
_ [P (2.17
- )

= kdy/2Pyhw .

The fluctuation of interpreted strain when operating at the dark fringe is then

1 O Pyark
Thaac = T 4k24P,,
_ Lkdy2Py (2.18)
l  4k2dP, ’
1 heA
T2 Ar Py,
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Comparing Eqn. (2.13) and (2.18), it is obvious that the strain fluctuation, and hence
strain noise, at the dark fringe is smaller by a factor of 2. For this reason, the operating
point of a gravitational wave detector is chosen to be at the dark fringe so it is insensitive
to important noise sources [5]. In this sense, the gravitational-wave detector is said to be
a null instrument. However, the difference in arm length [, — I, cannot not be zero for the
same reason that the gravitational wave detector needs to be sensitive to gravitational
waves. The difference is known as the Schnupp asymmetry and more details are given in
Ref. [19].

The amplitude spectral density hg,oi(f) of the shot noise, with a standard deviation

of op,,,, can be obtained by the following relationship

1

/ Psnot (fo)? dfn = 07, (2.19)
0

where f,, is the normalized frequency, which is the frequency divided by the sampling
frequency. Note that the shot noise hgi(f) is a white noise, meaning that it has no
frequency dependency. The frequency dependency (f) is kept here to indicate that it is
an amplitude spectral density. Using the shot noise at dark fringe, i.e. o4, = on,,,,, this

gives

hshot(f) = \/Eahdark

2 An Py’

i.e. picking up a factor of v/2 compared to Eqn. (2.18).

2.1.2 Radiation pressure noise

The shot noise derived in Eqn. (2.13) and (2.18) is inversely proportional to the square
root of the power of the injected laser, i.e. o \/m In order to reduce strain noise, one
would be tempted to increase the laser power in exchange for a reduction of photon shot
noise. However, even if it is possible to increase the laser power indefinitely, there exists
another fundamental quantum noise that would suggest otherwise. The noise is called
the radiation pressure and like the photon shot noise, it is a quantum noise due to the
quantum nature of light.

In the Michelson interferometer, the laser is reflected by the mirror, which is assumed
to be free falling. Assuming that the light is reflected completely by the test mass, the
light exerts a force P/c on the mass, where P is the power of the light. Now, recall that
the power fluctuation is due to the shot noise is y/Nphoton/w in Eqn. (2.12), and with an

average power Py, /2 in one arm, the power fluctuation of the laser in one arm happens to
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be exactly that at the mid-fringe, i.e.

Binhw

; (2.21)

O-Prad -

It follows that the fluctuation in force exerting on the mirror is

O-Frad =

=/~ (2.22)

The corresponding amplitude spectral density of the force fluctuation F(f) due to radia-

tion pressure is obtained by the same procedure in Eqn. (2.20), which gives

2w Pk

F(f) =4/ =52 (2.23)

The amplitude spectral density of the mirror displacement X (f) casued by the radiation

pressure can be obtained from the Newton’s second law in the frequency domain,

m(2rf) X (f) = F(f)

XN = aeEV o (2.24)

where m is the mass of the mirror. Finally, the strain noise due to the radiation pres-
sure hp,q(f) can be obtained by dividing the mirror displacement by the length of the
interferometer arm and multiplying by a factor of 2, taking into account the two mirrors,

gives

raa() = X ()

1 [Puh
omf2 N 2mBeN”

(2.25)

As can be seen, the radiation pressure noise is proportional v/P;,. This suggests that the
shot noise and the radiation pressure noise cannot be minimized simultaneously and there
exists an optimal P., in which the total quantum noise is minimum. Nevertheless, the
radiation pressure noise alone can be minimized by increasing the mass m of the mirrors.

The total quantum noise Aquantum(f) is given by a quadrature sum of the shot noise

hshot (f) and the radiation pressure noise h..q(f), assuming that they are not correlated.
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This gives the quantum noise

h’quantum(f) - \/hshot(f)2 + hrad(f)2 . (226)

The quantum noise has a minimum when hgpo; = hraq. Using Eqn. (2.20) and (2.25), this

gives
Q heA . 1 Rnh
20 V 47Py  mf2lV 2mdeN (2.27)
1
P, = iﬁckmjﬂ.

Suppose the optimal laser power is chosen to observing gravitational waves at f = 100 Hz.
In terms of order of magnitude, the speed of light is ¢ ~ 108, the wavelength, assuming
an infrared laser, is A ~ 107%, and a mass m ~ 10°, this gives the optimal laser power of
P, ~ 10°W. This is still considerably higher than lasers that are used in gravitational-
wave detectors today, which is 200 W for the advanced LIGO detector [20]. The quantum

noise for such configuration is shown in Fig. 2.2 as a reference.

Quantum noise

N —— Photon shot noise
\~\ Radiation pressure noise
10221 '\,\ == Total quantum noise
<
AN
N
~
TN 10-23 .
. E 10 ~
~-
N ~
A
10724 4
10—25 4
10! 10? 10

Frequency (Hz)

Figure 2.2: Quantum noise of a Michelson interferometer with A = 1064nm, m = 1kg,
and [ = 4km. Blue solid: Photon shot noise. Orange dashed: Radiation pressure noise.
Green dash-dot: Total quantum noise.

2.1.3 Optimal arm length

The remaining design freedom of the Michelson interferometer is the arm length [. Naviely

speaking, the interferometer arm should be as long as long as possible. This is because
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the detected signal is the differential change in arm length Al, which can be converted to
the gravitational wave strain h by
Al
2h = - (2.28)
Effectively, the arm length [ is an amplification converting the gravitational wave strain
to the differential change via Al = 2lh. However, this is not true since the response of

the Michelson interferometer to the gravitational wave is as simply derived.

Suppose the gravitational wave has a + polarization and the interferometer arms are
aligned along the x and y direction. Consider a photon traveling along the z direction,

the photon travels along an worldline in spacetime with an invariant interval of

dr? = —gudx,dx, (2.20)
= — (M + hyw)dzydz,

where g, is the metric tensor, 7, is the Minkowski metric with a (—, +, +, +) signature,
and hy,, is the metric perturbation due to the gravitational wave. For a photon traveling

along the = direction, the invariant interval is zero and this gives
2 _ 1 2 2.30
dt* = — (14 hu(t)) dx (2.30)

Cc

The time that the photon takes to complete a round trip t.ouna along the interferometer

arm is then the sum of the forward and the return time given by

tround 1 l 1 0
/ dt = — / V14 h11<t) dr — — / V1+ hll(t) dr. (231)
0 c Jo CJi

With a binomial expansion of \/1 + hy1(t) = 1 + hy1(t)/2 + O(hy1(t)?) and keeping the

first order terms of hy;(t), this gives the return time

20 1 [
tround = — + —/ hll(t> dr . (232)
c c Jo

As for a photon traveling along the y direction, the round trip time has a similar

express but with the element hoo(t) = —hq1(t). This gives a difference in return time of

2 l
Atypuna = - / has (1) dz (2.33)
0

which can be approximated by

l/c
Atround ~ 2/ hu(t) dt. (234)
0
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This can be interpreted as a differential change in arm length
l/c
Al = CAtround = 20/ hll(t) dt . (235)
0

Assuming that the gravitational wave is sinusoidal, i.e. hy1(t) = hcos (wgwt), Where wgy,

is the angular frequency of the gravitational wave, this gives

l/e
Al = 20/ h cos (wewt) dt
0

2
_ 2he sin (wgwé) (2.36)
c

Waw
2hc l
= —sin (271—),
Waw Agw
where \gy is the wavelength of the gravitational wave. Here, it is clear that the maximum

differential change in arm length can be found by setting the arm length
| =22 (2.37)

For a gravitational wave at 100 Hz, the optimal arm length is roughly 750 km, which is
roughly 1/9 the radius of the earth. Clearly, building a Michelson interferometer that

long does not seem practical and alternative strategies need to be sought.

2.2 Optical cavity

2.2.1 Folded Interferometer

As discussed in Sec. 2.1.3, the optimal arm length for a simple Michelson interferometer
is impractically long. Instead, consider a not so simple Michelson interferometer where
the optical path is folded. This is achieved by placing an mirror at the each input of the
interferometer arm next to the beamsplitter. The input mirrors have openings for the
beam to enter and exit the interferometer arm. The input mirrors and the end mirrors
face the each other such that the laser beam in each arm travels N round trips before
recombination. This effectively increased the arm length and downsized the interferometer
by N times, making the length scale more reachable. Suppose it is possible to afford an
arm length of 4km, the corresponding round trips needed is roughly N = 188. Still, a
folded Michelson interferometer can be difficult to achieve due to the diffraction of light
[5]. To achieve a folding scheme, one needs to build meter-scale mirrors, which can be

difficult to engineer to tight specifications such as reflectivity and surface smoothness [5].
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2.2.2 Fabry-Perot cavity

Instead of using a big mirror with an opening, the folded optical paths can superpose
on top of each other. This can be achieved by using a partially reflective mirror at the

input so the light can leak into the interferometer arm. Such configuration is called a
1, tl r2, t2
FE.
S \E’cavl D Etgans
d N\ d
>
[

<€

Figure 2.3: Fabry-Perot cavity.

Fabry-Perot cavity and it is shown in Fig. 2.3. The Fabry-Perot cavity is formed by two
partially reflective mirrors with amplitude reflectivity r1, 7o and amplitude transmissivity
t1,t5. The two mirrors are facing each other and are placed with a separation distance
of [. As can be seen, the input laser has an electric field of Ej, and due to the partial
reflection of the mirrors, this gives 3 additional light fields Fieg, Feayv, and Fians, which
corresponds to the electric fields of the reflected light, the light inside the cavity, and the
transmitted light, respectively.

The reflected light is a superposition of, the light that gets reflected before entering
the cavity, —ry Ey,, the light that transmitted into the cavity but is reflected by the second

—i2kl

mirror and transmitted through the first mirror, 7t Eie , and so on. The electric

field of the reflected light can then be expressed as

2 —i2kl 2,2 —idkl | .2.3,2 — 6kl
Eren = =11 B + roti Eipe” " + rirgti Ene "™ + rirsti Eye .

I - 2.38
= —rby,+ rgthine’Z%l Z (7“17“26”2]“) . ( )

n=0

The last term is just an infinite sum of a diverging geometry series so it can finally be

written as

1

1 — ryree—i2kl
rot2e=i2k

=t 1 — ryree—i2kl Ein -
— 1T

Here, the amplitude reflectivity of the Fabry-Perot cavity can be written as

rot2ei2H
S S - 2.40
kP ( ! 1 — ryroe—i2kl ( )

Ereﬁ = _rlEin + TZt%Eineiile
(2.39)

such that F..q = rppFE;, Similarly, the electric field of the transmitted electric field can

Optimizing Active Isolation Systems in Gravitational-wave Detectors 21



CHAPTER 2. GRAVITATIONAL-WAVE DETECTOR

be written as

—ikl —i3kl 2,2 —i5kl
Etrans = tlthine ’ + rlrgtlthine ’ + t1r17"2Eme ’ 4+ ...

= t1ty Byye ™ Z (Tlrzeiim)n (2.41)

n=0
tthG_Zkl

T 1 ryrge 2k
This gives the amplitude transmissivity of the Fabry-Perot cavity

tltgeiikl

1 — ryrge—i2kl (2.42)

trp =
Finally, the electric field of the light that is trapped in the cavity (at mirror 1 traveling

towards mirror 2) reads

Ecav = tlEin + tlTngEine_ﬂkl 4+ ...
t (2.43)

—Eln .
1 — ryrqe—2k

Since the reflectivity r; and ro are less than 1, it is easy to see that the electric field inside
the cavity attains a maximum at 2kl = 2nm, where n = 1,2, .... This gives the resonance
condition

2l = nA\, (2.44)

where A is the wavelength of the laser. In other words, the Fabry-Perot cavity is said to
be in resonance when the round trip distance is an integer multiple of the wavelength. In
this case, the light can be seen as being trapped between the mirrors, similar to that in

a folded interferometer scheme.

To further examine the equivalence between the folded interferometer and the Fabry-
Perot cavity, it would be interesting to compare the phase changes of the light the due to
a shift Al between the mirrors. For the Fabry-Perot cavity, consider a special case with
ts = 0 and r = 1, i.e. the end mirror is fully reflecting the light. Under the resonance

condition, the reflected electric field reads

t%e—z?kAl

As can be seen, the reflected electric field composes of an term corresponding to the light
field that has never entered the cavity, —ri F;,. The other term can be seen as the light
that enters the cavity and escaped, it reads

t%e_iQkAl

Eege = (2.46)

T yo—meai n-
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Suppose the light escaping from the cavity can be written in the form Ae~%, the fractional

change of phase A® due to a change in cavity length Al is approximated, to the first order,

A¢ 2k
(E) e LT (240

In comparison, for a folded cavity, the phase of the beam picks on a phase of 2kAl per

as

round trip. This gives the a fractional phase change of

(%) = 2kN , (2.48)
Al Folded

for the folded cavity. By comparing Eqn. (2.47) and (2.48), it is easy to see that the

equivalent number of round trips in a Fabry-Perot cavity can be written as

1

1—7”1'

Npp g = (2.49)
As a verification, for r; = 0, i.e. the first mirror does not exist, the number of equivalent
round trips is 1, which reduces to the Michelson interferometer case. It is worth mentioning
that Ngp 4 denotes the equivalent round trips by a phase consideration. There exists
another equivalent number of round trips that is derived from the storage time of the
cavity, i.e. the time that takes the light to escape as the input beam is shut. For details,

refer to the folded interferometer arm chapter in Ref. [5].

With the folded scheme made possible with Fabry-Perot cavities, the photon shot noise
and radiation pressure noise can be re-evaluated. A folded interferometer is equivalent to
a simple Michelson interferometer with an arm length of NI. The photon shot noise can
simply be written by replacing [ by NI in Eqn. (2.20), giving a shot noise that is N times

lower, i.e.

_ V2 [ he)
2N\ 4xP,’

assuming an operation at the dark fringe. As for the radiation pressure noise, it is en-

hshot (f )

(2.50)

hanced in two ways. Firstly, the radiation pressure introduces a fluctuation test mass
displacement, which induces a fluctuation in arm length that is 2/V times that of an
unfolded arm. Secondly, since the light is encounter each mirror N times, the force is
multiplied by a factor of N. With [ replaced by NI in Eqn. (2.25), this gives the radiation

pressure noise for a Fabry-Perot interferometer of

N [2hP,
omfRV me

hrad (f)

(2.51)
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The corresponding optimal input laser power is

1 memAf2
Pp=-—=—. 2.52
1 N2 (2.52)
With the same parameters used in Sec. 2.1, assuming a round trip number of N ~ 100,
this gives an optimal power in the 10* W scale and for f = 10, the optimal power is in the
102 W scale, which is attainable. As can be seen, with the Fabry-Perot cavity, it solves

not just the optimal arm length problem but also the optimal power problem.

2.2.3 Power and signal recycling cavities

End test mass Y |

Input test mass Y
Power recycling mirror End test mass X

| |

Input test mass X

Laser

Signal recycling mirror

Photodiode

Figure 2.4: Dual-recycling Fabry-Perot Michelson Interferometer. (Not to scale)

Recall that the gravitational-wave detector is a null instrument, meaning that the
light power detected by the photodiode is almost zero at all times. By conservation of
energy, this means that the almost all light that goes into the interferometer eventually
exits the interferometer via the input, as if the interferometer is reflecting light back to
the input. While the reflected light at the input would have been eventually dissipated,
this is a waste of energy. To make better utilization of the laser, the exiting light can be
reflected back into the interferometer, which effectively increase the input power of the
interferometer. This is achieved by placing a partially reflective mirror, which is known
as the power recycling mirror, between the input laser and the beamsplitter, as shown
in Fig. 2.4. The power recycling mirror forms a optical cavity with the interferometer,
enhancing the input power of the interferometer by the number of round trips N. With

the power recycling scheme, the shot noise of the detector is reduced by a factor of v/ V.
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Similarly, a partially reflective mirror can be placed between the photodiode and the
beamsplitter. The mirror in this configuration is called the signal recycling mirror as
shown in Fig. 2.4. Instead of the laser frequency f;, the signal recycling cavity can be set
up to resonant at a different frequency f; =+ fig, where f, is the signal frequency [5]. Since
the gravitational wave signal is encoded on the sideband through phase modulation of the
laser frequency at frequency fss. By reflecting the signal sideband to the interferometer

allows it to be enhanced.

2.3 Noises in gravitational-wave detectors

Detecting gravitational waves means a search of extremely tiny signals. A detector look-
ing for such small signals is inevitably contaminated by noise from various sources. While
these noises degrade the quality of the gravitational-wave signals, suppressing these noises
and hence achieving better sensitivity is one of the everlasting goals in experimental
gravitational-wave physics. There are several noise sources in a gravitational-wave detec-
tor, including quantum noise, Newtonian noise, thermal noise, laser noise, and seismic
noise, to list a few. Here, a few important noise sources are short-listed for a brief intro-

duction.

2.3.1 Quantum noise

Quantum noise refers to the detection noise that related to the quantum nature of the laser
used in the detector. The two fundamental components of the quantum noise, photon shot
noise and radiation pressure noise, have already been briefly discussed in Sec. 2.1.1, 2.1.2,
and 2.2.2. And, this section only serves as a brief reiteration. The photon shot noise refers
to the noise resulting from counting the number of photons, which is a random variable
that follows the Poisson distribution. The shot noise has is a white noise and it scales
with the input laser power as \/1/—Pm The radiation pressure noise is resulting from the
fluctuating number of photons exerting force on the test masses of the detector. This leads
to a arm length fluctuation and the radiation pressure noise scales as \/P,,. Comparing the
laser power scaling between the photon shot noise and radiation pressure noise, it is clear
that the two are not simultaneously minimizable by a increasing or decreasing of the laser
power. Instead, there exists a optimal trade-off between the shot noise and the radiation
pressure noise via an optimal choice of laser power. With the optimal laser power, the
resulting quantum noise is called the standard quantum limit, which is a fundamental

limit of a gravitational-wave detector.
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2.3.2 Thermal noise

The mirrors of the interferometer and the structures that are holding them in place are
thermally connected to the surrounding environment and are allowed to exchange energy
in the form of heat, which translates to random motion. The random flow of energy can
cause the mirror surface to fluctuate and eventually causing the optical path to fluctuate
with it. Internal friction from materials can also be translate to thermal noise and this
can be estimated from the fluctuation-dissipation theorem [5]. The thermal noise of such
systems scales with v/kgT, where kp is the Boltzmann constant and T is the temperature
and has a frequency scaling of f%/2. This calls for the use of materials with low mechanical
loss, or in other words, high quality factor, (). For this reason, fused silica 21| was chosen
for LIGO and Virgo as the material for the test mass substrate and for suspension wires
due to its high quality factor (~ 107) at room temperature. As for KAGRA, sapphire
was chosen instead due to its high thermal conductivity and high @) value at cryogenic

temperatures [22].

2.3.3 Seismic noise

Seismic noise is due to the vibration of the terrestrial environment. As opposed to the
quantum noise and thermal noise there are no fundamental constants, such as the Planck
constant A and Boltzmann constant kg, that sets the scale of the seismic noise. The seismic
noise is due to natural phenomenon such as ocean waves and atmospheric activities.
Human activities also contributes to the seismic noise in a local scale. The seismic noise
is not a static noise and the amplitude can vary by orders of magnitude from time to
time. Also, the seismic noise at different locations may also vary due to different levels of
activity and geological reasons. Therefore, the seismic noise can be hard to derive from
first principles. Instead, the seismic noise is characterized from worldwide observations of
seismic noise. The resulted models are the well-known Peterson low noise model (NLNM)
and high noise model (NHNM) [23]. They are obtained by combining the seismic data
measured from all around the world and modeling the upper and lower bounds.

Fig. 2.5 shows the Peterson noise models and the KAGRA mean seismic noise. There
are several features in the seismic noise spectrum that are worth mentioning. First of all,
at 10 Hz, the KAGRA mean seismic noise reads ~ 10~ m/v/Hz. For an interferometer
baseline in the order of 10% m, the seismic noise correspond to a strain noise in the order of
~ 1071/ vHz. This calls for a required suppression of at least 107 times if gravitational
waves in the order of 107! //Hz were to be observed.

At frequencies around 0.2 Hz, there is a peak in the seismic noise spectrum that is
due to seismic activity known as the secondary microseism. The primary microseism is
located at around 0.06 Hz and is also observable in both noise models and the KAGRA

seismic noise in Fig. 2.5. The root mean square value of the KAGRA ground motion,
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Seismic noise
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Figure 2.5: Seismic noise. Blue solid: Peterson low noise model (NLNM). Orange dashed:
Peterson high noise model (NHNM). Green dash-dot: KAGRA mean seismic noise along
the Y-arm of the interferometer.

integrated from high frequency down to 0.1Hz, is in the order of 10~"m, and in some
cases, in the order of 107°m [24]. Recall that the interferometer needs to be operated
at the dark fringe, meaning that the differential displacement of the interferometer arms
need to stay well within a fraction of the wavelength, which is in the order of 10~¢ m for an
infrared laser. This means that the suppression of seismic noise is needed not only at the
observation band of the gravitational-wave detector, but also extends to lower frequency,
or else the interferometer would not be able to operate at all. Therefore, the suppression
of seismic noise is very important. The following chapters shall continue on the discussion

of this interesting topic.
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Chapter 3

Vibration Isolation

Seismic noise can affect a gravitational-wave detector in two ways. First of all, the seismic
noise is an important source of displacement noise that can cause the test masses of the
gravitational-wave detector to vibrate at the observation band (10 Hz — few kHz). With
an interferometer baseline in the order of 10 m, the displacement levels of the test masses
must be at least below 107 m/ v/Hz for detecting gravitational wave strains in the order
of 102!, At 10Hz, the seismic noise at KAGRA is around 107" m/+/Hz. This would
require the seismic noise transmitted to the test masses to be attenuated by at least 107
times above 10 Hz. In gravitational-wave detectors, this is achieved by suspending the test
masses as multiple pendulums, which passively isolate the test masses from the seismic

noise.

At lower frequencies, seismic isolation is as important. The seismic noise spectrum
is typically highest at frequency between 0.1Hz - 0.5Hz. This peak is known as the
microseismic peak and is caused by the ocean waves. The magnitude of this peak depends
on the weather. At times, it could cause the ground motion to attain a displacement level
higher than 1 pm, which is comparable to the wavelength of the main laser used at KAGRA
(1064 nm). Moreover, the resonances of the multiple-pendulum suspensions amplify the
seismic noise at lower frequencies, causing the test masses to move excessively. This
can result in an misalignment of the optics and eventually causing the interferometer
to dysfunction. Therefore, the displacement levels of the test masses also need to be
suppressed at lower frequencies. This kind of vibration isolation is achieved by control
systems using active elements such as sensors and actuators. The basic principles of

passive isolation and active isolation are discussed in Sec. 3.1 and 3.2, respectively.
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3.1 Passive isolation

3.1.1 Oescillators: spring-mass and pendulums

The fundamental principle of passive vibration isolation is based on the dynamics of the

harmonic oscillator, such as a spring-mass system and a pendulum. Consider a spring-

Suspension point

Spring

-
=
&
n
n

Figure 3.1: Spring mass system.

mass system as shown in Fig. 3.1. In the figure, a mass m is attached to a suspension
point via a spring k. The suspension point is free to move and it has a displacement x(t).
The displacement of the mass x,,,(t), assuming an equilibrium position at z,,(t) —x(t) = 0,

is govern by the differential equation

d?x,, (1) B
a2

m —k [zp,(t) — x(t)] . (3.1)

Now, suppose the suspension point is oscillating at an angular frequency w, it can be
described by
x(t) = Ae™t, (3.2)

where A is the amplitude of the oscillation, 7 is the imaginary number, w is the angular

frequency, and ¢ is time. Let us construct a trial solution
T(t) = A9, (3.3)

where A, is the amplitude of the oscillation of the mass and ¢ is the relative phase

between z(t) and z,,(t). Substituting the trial solution (3.3) into the governing equation

30 Optimizing Active Isolation Systems in Gravitational-wave Detectors



3.1. PASSIVE ISOLATION

(3.1) gives
_mszmei(thr(b) S [Amei(wt+¢) . Ae"“’t}
i A =~k [~ A a4
Ane’ = E _%W2A

It is easy to see that when w? < k/m, the phase is ¢ = 0, and when w? > k/m, the phase
is  (or an even integer multiple of 7). However, at w? = k/m, the phase is undefined
and the amplitude A,, explodes'. For this reason, w, = \/k/_m is called the resonance
frequency of the spring-mass system, where the motion of the suspension point is being
amplified. At w < wy,, Eqn. (3.4) reads A,, = A, so the mass follows almost exactly the
motion of the suspension point, i.e. the motion is not attenuated. However, at w > w,,
the amplitude reads A,, ~ (w,/w)?A, i.e. the suspension point displacement is attenuated
by a factor of (w,/w)?. For example, suppose the oscillation frequency is 10 times greater
than then resonance frequency, the attenuation factor is approximately 100 times. As can
be seen, by suspending the mass with a spring, the displacement level of the mass can be
attenuated at frequencies above the resonance and this is basically how passive isolation

works.

To put things into perspective, consider a case where test masses in a gravitational-
wave detector are suspended by the spring-mass mechanism. To achieve the aforemen-
tioned seismic noise attenuation of 107 at 10 Hz, the resonance frequency of the spring-
mass system needs to be as low as ~ 0.00316 Hz (a period of ~ 5min). Suppose the
spring-mass mechanism is achieved by suspending the test mass like a pendulum, the
resonance frequency can be computed as w,, = \/g_/l , where ¢ is the acceleration due to
gravity and [ is the length of the pendulum. Here, small angles are assumed, which would
be valid given the nature of small displacement in gravitational-wave detectors. The re-
quired resonance frequency then converts to a pendulum length of roughly 24 841 m, which
is just 30 times taller than the tallest building on Earth. Clearly, it is not practical to build
a pendulum that tall and alternative designs must be sought. In reality, passive isolation
in gravitational-wave detectors rely on two other mechanisms, anti-springs and stacked
spring-mass systems. The former adds negative stiffness to a spring-mass system, which
makes low resonance frequency achievable in a relatively compact system. And, the latter
allows a higher-order attenuation, which makes high seismic noise attenuation achievable
with multiple spring-mass systems with resonance frequencies that are not unreasonably

low.

LOf course, the amplitude of the mass cannot be amplified indefinitely in reality. This is due to energy
loss via viscous damping.
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3.1.2 Anti-springs

In KAGRA, there are two anti-spring mechanisms, geometric anti-springs (GAS) [25] and
inverted pendulum. GAS filters are mainly used for vibration isolation along the vertical
direction?®. As for the inverted pendulum, it is used as the first seismic isolation stage to
isolate seismic noise along the horizontal direction. The inverted pendulum can be tuned
to a resonance frequency lower than 0.1 Hz and hence KAGRA vibration isolation systems

with an inverted pendulum is also capable of attenuating the secondary microseismic peak.

Geometric anti-spring

(a) Geometric anti-spring (b) Geometric anti-spring (equivalent model)

y(t)I

— Suspension point

Suspended mass Compressed Compressed spring
/ spring blade
4 B
/ Suspended mass
Suspension point

Figure 3.2: (a): Conceptual 2D geometric anti-spring. (b): An equivalent model.

GAS filters, providing vibration isolation in the vertical direction, are essentially hor-
izontally compressed spring blades. Fig. 3.2 subplot (a) shows a 2D representation of the
GAS filter. The spring blades are metal cantilevers that are originally flat. The two blades
are compressed horizontally towards the mass. This causes the blades bend upward, giv-
ing the signature fishing rod shape of a GAS filter. The compressed spring blades has two
effects on the suspended mass. Firstly, they act as a vertical spring hanging the mass, like
a fishing rod. This alone provides some vertical isolation via the spring-mass mechanism.
Secondly, they provide a horizontal compression on the mass at the equilibrium position.
And, when the mass deviates from the equilibrium position, the two horizontal forces has
a component in the same direction in which the mass deviates, which is opposite to the
restoring force provided by the first effect. This effectively reduces the overall restoring
force in the vertical direction, achieving the anti-spring effect.

The GAS filter can be modeled by a three-spring system as shown in subplot (b) in
Fig. 3.2. As can be seen, the suspended mass is attached to three springs, two horizontally

and one vertically. The horizontal springs have a spring constant of £, and are compressed

2The reason for seismic isolation along the vertical direction is due to the fact that the Earth is round
while the interferometer arm is straight. With a interferometer baseline of 3km and an Earth radius of
~ 6000 km, the vertical vibration (in the radial direction) translates to a coupling of 3/6000 = 1/300 in
the direction along the interferometer arm.
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by a length of z.. The vertical spring have a spring constant of k,. Again, the suspension
point and the suspended mass has a vertical displacement of y(¢) and y,,(t), respectively.
Suppose the horizontal springs have a nominal length of x(, as the vertical spring is being

stretched by an amount of ,,(t) — y(¢), the length of the horizontal spring becomes

Eapring (t) = /() — y(OF + [0 — 2. (3.5)
The vertical force that each horizontal spring that acts on the suspended mass is
Fy(t) = ky [x0 — Tspring(t)] sin 0, (3.6)
where

0 = sin™! <M) : (3.7)

Tspring (t)

This gives the vertical force due to a horizontal spring

To

Fit) =k, : LRI CE
VI (t) = yOF + 20 — 2.
Now, consider a binomial expansion of the first term:
1 B 1
m(t) =y + [wo—z*  (zy— 2 v (0)=3(0) )
Vlom(® =y OF +loo =2 (a1 (2o -

ooz

Linearizing the vertical force to the first order of y,,(t) — y(t) gives

To — Te¢

Te

fuw:kx( )wmw—y@y (3.10)

To — Te

With the vertical force due to the compressed horizontal springs derived, the equation of

motion of the suspended mass now reads

inym (t)
dt?

= —ky [ym(t) — y(t)] + 2F5(t)

(3.11)
= (= 2h ) ) 0]

L

To — Te

where k, — 2k,x./(xo — x.) is the effective spring constant along the vertical direction.
While z. < x¢, it can be seen that the compression of the horizontal spring is indeed

contributing a negative stiffness and hence achieving the anti-spring effect.
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Inverted pendulum
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Figure 3.3: An inverted pendulum.

The inverted pendulum is used to isolate a platform from horizontal vibration. To
illustrate its anti-spring effect, consider an inverted pendulum as shown in Fig. 3.3. The
mass m is suspended from the suspension point via a massless inverted pendulum leg with
length [. The leg is connected to the suspension point via a flexible joint with a bending
stiffness of ky. The equation of motion of the suspended mass reads

d?x,, (1) kg

T R —79 + mgsind, (3.12)

where 6 is the angle between the inverted pendulum and the vertical. With the small

angle approximation, the angle # can be written as

T (t) — z(t) '

0= !

(3.13)

Substituting 6 into the equation of motion gives

d2l‘m(t) o kﬁg

A TR

t) —x(t
(2 (t) — z(t)] + mgsin (M) . (3.14)
Again, linearization to the first order of x,,(t) — x(t) gives

m

Tl (3= 22 b0 - o0 (3.15)

where kg/I> — mg/l is the effective stiffness. To enhance the anti-spring effect, one can
simply increase the mass m and this is exactly how the inverted pendulums at KAGRA

were tuned to have resonance frequency below 0.1 Hz.
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3.1.3 Cascaded spring-mass systems

In Sec. 3.1.1, it is shown that a simple spring-mass system can be used to achieve an
displacement attenuation of (w,/w)?, where w, is the angular resonance frequency of the
spring-mass system and w is the angular frequency of the vibration of the suspension point.
Here, the frequency w is arbitrary, and it fact, the displacement of the suspension point can
contain a superposition of vibrations at various frequencies and the attenuation relation
is still valid for all these independent vibrations. In the case where the suspension point
is a stochastic process, e.g. the seismic noise, its frequency content above the resonance
frequency of the spring-mass system attenuated by a frequency-dependent attenuation of
(w,/w)? and this is known as low-pass filtering. And, the exponent of the attenuation is 2,
therefore the simple spring-mass system is referred as a second-order low-pass filter. With
a second-order filtering, it was shown that the resonance frequency has to be unreasonably
low in order to observe gravitational wave. While it was shown that the anti-spring effect
can be manipulated to reduce the resonance frequency of a spring mass system, resonance
frequencies below 10 mHz is still unrealistic in practice due to non-linear effects leading to
bistability or even instability. For example, the lowest resonance frequency of the inverted
pendulums at KAGRA is around ~ 50 mHz, which is still one order of magnitude higher
than that of the required. To achieve even higher level seismic attenuation at higher
frequencies, one might consider to incease the order of filtering instead and this can be

achieved by cascading spring-mass systems.

Suspension point

Figure 3.4: Double spring-mass system.

To see how stacking spring-mass systems can increase the order of low-pass filtering,
consider a double spring-mass system as shown in Fig. 3.4. Again, here the displacement

of the suspension point z(t) is assumed to be
z(t) = Ae™ (3.16)
and the displacements of the first and second masses are

z1(t) = Ao (3.17)
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and
To(t) = Ape@ite2) (3.18)

respectively, where A, A;, and A, are the oscillation amplitudes and ¢; and ¢, are the

relative phases. The governing equations for the two masses are

m Z:;Z(t) = —ky [21(t) — 2(t)] — ko [21(t) — 2a(t)] (3.19)
and Lot
My ga = ~hala(t) —n(h)] (3.20)

Following a similar analysis in Sec. 3.1.1 yields

m1 \ ma

Aper = i (k_2 _ 2> A (3.21)

4 _ [ kitke ko 2 kiko
w (ml +m2 w+m1m2

and

LR
A26Z¢2 Sl — m2 2A1€Z¢1
my Y
kiko

= I A (3.22)

4 _ | k1tko ko 2 k1ko
w (ml +m2 w+m1m2

k1ko
_ mimsa A
=) el

where w; and w, are two angular resonance frequencies such that

2
kit+k k k1+k k kik
. (m_+m_>:|:\/<m_+m_) —
wi,wj = 5 , (3.23)

which can be easily shown as positive values. As can be seen from Eqn. (3.22), as w > w;

and w > wy, the amplitude A can be approximated as

4, L ks

wt mims

(3.24)

which is clearly a forth-order attenuation of the displacement of the suspension point.

However, the attenuation at the first stage, i.e. mass 1, remains to be second order.

Increasing the number of spring-mass stages can effectively increase the order of low-
pass filtering, achieving higher-order attenuation at high frequencies. However, the result

for systems with more than 2 stages can be more difficult to compute algebraically. To
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layout the steps, one needs to express the government equations in a matrix form

T T kix
M “7:2 LK 5”:2 _ 0 ’ (3.25)
o] el Lo
where M is the mass matrix, K is the stiffness matrix, and here #; = w?z;,j =1,2,...,N

is assumed. And then, compute (—w?M + K)_1 to obtain the attenuation at each stage.
While M is a diagonal matrix composes of the values of the masses, it is easy to show that
the denominator of (—w?M + K) ', i.e. det (—w*M + K), is a 2N™-order polynomial of
w. It follows that that the attenuation at the last stage of a N-stage spring-mass system

is proportional to 1/w?M. Fig. 3.5 shows the ratio between the displacement amplitude of
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1072 10~ 100 10! 102
Frequency (Hz)

Figure 3.5: Suppression ratio between of spring-mass systems. Blue solid: Simple spring-
mass system. Orange dashed: Double spring-mass system. Green dash-dot: Triple spring-
mass systems. Red dotted: Quadruple spring-mass systems.

the suspended mass and the suspension point of simple spring-mass system and higher-
order spring-mass systems (up to N = 4). Here, the spring constants and masses are
set to unity for illustration purpose. As can be seen, higher-order systems attain higher
suppression ratio at frequencies above the resonances. In fact, a suppression ratio of 1073
can be achieved by a quadruple system (red dotted) with resonances around 1Hz. And,
at last, with a combination of the anti-spring effect, i.e. lowering the spring constants,
and increasing the number of stages of spring-mass systems (or pendulums), the required

attenuation for observing gravitational waves is easily achievable with a relatively practical
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form factor of systems. These systems are referred to suspensions or vibration isolation

systems and some real versions of suspensions are shown in Chapter 4.

3.2 Active isolation

This idea of active isolation is to, instead of relying of mechanical components such as
springs or pendulums, use an actuator to apply a force on the suspended object to reject
the perturbed motion. The required force can be derived from the sensed displacement of
the suspension point or the suspension body. The former is known as feedforward control
while the latter is known as feedback control. The two active isolation schemes can be
used simultaneously to achieve disturbance rejection at different frequency bandwidths.
Notably, the two schemes are utilized in LIGO for active seismic isolation [26] while Virgo
[27, 28] and KAGRA [29, 28, 30, 31] only utilize feedback control. In this section, the feed-
forward and feedback control schemes are discussed in Sec. 3.2.2 and 3.2.3, respectively.
In Sec. 3.2.1, some prerequisite concepts such as transfer functions and block diagrams

are introduced as an interlude.

3.2.1 Interlude: Transfer functions

Before going into the details of active isolation, it is worth introducing the concept of
transfer functions, which would simplify the discussion of active isolation. The transfer
function represents a linear time-invariant (LTI) system with one input and one output.
Mathematically, it is the ratio between the output and the input variables in the Laplace
domain, i.e. the amplification/attenuation. To exemplify, consider a single spring-mass
system discussed in Sec. 3.1.1. Here, the displacement of the suspension point x(t) is an
input and the displacement of the mass z,,(t) is the output. Taking the Laplace transform

of the equation of motion (3.1) gives

ﬁ{mM + kxm(t)} = L{kz(t)}

dt?
(ms* + k) Xo(s) = kX (s) (3.26)
Xom(s) _ wer

X(s)  s24w?’

where L£{-} denotes the Laplace transform, s is the Laplace variable and is a complex
number, X (s) and X,,(s) are the Laplace transform of z(s) and x,,(t), respectively, and
w, = \/k/_m is the angular resonance frequency of the spring-mass system. Here, as
can be seen, by evaluating the Laplace variable along the positive imaginary axis, i.e.
s = jw, gives the frequency-dependent attenuation relation w?/(w? — w?) as shown in

Eqn. (3.4). This is called the frequency response of a transfer function. The frequency
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response is a complex-valued frequency series and therefore cannot be plotted simply in
one plot. Instead, the frequency response of a transfer function is shown as a magnitude
plot and a phase plot, where the magnitude represents the amplification/attenuation
(and sometimes referred as “gain”) and the phase represents the relative phase between
the input and output signals. The combination of the two plots is called a Bode plot and
is often used to characterize frequency-dependent relationships between signals.

The introduction of the transfer function allows one to represent dynamic processes
with block diagrams. In a block diagram, each arrow represents a process variable, such
as the displacements, and each block represents a system corresponding to a transfer

function. Fig. 3.6 shows a block diagram representing the aforementioned spring-mass

X(s) Px(S) Xm(s)

Figure 3.6: The block diagram representation of a spring-mass system.

system. The diagram represents an equation

Xin(s) = Pu(s)X(s), (3.27)
where )
Pus) = inwz (3.28)

is the transfer function between the suspension point displacement and the mass displace-
ment and is sometimes called the “plant”. As can be seen, the block diagrams conveniently
represents the dynamics of the spring-mass system. From here, more complicated sys-
tems, such as the feedforward control and feedback control systems, can be represented

by interconnecting the process variables via junctions.

3.2.2 Feedforward control

Suppose there is an actuator that can be used to apply a force to the mass of the spring-
mass system shown in Fig. 3.1. The force then can be used to cancel, or at least attenuate,
the motion of the mass due to the motion of the suspension point. With an external force,

the equation of motion of the suspended mass reads

d*x,,(t)

e

+ kx,(t) = kx(t) + f(¢), (3.29)

where f(t) is the external force applied on the suspended mass. It is easy to see that when

the force is set to f(t) = —kx(t), then the suspended mass is completely decoupled from
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the motion of the suspension point. And, this can be achieved by having a measurement
of z(t) and then converting that sensed signal to an actuation signal via a multiplicative
factor —k. Such control method is known as feedforward control® and the corresponding

spring-mass system is shown in Fig. 3.7. As shown in subplot (a), a sensor is placed at the

(a) Feedforward control of a spring-mass system (b) Equivalent block diagram

Feedforward controller

x(t
Sensor x

KH(S)

Y

Kg(s) > P(s)

Y
o0
A
V)
&

................

Figure 3.7: (a): Feedforward control of a spring-mass system. (b): Equivalent block
diagram of the feedforward control scheme.

suspension point measuring the displacement x(t). The signal is send to a feedforward
controller, which is represented by a transfer function Kg(s). The controller then outputs
a force f(t) that acts on the suspended mass.

Fig. 3.7 subplot (b) shows an equivalent block diagram representing the feedforward
control of a spring-mass system. Without loss of generality, the input-output relationship

can be easily derived as
Xin(s) = [Pa(s) + Ka(s)P(s)] X(s), (3.30)

where P(s) is the transfer function from the actuation force F(s) to the displacement of

the suspended mass X,,(s), and is given by

P(s) = il (3.31)

Here, the subscript is omitted due to its frequent use throughout the thesis. In Eqn. 3.30,
the feedforward controller Kg(s) is something that needs to be designed. Again, it is
obvious when the feedforward controller is set to Kg(s) = —P,(s)/P(s) = —k, the atten-
uation factor then becomes 0. However, this only serves as an ideal case for illustrating
the idea of feedforward control. In reality, the measurement of x(¢) is not perfect. The
measurement contains noise and could ruin the passive isolation performance when it
is not properly filtered. Therefore, in practice, the feedforward controller needs to be
shaped to pass the signal at frequencies where signal-to-noise ratio is high and rolled-off

otherwise.

3Note that the signal path points forward and hence the name “feedforward”.
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It is worth to mention that the feedforward scheme is not as important for Virgo and
KAGRA suspensions due to the low resonance frequencies of the suspensions. The Virgo
and KAGRA suspensions have resonances lower than the secondary microseism so the
microseismic peak is suppressed adequately. However, the resonances at lower frequencies
become the dominating motion of the suspensions and they require also suppression.
With noiseless seismometers, the resonances can in principle suppressed by feedforward
control. But in reality, seismic noise at such low frequencies can only be measured by
seismometers with very low signal-to-noise ratio (as shown in much later chapters). This
means that the feedforward scheme would rather inject noise, than providing cancellation
force at low frequencies. These motions are suppressed by feedback control instead. LIGO
seismic isolation systems do not have inverted pendulums so secondary microseism is not
attenuated passively. Therefore, it is reasonable for LIGO to use feedforward control to

attenuate the seismic noise at lower frequencies.

3.2.3 Feedback control

For feedforward control, the sensing element is placed on the suspension point. When the
actuation force is derived from a sensing element placed on the suspended object itself,

it becomes a feedback control scheme shown in Fig. 3.8. In subplot (a), the displacement

(a) Feedback control of a spring-mass system (b) Equivalent block diagram

Feedback controller

Figure 3.8: (a): Feedback control of a spring-mass system. (b): Equivalent block diagram
of the feedback control scheme.

of the suspended mass x,,(t) is measured by a sensor. The signal is negated and is sent
to a feedback controller K(s), which then converts the measured signal to a feedback
force. The negation of the signal indicates a negative feedback system and this exists
for conventional reasons related to stability of the feedback. Again, the subscript for the

feedback controller is omitted because of its frequent use in later sections in the thesis.

Fig. 3.8 subplot (b) shows the block diagram representing the feedback control of the
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spring-mass system®*. The displacement of the suspended mass can be derived as

1 (3.32)
= pr(s))((s) .
Recall that P,(s)X(s) is the natural response of the spring-mass system, the term 1/[1 +
K (s)P(s)] denotes an additional amplification /attenuation over the natural response. The
passive isolation P,(s) only attenuates seismic noise above the resonance frequency but
amplifies the noise at around the resonance frequency. With a feedback control scheme,
the resonances can be suppressed by shaping the controller K(s) such that |K(jw)P(jw)|
is higher than 1 around the resonance frequencies, where j denotes the imaginary number.
In fact, the feedback control scheme can provide additional suppression at any frequency
as long as |K (jw)P(jw)| is higher than 1. The frequency band at which |K (jw)P(jw)|
is greater than 1 is referred to the control bandwidth. And, the system is said to be
controlled within these frequencies. Also, it is easy to see from Eqn. (3.32) that, as
K(s)P(s) — oo, the displacement of the mass is completely decoupled from the motion
of the suspension point. However, this is, again, only an ideal scenario. In reality, the
measurements contain noise and the major challenge of controller design is to shape the
controller such that it suppresses the motion while not injecting too much control noise. In
fact, motion of the suspension point can be re-injected when using feedback control with
relative sensors, even if it is passively isolated. The ruins the passive isolation performance
and so feedback control systems must be carefully designed in order to achieve the required
isolation. Optimizing the feedback control system for active isolation is the central theme
of this thesis and the concept will be revisited in Part II and III.

It is worth mentioning that a major difference between feedforward control and feed-
back control is stability. The feedforward control is stable as long as all components, such
as the controllers and the plants, in the feedforward control scheme are internally stable.
However, this is not the case for a feedback control system and the controllers need to be
carefully selected to maintain the stability of the system. Let us define the closed-loop

transfer function G(s) as
1

14+ K(s)P(s)

G(s)

The closed-loop transfer function can be represented as a fraction of polynomials, i.e.
G(s) = N(s)/D(s), where N(s) and D(s) are polynomials of s. The roots of the poly-

nomial N(s) are called “zeros” while the roots of the polynomial D(s) are called “poles”.

(3.33)

Mathematically speaking, the criterion for a stability closed-loop system is that the closed-
loop transfer function G(s) must not contain poles with positive real parts (unstable

poles). To show why this is the case, suppose G(s) contains a pole at A, such that it can

4Note that the signal path points backward and hence the name “feedback’.

42 Optimizing Active Isolation Systems in Gravitational-wave Detectors



3.2. ACTIVE ISOLATION

be expressed as a partial fraction

Gs) = —5+-. (3.34)

where a is an arbitrary constant. Then, the inverse Laplace transform gives
L7HG(s) = g(t) = aeM + ... . (3.35)

As can be seen, if A contains a positive real part, then g(t) diverges as t increases, which
indicates instability. Therefore, the controller must be designed such that the closed-loop
transfer function contains no unstable poles.

In practice, there are two popular tools, Bode plot and Nyquist plot, that can be used
to identify the stability of a feedback system without knowing the poles of the closed-
loop transfer function. As mentioned previously, the Bode plot is a plot of the frequency
response of a transfer function. While the frequency response of a transfer function is
generally a complex-valued series, the Bode plot is composed of a magnitude plot and a
phase plot. To evaluate the stability of a closed-loop transfer function, the Bode plot of
the open-loop transfer function K (s)P(s) is plotted. The unity gain frequency is defined
as the frequency where the magnitude response |K(jw)P(jw)| has a value of 1. For a
stable closed-loop system, the phase response at the unity gain frequency must be above
—180°. Also, there may be more than one unity gain frequencies and the above criterion
must be satisfied at all unity gain frequencies. At the unity gain frequency, the value
between the —180° and the phase response is called the phase margin, which is one of the
stability margins that is used to characterize the stability of a closed-loop system. Another
stability margin, gain margin, is referred to the relative magnitude between unity and the
magnitude response as phase response falls below —180°. The gain margin corresponds
to the acceptable amplification of the open-loop transfer function before the closed-loop
system becomes unstable. In principle, the stability margins can be arbitrary as long as
the system is stable. But, in practice, typically, the phase margin is set above 30°-60°
and the gain margin is set to at least 1/3 (or —10dB) to account for uncertainties in the
control system.

The Bode plot method works for a majority of cases. It is very easy to use and is by far
the most popular approach used in KAGRA. However, the Bode plot method could fail in
some cases and the Nyquist plot should be used for a proper analysis. The idea of using
a Nyquist plot is to identity unstable zeros in the characteristic equation 1+ K(s)P(s),
recall that the that the zeros of 1 + K(s)P(s) are the poles of the closed-loop transfer
function. The Nyquist plot can be obtained by evaluating 1 + K(s)P(s) along a contour
starting from —jo0 to joo and coming back to —joo via a semicircular arc on the right-half
of the complex plane. The contour is mapped to another complex plane via the function

1+ K(s)P(s) resulting in the Nyquist plot. The Cauchy’s argument principle states that
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the Nyquist plot encircles the origin in the clockwise direction equal to the number of
unstable zeros in 1 + K(s)P(s) minus the number of unstable poles in 1 + K(s)P(s).
Alternatively, the open-loop transfer function K (s)P(s) can be used as the map. In this
case, the number of clockwise encirclement around the —1 point is counted. For a stable
plant, the closed-loop system is said to be stable the number of clockwise encirclement is

zero. From here, the closed-loop stability can determined.
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Chapter 4

KAGRA Vibration Isolation Systems

The KAGRA vibration isolation systems are tower suspensions that are capable of pro-
viding the necessary seismic isolation for the main optics of the gravitational-wave de-
tector. The multiple-pendulum composition of the suspensions provides the necessary
high-frequency passive seismic isolation for the main optics. Not all main optics need
to be as still as the test mass mirrors and they have different sensitivity requirements.
Hence, there exist multiple types of vibration isolation systems in KAGRA, each corre-
spond to a different extent of passive isolation. The different types of suspensions are
introduced in Sec. 4.1 Within a suspension, there are different types of suspension stages,
such as the pre-isolator and the marionette, serving different purposes in vibration isola-
tion. A brief introduction of these stages is given in Sec. 4.2. Nevertheless, each stage of
the suspensions are equipped with sensors and actuators, which allows the low-frequency
active isolation and active damping of the resonance motions of the suspension stages.
The various types of sensors and actuators used in KAGRA vibration isolation systems

are introduced in Sec. 4.3.

4.1 Types of vibration isolation systems

Fig. 4.1 shows the four types of vibration isolation systems in KAGRA, including the
Type-A [30, 31], Type-B [32, 29], Type-Bp [33], and Type-C suspensions. As shown
in the figure, the Type-A suspension is a ~ 13.5m tall suspension and it is the tallest
and most complicated vibration isolation system among others. Listing stages from the
ground (top) to the optics (bottom), the Type-A suspension is composed of a pre-isolator,
five vertical GAS filters (including the one at the pre-isolator), a platform, a marionette,
an intermediate mass, and a test mass. Effectively, it is a 9-stage multiple pendulum
providing a horizontal seismic noise attenuation proportional to ~ f~!8 at high frequency.
The Type-A suspension provides the greatest amount of passive isolation and there are
four such vibration isolation systems at KAGRA, each suspending the test masses of the

gravitational-wave detector, as shown in Fig. 4.2. These test masses are the input and
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Type-A 4 m

Type-B
A

135m 31m

et

Figure 4.1: Types of vibration isolation systems in KAGRA. Retrieved from Refs. |32, 33].
Left to right: Type-A suspensions, Type-B suspensions,, Type-Bp suspensions, and type-
C suspensions. (Not to scale)
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Figure 4.2: Optical layout of the KAGRA interferometer with suspension types labeled.
Retrived from Refs. |32, 33]. Red solid circle: Type-A suspensions. Yellow dashed circle:
Type-B suspensions. Green dash-dot circle: Type-Bp suspensions. Blue dotted circle:
Type-C suspensions.

end test masses along the X-arm and the Y-arm (ITMX, ITMY, ETMX, and ETMY)
(the directions of X and Y relative to the Earth are arbitrary but they are orthogonal)
which defines the 3-kilometer Febry-Perot cavities of the interferometer.

The Type-B suspension can be seen as a truncated version of the Type-A suspension.

Its composition is very similar to that of the Type-A suspension. It has a pre-isolator,
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three vertical GAS filters, an intermediate mass, and a test mass stage'. It has 5 pen-
dulums stages providing a ~ f~!° horizontal seismic noise attenuation at high frequency.
Compared to the Type-A suspensions, there are a few differences besides having fewer
stages. First of all, the marionette stage is missing in the Type-B suspension and there-
fore the steering of the optics relies on the active components at the intermediate mass
and the optics stage. The Type-A payload, consisting of the marionette, the intermediate
mass, and the payload, hangs from the platform via four wires per stage. Their recoil
masses constitutes a multiple pendulum separated from the main pendulum chain and
are also hanging from the platform. In contrast, the Type-B payload, consisting of the
intermediate mass and the optics, hangs from the bottom filter (the last vertical filter).
And, the recoil masses do no compose a separate chain like that in the Type-A suspension.
Instead, they each hangs from the upper stage, i.e. the intermediate recoil mass hangs
from the bottom filter and the optics recoil mass hangs from the intermediate mass. There
are four Type-B suspensions in KAGRA and they suspend the signal recycling mirrors
(SRM, SR2, and SR3) and the beamsplitter (BS), as shown in Fig. 4.2.

The Type-Bp suspensions are supposed to be the compactified version of the Type-B
suspension and hence the suffix “p”, which stands for “pico”. But, the differences between
the Type-Bp and Type-B suspensions are significant. Firstly, the Type-Bp suspension do
not have the pre-isolator, unlike the Type-A and Type-B suspensions. Instead, the first
vertical filter, which is a standard filter, is attached on a motorized horizontal platform
that can be used to adjust the coarse alignment of the whole chain. The Type-Bp suspen-
sion is effectively a triple-pendulum, with the bottom filter, the intermediate mass, and
the optics being the three pendulums. The Type-Bp suspensions are used for the power
recycling mirrors including the PRM, PR2, and the PR3.

Nevertheless, the Type-C suspensions table-top suspensions that are significantly smaller
than the other suspensions. For this reason, multiple Type-C optics can share the same
vacuum chamber, such as the input and output optics of the input mode cleaner as shown
in Fig. 4.2. The Type-C suspensions are used for the auxiliary optics such as the input
and output mode cleaners. They contain actuators and sensors at the optics stage only
for the purpose of steering and active damping of the optics. There are no active seismic
isolation element in the Type-C suspensions. Therefore they are only briefly mentioned
here and further discussions are oriented around the Type-A, Type-B, and the Type-Bp

suspensions.

!The optics of the Type-B suspension are not the test masses of the gravitational-wave detector but
the optics stage is also referred to the test mass stage by convention.
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4.2 Suspension stages

The suspensions are composed of different suspension stages that serve different purposes
in vibration isolation. For example, the Type-B suspension contains a pre-isolator stage,
2 GAS filter stages (3 if counting the top filter in the pre-isolator), an intermediate mass
stage, and a test mass stage, as shown in Fig. 4.3. The different type of stages are the
building blocks of a suspension and, in this section, the function and the composition of

the suspension stages are explained.

Type-B suspension

\— Pre-isolator stage

GAS filter stages

\— Intermediate mass stage
\— Test mass stage

Figure 4.3: Type-B suspension.

4.2.1 Pre-isolator

The pre-isolator is the first seismic isolation stage of the Type-A and Type-B suspension
and it interfaces the ground and the rest of the suspension and eventually the optics.

The pre-isolator is often referred to the inverted pendulum (IP), which is the most iconic
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structure in the pre-isolator. The inverted pendulum is a miniaturized version of the in-
verted pendulum of the Virgo suspension [31|. The three inverted pendulum legs connects
the pre-isolator base, which is the attached to the ground via an elastic flexure, and the
pre-isolator table This suspends the pre-isolator table like a stable inverted pendulum
and, with small displacements, the inverted pendulum legs effectively constrain the mo-
tion of the pre-isolator table on a horizontal plane. As shown in Fig. 4.4, arc weights are
placed along the edge of the pre-isolator, which adds weights to the inverted pendulum
and reducing its resonance frequency because of the anti-spring effect. In practice, thin
pieces of arc weights are added in a symmetric way until the resonance frequency becomes
low enough to attenuate the secondary microseism between 0.1 Hz and 0.5 Hz, but not
too low such that the inverted pendulum becomes bistable. Typically, the resonance fre-
quency is around 0.06 Hz and 0.1 Hz. This provides seismic attenuation to the secondary
microseism of 4 to ~ 11 times at 0.2 Hz.

Fishing rod —\

Keystone

/7 Geophone pod

Pre-isolator table

Geometric anti-spring blade

Arc weight

Counterweight

Coil-magnet actuator

Linear stepper motor assembly
LVDT

Inverted pendulum leg

Base

Figure 4.4: The Type-B pre-isolator.

There are three columns extending from the base, supporting a ring platform where
three LVDT assemblies around the pre-isolator table can be found. The LVDT stands
for linear variable differential transformer, which is a type of relative displacement sensor
to be described in Sec. 4.3.1. The assembly is composed of an LVDT measuring the a
relative displacement between the pre-isolator table and the ground, and a coil-magnet
actuator that can be manipulated to apply force approximately to the same direction
where the LVDT is sensing. The three LVDT directions spans the full control space of
the pre-isolator on the horizontal place so the pre-isolator can be fully controlled in two
horizontal directions and one rotational direction. On the same ring platform, three linear

stepper motors are attached. The sliding blocks of the stepper motors are connected to
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the pre-isolator table via soft copper blade spring so they do not alter the dynamics of
the inverted pendulum. But, the motorized sliding blocks can be used to adjust the
static alignment of the pre-isolator table since it has a signficantly larger dynamic range
compared to the LVDT. However, the stepper motors are too noisy to be used for feedback
control so they are turned off after the initial position adjustment.

On the pre-isolator table, besides the arc weights, there are the three geophone pods
and a top vertical filter. The geophone pods are attached along the circumference of
the pre-isolator like the LVDT assemblies. Inside the pod, there is an L-4C geophone
from Mark products and an pre-amplifier circult board designed by NIKHEF [29]. The
geophone converts the velocity, relative to an inertial frame, of the pre-isolator table to
voltage, which can be used in a feedback system for active isolation. As for the top vertical
filter, it is composed of three (or more) compressed spring blades forming one vertical anti-
spring that hangs the rest of the suspension chain. As part of the top filter, there is a
so-called “fishing rod”, named after its resemblance of a fishing rod, that is part of the
linear stepper motor assembly that serves the same purpose as those for the horizontal
direction. The top filter anti-spring is considerable larger than the standard filters that
forms the pendulum chains and the resonance frequency was tuned in situ to around
0.5 Hz. The blade tips of the anti-spring blades are connected to the keystone, which
holds the suspension wire connecting to the stages below. There is an LVDT assembly
around the keystone that provide sensing and actuation of the keystone in the vertical

degree of freedom.

4.2.2 Standard filters

(a) Type-B standard filter (b) Type-B standard filter (interior)

/—— Fishing rod

Keystone

Geometric anti-spring blade

Counterweight

Figure 4.5: (a): The Type-B standard filter. (b): The interior of a standard filter

The standard filters are pendulums of the suspension. On one hand, the weight of the
filter assembly act as the mass of the pendulum. As it is hanged from an upper stage via
a single suspension wire, it literally acts as a pendulum providing passive isolation in the
horizontal direction. On the other hand, as shown in subplot (a) in Fig. 4.5, enclosed in

the standard filter is a GAS filter that suspends the next stage of the suspension, much
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like the top filter, providing passive isolation in the vertical direction. Everything related
to the GAS filter is similar to that of the top filter, i.e. it has an LVDT assembly and a
fishing rod, but in a smaller scale. While the standard filter can, in principle, move freely
subjected to the constrain of a pendulum, there are no sensors and actuators that can be
used to control these degrees of freedom. But, there is one exception, that is, the bottom
filter.

(a) Type-Bp bottom filter (b) Type-B bottom filter

Moving mass
Security structure

Horizontal LVDT assembly \—f-Vertical LVDT assembly

Figure 4.6: (a): Type-Bp bottom filter. (b): Type-B bottom filter.

The bottom filter is the last pendulum above the payload stages, such as the marionette
and the intermediate mass. It is very similar to the standard filter besides it can be
controlled more than just the GAS degree of freedom. The way it can manipulated varies
for Type-A/Type-Bp and the Type-B systems. For Type-A/Type-Bp suspensions, there
exists structures extended from the bottom filter enclosure, each holding the primary coil
of an LVDT, as shown in subplot (a) in Fig. 4.6 The secondary coils are attached to a
structure that extends from the base structure of the suspension (effectively, the ground)
so there are LVDTs measuring the relative displacement between the bottom filter and
the ground. There are six of such LVDT assemblies so the bottom filter can be controlled
in all six degrees of freedom.

As for the Type-B suspensions, the bottom filter cannot be controlled like those in the
Type-A and Type-Bp suspensions. Instead, for the Type-B suspensions (and Type-Bp),
there are four moving masses on top of the bottom filter that can be moved using piezo
linear actuators (picomotors), as shown in subplot (b) in Fig. 4.6. Moving the masses
changes the center of gravity of the bottom filter and hence determines the tilt of the
bottom filter. The tilt eventually translate to the tilt of the intermediate recoil mass.
Therefore, it can be used adjust the tilt of the intermediate recoil mass relative to the
intermediate mass. Like the stepper motors, the picomoters are too noisy to be used for

feedback control purpose and hence they are only used for initial adjustments.

4.2.3 Marionette and intermediate stages

The marionette and the intermediate masses stages above the suspended optics. In the

case of the Type-A suspension, the marionette suspends from a transitional stage called
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(a) Intermediate mass and recoil mass (b) Intermediate mass and recoil mass (half section view)

I

/— Vertical OSEM

Recoil mass

Intermediate mass 7 OSEM flag

Figure 4.7: (a): The intermediate mass and recoil mass. (b): Half section view.

the platform, which is suspended from the bottom GAS filter. The intermediate mass
is than suspended from the marionette. In the case of Type-B and Type-Bp suspen-
sions, there is no marionette stage. Instead, there is only the intermediate mass stage.
The intermediate mass stage in the Type-A adds an extra f~2 noise attenuation at high
frequency.

The marionette in the Type-A suspension and the intermediate mass stage in the Type-
B and Type-Bp suspensions serve a similar purpose, that is, to provide large range steering
to the optics that is suspended below. Therefore, here, only the intermediate mass stage is
described. As shown in Fig. 4.7, the intermediate mass is surrounded by an intermediate
recoil mass. There are six OSEMs attached around the intermediate mass, three horizontal
and three vertical (In the case of Type-A suspensions, they are photosensors instead of
OSEMs.). The OSEM stands for Optical sensing and electromagnetic actuator, which
is to be introduced in Sec. 4.3.3. They are similar to the LVDTs that are used for the
GAS filter and pre-isolator and they provide both sensing and actuation in a compact
form factor [35]. The OSEM body (dark grey as shown in Fig. 4.7) is attached on the
recoil mass and it contains a measurement unit and a voice coil. The measurement unit
measures the displacement of the OSEM flag, which is shown in beige color in the figure,
in the direction of the flag axis. And, the voice coil is also aligned to the flag axis and
it can be manipulated to apply force on a magnet attached to the flag. With the six
horizontal and vertical OSEMs, the intermediate mass can be controlled in all six degrees

of freedom.

4.2.4 Test mass

Like the intermediate mass stage, the test mass stage is composed of a recoil mass and
the test mass, i.e. the suspended optics, which appears to be transparent in Fig. 4.8.
The optics and the recoil mass are each suspended from the intermediate mass via two
loops of suspension wires clamped at the intermediate mass (In the case of the Type-A
suspension, the recoil mass is suspended from the intermediate recoil mass.). As shown
in Fig. 4.8, there are four OSEMs at the back side of the optics. Unlike the OSEMs at
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(a) Test mass stage (front) (b) Test mass stage (back)

Wire clamps

Suspended optics

Recoil mass

Figure 4.8: (a): Test mass stage (front). (b): Test mass stage (back).

the intermediate mass stage, the OSEMs at the test mass stage do not provide sensing
of the suspended optics. This is due to the frequent breakage of the OSEM flags as the
motion of the optics became excessive. Instead, the OSEM only provide actuation at four
corners of the optics. The sensing of the optics displacement is done by an optical lever
at the exterior of the vacuum chamber, which is described in Sec. 4.3.5 and 6.2.1. Both
the arrangement of the OSEMs and the optical lever only allows the optics to be sensed
and actuated in the longitudinal direction (parallel to the optical axis of the suspended

optics) and two rotational degrees of freedom, pitch and yaw.

4.3 Sensing and actuation technologies

In this section, the sensors and actuators in the KAGRA vibration isolation systems are

discussed.

4.3.1 Linear variable differential transformer (LVDT)

Top filter LVDT
(cross-section view)

Pre-isolator

1
1
1
:
1
—— Top filter keystone !

= ,
\; Secondary coils

Primary coil J

' Actuator coil Magnets

___________________________________________________

Figure 4.9: Top filter LVDT assembly at the pre-isolator stage.
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The linear variable differential transferformer (LVDT) is a relative displacement sensor.
It is used in majorly in the tower part of the suspension including the pre-isolator and
the GAS filters. As an example, Fig. 4.9 shows the cross-section view of the top GAS
filter in the pre-isolator. As can be seen, the sensing element of the LVDT is composed
of two separate pieces, the primary coil and the secondary coil. For KAGRA vibration
isolation systems, a coil-magnet actuator is also installed at close proximity of the LVDT
and the two forms an LVDT assembly. In Fig. 4.9, the coil-magnet actuator of the top
filter is located below the LVDT coils and in this case, the coil is attached to the moving
keystone while the magnetic yoke is attached to the pre-isolator table (underneath).

The quantity that the LVDT is measuring is the relative displacement between the
primary coil and the secondary coil in the direction parallel the coil axis?. When the
primary coil and the secondary coils are mounted at different objects, e.g. the ground
and the pre-isolator table, moving relative to each other, the LVDT then sense the relative
displacement between the two objects. While the primary coil and the secondary coils
are aligned coaxially, they do not need to be in contact. This means the sensing surfaces
can move freely and the sensing do no alter the dynamics of the sensed objects. For this
reason, the LVDT becomes a perfect candidate for active vibration isolation systems that

need to behave like oscillators, i.e. pendulums and spring-mass systems.

Primary coil ~ Secondary coils

To ADC

Low-passk—>

Figure 4.10: Conceptual readout circult of the LVDT.

The working principle of the LVDT is as follows. As shown in Fig. 4.10, the primary
coil is being injected with an excitation signal V,(¢). The excitation is sinusoidal such
that

Ve(t) = Vpsin (wt) (4.1)

where Vj is the amplitude, w is the frequency, and ¢ is time. The induced voltages in the
secondary coils are V; sin (wt) and Vs sin(wt), where V; and V5 are the amplitudes of the
voltage induced in the first and second secondary coils, respectively. Their difference is

being amplified to give a differential signal

Va(t) = A (Vs — Vi) sin (wt) , (4.2)

2Typical LVDT contains a moving ferromagnetic core and the LVDT measures the displacement of the
core. The coils are immobile. However, KAGRA LVDTs do not contain the ferromagnetic core possibly
because of the presences of the coil-magnet actuator in proximity.
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where A is the amplification of the amplifier. The differential signal and the excitation

signal are mixed, i.e. multiplied, to give a signal
Va(t)Va(t) = AVy(Vy — V1) sin? (wt) . (4.3)

In practice, the relative phase between the differential signal and the excitation signal is
non-zero and there exists and phase shifting circuitry that needs to be tuned to maximize
the readout. For simplicity, let us assume that the relative phase is zero. Then, by the

double angle identity of cosine, the product of the two signals can be rewritten as

Valt)Va(t) = AVo(Vs — V2) [—1 - cos W)]

2 (4.4)

1 1
= §AV0(V2 -W) - §AVO(V2 — V1) cos (2wt) ,

which is a superposition of a static term and an oscillatory term with frequency 2w.
The oscillatory term is then removed by low-passing the product of the two signals with
real low-pass filter circuitry. And, the final readout is the remained static term that
is proportional to the voltage difference in the two coils V5 — V4. Now, the differential
voltage V5 — Vi of the secondary coils depends on the relative position of the primary coil
in the axial direction, which determines the number of primary coil turns directly facing
each secondary coil. Therefore, the low-passed differential signal is linearly dependent
on relative axial displacement between the coils. And, when the primiary coil and the
secondary coils are mounted on two objects moving relative to each other, the readout is a
signal proportional to the relative displacement. To obtain the proportionality constant,
the LVDTs were calibrated with calipers in practice and this is possible because of the
large linear range of the LVDTs.

Note that here the induced voltages in the secondary coils V; and V, are assumed
to be constants, but in reality, they are not. In practice, the excitation signal is chosen
such that the frequency much higher than that of the suspension displacements that are
sensed. To give perspective, the excitation signal used at KAGRA is a 10kHz signal
with 5V peak-to-peak. Whereas, the motion of the suspension degrees of freedom can
be assumed to be dominated by resonant motions at below few 10 Hz. Therefore, the

difference is large enough for the above analysis to remain valid.

4.3.2 Geophone and inertial sensors

The geophone is a type of sensor that converts velocity of the sensed object to a voltage.
And, the velocity readout is a relative to an inertial frame of reference. For this reason, the
geophone is a type of inertial sensors, which can be used to achieve active seismic isolation

when used in an active control scheme, such as feedback control. The pre-isolators of the
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KAGRA suspensions are all installed with the L-4C geophone and they are meant to be
used for active seismic isolation of the main optics. The geophone is not the only type
of inertial sensors that is used at KAGRA. Seismometer is also a type of inertial sensors
that is used in to monitor the ground motion at KAGRA. There are other types of inertial
sensors, such as the monolithic folded pendulum |28, 36|, and the development of inertial
sensors to achieve higher sensitivity is still an active area in active isolation research for
gravitational-wave detectors.

The inertial sensors can be mainly divided into two types, one with passive sensing
and the others with active elements. But, they are all based on the same principle, that is,
sensing the relative motion of a suspended proof mass and inferring the inertial motion of
the suspension point. In the case of the passive ones, the relative motion of the suspended
proof mass is measured in the form of relative velocity between suspension point and the
proof mass. Examples of passive inertial sensors are geophones and seismometers. In the
geophones, the relative velocity is measured by a coil and a magnet, which are fixed either
on the proof mass and the enclosure. The inertial motion of the suspension point can
then be inferred from the relative velocity using the inverse dynamics of the suspended
proof mass. The detailed mechanism of the geophone is given in Sec. 6.1.2, where the
inverse dynamics of the geophone is derived. As for the active inertial sensors, the relative
motion between the proof mass and the suspension point is being actively nullified by a
feedback control system. The feedback force, being proportional to the acceleration of
the suspension point, can then be used to infer the inertial acceleration of the suspension
point. The advantage of an active scheme is that it allows the incorporation of a readout

mechanism with lower range but with higher sensitivity, such as an interferometer [30].

4.3.3 Optical sensing and electromagnetic actuator (OSEM)

The OSEM stands for optical sensing and electromagnetic actuator and is compact device
that contains both non-contact sensing and actuation in one small form factor. The
original version of the OSEM is called BOSEM (B for Birmingham) and was developed for
the LIGO detector [37]. Several iterations have been developed as an improvement to the
original BOSEM and the version presented here is the one used in KAGRA [35]. As shown
in Fig. 4.11, the OSEM is used at the intermediate mass stage of the vibration isolation
systems. For Type-A systems, another sensor called photocoupler position sensor, photo-
reflective sensors, or simply photosensors are for the marionette and the intermediate
mass instead and this is to be discussed in Sec. 4.3.4. The OSEM was originally planned
to be used also for the sensing and actuation at the test mass stage. However, the design
of the OSEM requires the sensor flag to be physically inserted into a small extrusion hole,
which makes it vulnerable to large relative motion where the sensor flag is dislocated due

to mechanical interference [35]. This is very undesirable for gravitational-wave detectors
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OSEM (top cross-section view)
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Figure 4.11: Section view of the OSEM.

where the optics are sealed in complicated vacuum systems and resetting the sensor flag
could potential take time off the commissioning and observation period. Therefore, the
sensing part of the OSEM at the test mass stage is eliminated [32, 35].

The sensing part of the OSEM is essentially a shadow sensor, which is a photodiode
detecting the presences of a shadow (or the absence of light). As shown in Fig. 4.11, the
OSEM body is divided to two sides corresponding to the transmitter and the receiver.
The transmitter consist of an light-emitting diode (LED) and a small collimating lens
(not labeled). The light from the LED travels through a small slit and reach the receiver
side, which contains a photodiode. As the sensor flag is inserted between the transmitter
and the receiver, it partially blocks the light. This is reflected in the reduced voltage
readout of the photodiode. And, since the amount of reduced readout a function of the
amount of clipped light, which depends on the position of the sensor flag, displacement
sensing can be achieved. The calibration relationship between photodiode readout and
the displacement of the flag is sigmoidal, which roughly approximated by an error function
assuming a Gaussian light profile, as discussed later in Sec. 6.1.1. The linear region of the
calibration function is around 1 mm [35] and this defines the linear range of the OSEM
sensor. As for the actuation part, the sensor flag is, in fact, magnetically attached to a
larger magnet as shown in Fig. 4.11. A coil is wrapped around coil bobbin of the OSEM
body and actuation signals can be injected into the coil so a force can be applied to the

magnet where the sensor flag is attached.

4.3.4 Photocoupler position sensor (photosensor)

The photosensor is a novel sensor specially developed for KAGRA and is used to replace
the OSEMs for the sensing of the marionette and intermediate mass stages of the Type-
A system. The reason why the photosensor is used instead of the OSEM is due to
the cryogenic nature of the payload of the Type-A suspension. The drastic change in
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temperature and the slight difference in thermal expansion of the suspension wire causes
the suspension to drift during cool down [38]. And, this calls for an increase of the 1 mm
linear sensing range of the OSEM. To resolve the issue, the photosensor is developed and
it has a linear range of 10 mm.

Sensed direction
—_

Photodiode

Light-emitting diode

Photodiode

Reflective surface

Figure 4.12: Conceptual diagram of a photosensor.

Fig. 4.12 shows a conceptual diagram of a photosensor. In the figure, the photosensor
measures the relative displacement between a reflective surface and the LED. In the case of
KAGRA suspensions, the stainless steel surfaces of the marionette and the intermediate
mass are polished to increase the reflectivity for this purpose. Unlike the OSEM, the
photosensor has one transmitter but two receivers, i.e. one LED and two photodiodes.
As the reflective surface moves towards the LED and the photodiodes, the reflected beam
shifts (much like the length sensing optical lever in Sec. 6.2.1) and this changes the amount
of light that enters the photodiodes. Also, when the reflective surface tilts (along the axis
out of the screen), the amount of light that enters each photodiode also changes. But,
the change in the two readouts are differential in this case, one increase and the other
decreases. Therefore, the common mode of the readouts can be used as a displacement
readout. However, for a two-sensor configuration, the readout cannot be decoupled from a
tilt along photodiode-LED-photodiode line (vertical in Fig. 4.12). The ideal configuration
is to have two such units of photodiode-LED-photodiode placed such that the photodiodes
form four corners of a square. In this way, the common mode of the four photodiode
readouts give a displacement readout that is decoupled from all tilt of the reflective

surface.

4.3.5 Optical lever

The optical lever is given its name because part of the test mass displacement sensing
device is composed of an optical lever. Technically, an optical lever is an optical device

that senses the tilt of a reflective surface by measuring the shift a reflected beam spot.
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The distance from the reflected surface to the reflected beam spot forms a lever arm
that amplifies the tilt motion of the reflected surface and hence is given the name. The
tilt sensing of the test mass stage of the KAGRA suspensions rely on the optical lever
mechanism and is therefore the test mass sensor is referred as the optical lever. However,
the same optical lever beam can be used to measure a shift in the reflective surface besides
a tilt. This is achieved by measuring the reflected beam spot at some position behind
a convex lens. The details of the test mass sensing is given in Sec. 6.2.1, where the
relationship between the optical lever readout and the displacements of the suspended

optics is derived. This section serves as a brief introduction.

Supporting frame

Reflected beam
(to readout optics)

Vacuum chamber
Upper viewport

Lower viewport
Suspended optics

Figure 4.13: Cross-section view of a Type-B suspension.

The optical lever consists of a transmitter and a receiver. They are optical components
that are located at the exterior of the vacuum chamber containing the vibration isolation
systems. Fig. 4.13 shows the cross-section view of a Type-B suspension. As can be seen,
the optical lever beam enters the vacuum chamber via a lower viewport. In this case,
the light source is a superluminescent diode mounted on a optical breadboard next to
the lower viewport (not shown in the figure). The optical lever beam then is reflected
off the suspended optics and exits the vacuum chamber via the upper viewport. The

beam is then steered and made horizontal along an optical breadboard, by a steering
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mirror, containing the readout optics. It is worth noting that this configuration, where
the incidence plane is parallel to a vertical plane, is exclusive to the Type-B systems. For
the Type-A and Type-Bp suspensions, optical lever beam travels along a horizontal plane

instead.

Convex lens © 3 Length-sensing QPD

Steering mirror p
,,,,, o/
Beamsplitter Tilt-sensing QPD

Reflected beam
(from suspended optics)

Figure 4.14: Conceptual readout optics of the optical lever. Diagram created using com-
ponent template provided by Ref. [39].

A conceptual diagram of the optical lever readout optics is shown in Fig. 4.14. As
shown in the figure, the beam reflected from the suspended optics is divided into two
paths via a beamsplitter. One of the beam hits the tilt-sensing quadrant photodiode
(QPD), forming the traditional optical lever. The other beam travels through a convex
lens and then eventually reaches the length-sensing QPD. The QPDs measure the shift
of the beam spots caused by a tilt or a shift of the suspended optics. With a proper
placement of the length-sensing QPD behind the lens, the length-sensing QPD becomes
only sensitive to the longitudinal shift of the suspended optics but not a tilt in pitch or
yaw.

There are four photodiode readouts in a QPD, each measuring the light power of beam
that enters the corresponding quadrant. Suppose the voltage readout of the quadrants A,
B, C, and D (following the convention in Fig. 4.14) are Vi, Vi, Vi, and Vp, respectively,

a horizontal shift of the beam spot can be written as a proportionality

xO(VB—I_VD_VA_VC
Va+Ve+Vo+ V'

(4.5)

where z is the beam spot displacement in the horizontal direction. Similarly, the vertical

beam spot displacement can be written as

mm+w—%—%
O T Vet Vot Vo

(4.6)

where y is the vertical beam spot displacement. From here, the beam spot displace-
ments can be calibrated in physical units by moving the QPDs in horizontal and vertical

directions relative to a static beam using a micrometer stage. With the beam spot dis-
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placements obtained, the longitudinal, pitch, and yaw displacements can be derived using
ray transfer matrix analysis [10] and the detailed analysis of the optical lever is given in

Sec. 6.2.1, where the geometric sensing matrix of the optical lever is derived.
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Chapter 5
Control Topology

In this chapter, the control architecture of the vibration isolation system used in KAGRA
is described in detail. This chapter gives background information about the active isola-
tion systems at KAGRA. The purpose is to establish the stage in which the research is
built upon.

Active control is done via converting some sensing readouts into some actuation signals,
achieving feedback or feedforward control. In general, this transformation can be arbitrary
and even non-linear. However, control systems without a defined architecture can be
hard to realize and design without involving advanced control techniques. A control
architecture defines how signals are wired, how signals flow and transform, and how
sensed signals are eventually converted into actuation signals.

KAGRA inherited the LIGO real-time code generator (RCG) [11], which is developed
by the LIGO Control and Data Systems group (CDS). RCG uses MathWorks Simulink [12]
as a drawing tool to design the control architecture as a Simulink model. The Simulink
model is then complied into software to be run on front end control computers to real-
ize real-time control. Simulink provides many components (parts) that can be used as
building blocks to construct a control architecture. But, not all Simulink parts are sup-
ported by RCG. Instead, RCG has a library called CDS parts that contain essential parts
required to assemble and realize a control architecture. There are many parts related to
real-time implementation, but not related to control system design, such as parts that
interface actual hardware like an analog-to-digital converter (ADC). The critical building
blocks related to control architecture design are matrix and filter. There are also summing
junction and gain blocks. But, they are simply special cases of matrices and filters and
they are not required for explaining the control architecture used at KAGRA.

Fig. 5.1 shows a simplified example control architecture for one stage of the suspension
that has three sensors, three control basis, and three actuators. Note that the number of
sensors, control basis, and actuators are generally not the same. This is a general layout
for suspension stages with multiple degrees of freedom (DoFs) and it shows how sensing

signals are passed through various components to become actuator signals that are used to
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Figure 5.1: Example control architecture with three sensors, three control degrees of
freedom, and three actuators.

command the actuators. In the figure, each arrow represents a process variable. Filters are
linear-time-invariant (LTI) filters that can be represented by transfer functions, which can
be quantified by frequency-dependent amplitude and phase responses. And, matrices are
linear transformations in the usual mathematical sense. Filters and elements in matrices
can be accessed and modified in real-time whereas the inter-connections between them
are defined within the architecture. Most of the filters and matrices require some initial
configuration, design, or tuning. The intended purpose of these components are described
in following paragraphs.

There are three levels in the control architecture, as enclosed by red, green, and blue

brackets in Fig. 5.1. They correspond to three different signal bases (coordinate systems):
1. Sensor basis,
2. Control basis, and
3. Actuator basis.

Generally speaking, while they span the same physical space, these coordinate systems
are not necessarily aligned. The sensor basis is defined by the directions in which the
sensors physically measure. The control basis is a user defined coordinate system that is
used for control. Unless otherwise specified, the control basis is chosen to be the three
translation directions and the rotational directions along the axes of these directions.
Detail description of the control basis is given in Sec. 5.1. Lastly, like sensor basis,
actuator basis is defined by the directions where the actuators physically apply force.
Sensor signals from the left of Fig. 5.1 are raw sensor readouts sourced from the analog-
to-digital converters. The raw readouts have arbitrary scale and must be converted into
proper physical units such as micrometer ym. The sensors are typically calibrated to
obtain a calibration factor that converts the raw sensor readouts to proper displacement
units. For inertial sensors, such as geophones and accelerometers, they need frequency-
dependent calibration filters, which correspond to the inverse frequency responses of the
sensors. This is done via input filters as shown area enclosed by the red bracket in Fig. 5.1.

The aforementioned calibration factors are also usually implemented in the input filters.
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Details of sensor calibration are given in Sec. 6.1. Besides calibration, the input filters are
typically be used for other signal processing purposes such as whitening/dewhitening.

The input filters give raw displacement readouts that correspond to displacements that
the sensors are directly measuring. They are often not measuring in the directions that
align with the control basis and the raw displacements contain a linear combination of
the desired control displacements. Therefore, the input signals need to be transformed to
displacement signals that aligns with the control coordinate system. This is achieved via a
sensing matrix as shown in Fig. 5.1. Then sensing matrix can be initially derived from the
physical locations of the sensors using geometry. This type of sensing matrix is referred
to the geometric sensing matrix. The derivation is often straightforward as the geometric
locations of the sensors can be obtained from the computer aided design (CAD) file of
the hardware. Refs. [13, 11] provide detail derivation of the geometric sensing matrices
for the beamsplitter (BS) suspension and the signal-recycling (SR) mirror suspensions,
except for the sensors (optical levers) at the optics (test mass) stage. The derivation
of the optical lever sensing matrices is given in Sec. 6.2.1 as an example. Although the
geometric sensing matrix provides an initial sensing matrix that theoretically aligns the
sensors to the control basis, cross-coupling ratios between different displacement readouts
at the 1072 — 107! level are often observable, especially at the test mass stage. Therefore,
they can be further tuned to finely align the sensor basis to the desired control basis. This
fine alignment process is called “diagonalization” and is detailed in Sec. 6.2.1. Again, the
sensing matrix is not necessarily a square matrix.

The output of the sensing matrix gives the calibrated displacements in the desired
control basis. The signal here is often called the “error signal”, which is passed directly
into the control filter. Often, there is a summing junction in between the sensing matrix
and the control filters. The summing junction takes a reference “setpoint”, which is the
desired static position of the corresponding DoF', and outputs the difference between the
setpoint and the displacement. This enables position control of the suspension. But, for
simplicity, it is omitted here since it is simply an offset to the measured displacement.

The control filters in Fig. 5.1 are feedback control filters. They are frequency-dependent
filters and they ultimately determine the control bandwidth and performance of the con-
trol system. The filters convert the displacement signals into actuation signals in the
control coordinate system. The design of these filters are rather involved. In this thesis,

two methods are proposed for designing these filters:
1. PID-based controller with critical design criteria (Sec. 6.4), and
2. H optimization (Sec. 8.2.3).

Both methods work with minimal design freedom and the result control filters are optimal

in two different manners.
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The control filters output actuation commands in the control basis and they need to
be transformed into the actuation basis. This is achieved via an actuation matrix as
shown in Fig. 5.1. The idea behind an actuation matrix is similar to that of a sensing
matrix but works in an opposite way. Another difference between a sensing matrix and an
actuation matrix is that the actuation matrix preserve no information about calibration
in any sense. This is because the actuators are not calibrated and this is generally not
necessary. Therefore, the actuation matrix does not only convert the actuation signals
from the control coordinate system to the actuation coordinate system, but there is also
a freedom to scale the signals by an arbitrary amount. Again, the actuation matrix can
be straightforwardly derived from the positions of the actuators and matrices for the BS
and SR suspensions are given in Refs. [13, 41]. An example is also given in Sec. 6.2.2.
Like sensing matrices, the geometric actuation matrix is often not sufficient and require
fine adjustment (diagonalization). Sec. 6.2.2 gives detailed explanation on this topic.

At last, the output filters may be used as whitening filters depending on the hardware
configuration. The output filters are sometimes used as “balancing gains”, which equalizes
the strength of each individual actuators. The effect of balancing is degenerating with
actuation matrix diagonalization, which is an attempt to align the actuators to the control
basis. The output filters send signals to the digital-to-analog converter (DAC) in the
Simulink model and the front end computer passes these signals to the actual DAC,
which eventually converts the digital signals to voltage to be applied on the actuators.
This completes a signal flow on the software side. The actuators actuate the suspension
and the motion is sensed by the sensors and this completes a feedback loop.

It is worth mentioning that Fig. 5.1 is a simplified stage-wise picture of the control
architecture of the real control system. In reality, there are more components, such as the
aforementioned setpoints, and they will be introduced appropriately in relevant sections.

Fig. 5.1 not only shows how control signal flows within the real-time model, but also
defined some tasks that are required to partially complete the control system. The tasks

are mentioned in previous paragraphs and here is a brief reiteration:
1. Calibration,
2. Aligning the sensors to the control basis (sensor diagonalization),
3. Designing feedback control filters to fulfill control objectives, and
4. Aligning the actuators to the control basis (actuation diaognalization).

These tasks are referred to part of the suspension commissioning tasks. Sections in Chap. 6

provides well tested methods for tackling these tasks and the results are shown.
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5.1 Control basis

This section describes how the control coordinate system is defined.

To intermediate mass
A

Vertical

Longitudinal

Optical axis
Roll Transverse

Suspended optics

Figure 5.2: Local coordinate system of a suspended optics.

Fig. 5.2 shows a simplified diagram of a suspended optics with all six directions labeled.
The red line denotes the optical axis of the main interferometer. The optical axis defines
first translational degree of freedom of the suspended optics. This direction is referred
as the longitudinal direction. The vertical direction is defined as the direction opposite
the gravity, i.e. upward. Then, the transverse direction is defined such that the vertical
direction is a cross-product between longitudinal and transverse direction. As for the
rotational degrees of freedom, roll, pitch, and yaw, they are simply defined as the rotation
along the longitudinal, transverse, and vertical axis, respectively.

Being a multiple pendulum, each stage of the suspension has their own locally defined
degrees of freedom that aligns with the coordinate system of the optics. In principle,
almost all stages are free to move in all six degrees of freedom but not all degrees of freedom
are important and not all are controllable. To exemplify, Fig. 5.3 shows a simplified
diagram of a Type-B suspension. Firstly, the inverted pendulum (IP) suspends a table
(shown in red) from the ground. The inverted pendulum legs constrain the table to
move on an horizontal plane so the table can only move in longitudinal, transverse, and
yaw direction. All three degrees of freedom are measured relative to the ground. For
geometric anti-springs (GAS), they only have vertical degree of freedom and it is defined
as the relative motion between the keystone (shown in green, blue, and yellow), which
hangs the rest of the suspensions, and the suspension point, i.e. the body of the GAS
filter enclosure (the trapezoids in Fig. 5.3). For type-A and type-Bp suspensions, there
are sensors and actuators around the entirety of the bottom filter (BF) so all six freedoms
can be controlled. But, for type-B suspensions, the motion of the bottom filter is not

sensed so only the keystone (shown in yellow) is controlled. For the marionette (MN)
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and intermediate mass (IM, shown in purple), they can be controlled in all six degrees
of freedom and all displacements are sensed relative to the recoil masses. Lastly, the
test mass (TM, shown in cyan), i.e. the suspended optics, can move in all six degrees
of freedom but only longitudinal, pitch, and yaw are controllable, with displacement
measured relative to the ground. This gives a total of 15 controllable degrees of freedom
for a Type-B suspension (3 inverted pendulum, 3 GAS filters, 6 intermediate mass, and 3
test mass degrees of freedom). For Type-A suspensions, there are 29 controllable degrees of
freedom (3 inverted pendulum, 5 GAS filters, 6 bottom filter, 6 marionette, 6 intermediate
mass, and 3 test mass degrees of freedom). And for Type-Bp suspensions, there are
17 controllable degrees of freedom (2 GAS filters, 6 bottom filter, 6 intermediate mass,
and 3 test mass degrees of freedom). Note that the controllable degrees of freedom are
not necessarily independent. For example, moving the inverted pendulum table in the
longitudinal direction would move the whole chain below it, including the test mass, in
the same direction. Also, in Fig. 5.3, the vertical degree of freedom of the intermediate
mass happens to be exactly the the bottom filter GAS DoF.

The desired control basis doesn’t not need to be exactly the controllable degrees of
freedom. The use of a stage-wise Cartesian basis and Euler angles is chosen for simplic-
ity. It aligns with the interferometer arms and this simplifies tasks such as alignment
and sensor correction (Sec. 7.2). In principle, the controllable degrees of freedom can be
transformed into other unusual basis for control. One example would be the eigenvectors
of the suspension. In such basis, all degrees of freedom will be decoupled with each other
and each degree of freedom behave like a simple spring-mass, which may simplify the
controller design [30]. However, it is obvious the decomposition is not possible for all
modes of the suspension as many degrees of freedom are not sensed. Using the eigenbasis
decouples the dynamics of the system but couples other things such as sensor noises and
disturbances as it couples many controllable degrees of freedom. This can complicate opti-
mal controller designs where the disturbances and noises are considered. Also, controllers
in the eigenbasis can be mapped into other basis. Therefore, using the eigenbasis has no
significant advantages over the Cartesian and Euler bases as long as the controllers are
optimized to achieve certain objectives. Hence, unless otherwise specified, the stage-wise
Cartesian basis and Euler angles (e.g. IP longitudinal, IM transverse, TM pitch, etc.) will
be used for further discussions in this thesis But, it is worth to mention that the methods

to be discussed are not limited to a certain control basis.

5.2 Control problem formulation

Assuming that the sensing matrices and actuation matrices properly aligns the sensors
and actuators to the desired control basis, each control degree of freedom becomes an

individual system with one sensor and one actuator. Kach individual system has one
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Figure 5.3: A simplified diagram of a type-B suspension (Not to scale). All sensed objects
are colored and labeled: Inverted pendulum table (red), GAS filter 0 keystone (green),
GAS filter 1 keystone (blue), bottom GAS filter keystone (yellow), intermediate mass
(purple), and test mass (cyan).

controller which can be designed independently. To illustrate this, consider a pendulum
system as shown in Fig. 5.4. In Fig. 5.4, a pendulum is hanged from a platform and
the control degree of freedom is the horizontal position of the pendulum, assuming small
angles. The platform is not fixed in space and can be perturbed by random disturbances.
As a result, the disturbance propagates and the pendulum starts to move. This is a
general description a free-swing condition of any stages in a suspension. The pendulum
analogize the stage while the platform analogize the stage above it. Some examples would
be the inverted pendulum table (the pendulum) and the ground (the platform), or the

test mass (the pendulum) and the intermediate mass (the platform).

The horizontal displacement of the pendulum is measured by a sensor as shown in
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| Platform |

Actuator Sensor

______________

Controller

Figure 5.4: An actively controlled pendulum.

Fig. 5.4. The sensor signal is taken by a controller, which outputs an actuation signal.
The actuation signal drives an actuator, which applies force on the pendulum. Under this
configuration, the idea is to design a controller K (s) such that it commands the actuator
to apply a force in the opposite direction of the disturbed motion and hopefully attenuates
and cancels it. This holds the pendulum at a desired position, effectively rejecting the
disturbances coming from the motion of the platform. And, this is conceptually what
needs to be achieved with active isolation®.

To formally describe the problem, consider a control block diagram shown in Fig. 5.5.
Fig. 5.5 shows a general control system with three exogenous inputs R(s), D(s), N(s)
and one output X(s). They represent the reference (setpoint), disturbance, noise, and
displacement, respectively. Here, s is the complex variables and all quantities are described
in the Laplace domain. They blocks labeled K (s) and P(s) denotes the control filter and
the plant. And, the variable U(s) represents an actuation command.

In the block diagram, the system has a disturbance D(s) that causes the displacement
X (s) to be non-zero. The displacement X (s) is sensed by a noisy sensor with sensing noise
N(s), which gives a sensor readout X (s)+ N (s). The sensor readout is negatively feedback
and the reference R(s) is subtracted from it to give an error signal R(s) — X (s) — N(s).
The error signal is then filtered by a controller K (s) that outputs an actuation command
U(s) = K(s)[R(s) — X(s) — N(s)] that goes into the plant P(s). The output of the plant

!Some would use the word damping or simply control.
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D(s)
R(s) + Uls) X(s)
K(s) > P(s) —
+
N(s)

Figure 5.5: Control block diagram of one degree of freedom

P(s)U(s) summed with the disturbance D(s) gives back the displacement X (s). This

gives the signature equation of the displacement:

K(s)P(s) 1 K(s)P(s)

X K ePe ™Y T T RPN T TR K0PG

N(s). (5.1)

The variables names state the nature of the variables but it is worth properly defining
them and give further elaboration to avoid confusion and ambiguity. The reference R(s)
is the setpoint of system. It represents the desired value of the displacement X (s). For
local suspension control, this is usually a value that is determined by the coarse alignment
of the interferometer. But, it is not necessarily a predetermined value and it can even be
interconnected to other systems. For example, the yaw reference of the inverted pendulum
can be interconnected to the yaw readout at the test mass stage. With position control
engaged, this effectively offloads the actuation signals from the payload to the inverted
pendulum stage. Another example would be the yaw reference of the test mass being

interconnected to the interferometer alignment-sensing yaw signal.

The disturbance D(s) is defined as the displacement X (s) when the controller is
K(s) = 0 (or equivalently, U(s) = 0), i.e. the free-swing displacement. For exam-
ple, the disturbance at the inverted pendulum stage Dip(s) is the pendulum attenuated
ground motion, Dip(s) = Px,—xp(5)Xg(s), where Px, _x,.(s) is the transfer function
from ground displacement X,(s) to the displacement of the inverted pendulum table. On
the other hand, the noise N(s) is also defined as the “sensing noise”, which is slightly
different from the “sensor noise”. Sensing noise is defined as any unwanted signal that is
present in the sensor readout, i.e. signal that is not X(s), whereas sensor noise refers to
the intrinsic sensor noise. Sensing noise and sensor noise can be the same but are gener-
ally not the same. Take the sensing of the inverted pendulum table as an example. The
longitudinal sensor at the inverted pendulum stages measures the relative displacement
the inverted pendulum table and the ground. So the readout is Xip(s)—X;(s)+ Nsensor (S),
where Xip(s) is the displacement, X, (s) is the ground displacement, and Ngensor(S) is the
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sensor noise. In this case, the sensing noise is N(s) = —X;(s) + Neensor(5) 7# Nsensor(5)-
Alternatively, the noise N(s) is defined as the negative displacement —X (s) as the con-
troller K (s) — oo, i.e. when the control gain is high, assuming that R(s) is a static value
at DC and N(s) is a stochastic process with zero mean. This can be easily seen from
Eqn. (5.1).

The plant P(s) is also known as the actuation path, or the transfer function from
the actuation signal U(s) to the displacement X(s). It refers to the ratio between the
displacement and the displacement and the actuation signal. This plant is physical and
represents the dynamics of the system. The transfer function of the plant can be derived
from the equation of motion. But for a multiple pendulum suspension, most of the time,
the frequency response of the plant is measured by, again, taking the ratio between the
sensor readout and the actuation signal, which are both measurable. In this case, the
actuation signal has to be large enough to the actuated displacement is much greater
than the disturbance, and is also might greater than the sensing noise. The transfer

function of the plant is then modeled from the measured frequency response.

The controller K (s) is sometimes called a regulator, or simply the control gain. It can

be represented by a generic transfer function in polynomial form,

. b0+b18+b282...
ag 4 a1S + ags?. ..’

K(s) (5.2)
where ag, a1, as, by, b1, ba, ... are scalar coefficients. Another common expression of con-
troller would be the zero-pole-gain model (ZPK model),

(s —2z1)(s — 22)(s — 23) ...

K(s) = (s—p1)(s—p2)(s—p3)...~ (5:3)

where 21, 2o, 23 are the zeros and pi, ps, p3 are the poles of the controller transfer function.
The ZPK expression is often preferred for manual shaping of the controller since the corner
frequencies are directly determined by the zeros and poles. The feedback controller is a
design freedom of the control system as can take almost any arbitrary number of design
parameters, i.e. it can have any arbitrary number of zeros and poles so long as the system

is stable.

The reference term is assumed to be a constant at DC and it simply acts as a static
offset to the displacement whereas the disturbance D(s) and noise N (s) correspond to two
frequency-dependent stochastic processes. Both the disturbance and the noise contribute
to the residual motion of the system and they need to be attenuated. To formulate the
control design problem, consider a simplified version of Eqn. (5.1) with the reference term

stripped,
1 K(s)P(s)

X6) = 1w wre P~ TrrepE N (5.4)
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Eqn. (5.4) shows that the displacement X (s) is a linear combination of a disturbance term
1/[14+K(s)P(s)]D(s) (filtered disturbance) and a noise term K (s)P(s)/[1+K(s)P(s)|N(s)
(filtered noise). Assuming that the disturbance and noise two uncorrelated, the power
spectral density (PSD) of is displacement is simply the sum of the PSD of the distur-
bance term and the PSD of the noise term. Therefore, the amplitude spectral density

(ASD) of the displacement is a quadrature sum of the term filtered terms and it reads

1

‘ K(s)P(s)
1+ K(s)P(s)

1+ K(s)P(s)

~

X(f) =

D7 +]

N (f)2] : (5.5)

where f is the frequency (Hz), s = jw = j2xf, j is the imaginary number, X (f) is the
ASD of the displacement, ﬁ(f) is the ASD of the disturbance, and N(f) is the ASD of
the noise.

The displacement X (f) is the quantity that needs to be minimized (in some sense).
From Eqn. (5.4), it is clear that when K (s)P(s) is large, the disturbance term becomes zero
as 1/[1 4+ K(s)P(s)] — 0. This is the idea of active isolation. However, when K (s)P(s)
is large, the coupling term of the noise N(f) becomes K(s)P(s)/[l + K(s)P(s)] — 1,
which fully couples the the noise to the displacement. The two coupling terms? are

complementary, i.e.
1 K(s)P(s) _
1+ K(s)P(s) 1+ K(s)P(s)

Therefore, this necessarily means that the disturbance term and the noise term cannot

(5.6)

be minimized simultaneously. The problem here is clear. Qualitatively, that is, to design
a controller K(s) such that K(s)P(s) is large when D(f) > N(f), and is small when
N(f) > D(f). And, it has to be done in a way that the system is stable, i.e. 1+ K (s)P(s)
has no zero on the right-half the complex plane In such a way, the displacement X (f),
under the influence of a feedback control system, will be dominated by min {15( 1), N (1)},
which is the minimum amount of displacement level.

The minimum between the disturbance D(f) and noise N(f) denote the lower bound
of the displacement X (f). While the actual control performance is realized by the design
of the controller K (s), D(f) and N(f) determines the potential of the control perfor-
mance. Therefore, to maximize the possibility of minimizing X (f), it is important that
the disturbance and noise are minimized as well. The source of disturbance in a sus-
pension system ultimately comes from motion of the ground, which is hard to attenuate.
But, recall the pendulum and platform analogy in Fig. 5.4, for stages hanging from the

pre-isolator, the source of disturbance can be treated as the displacement of the upper

2The term 1/[1 + K(s)P(s)] is called the “sensitivity” and K(s)P(s)/[l + K(s)P(s)] is called the
“complementary sensitivity” in control theory. One famous phenomenon related to the sensitivity function
is the waterbed effect, which states that suppression at some frequencies is necessarily coupled with
amplification at other frequencies. This also poses an interesting challenge in controller design, where the
amplification needs to be placed at frequencies that is not important.
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stage, which is minimized by solving control problem that is being discussed. This means
that the control of an upper stage is important as the residual motion gets propagated
to lower stages. This also determines the priority of control problems: Control is more
important at upper stages and they need to be solved first.

As for the sensing noise, for most control systems, its source is ultimately the intrinsic
noise of the sensor used to measure the displacement. The intrinsic noise is determined by
the hardware and the technology being used to achieve sensing. The noise performance of
a sensor can only be improved by advancement in sensing technology and this is currently
an active research area. Once the hardware is determined, there is no in situ treatment for
reducing the intrinsic sensor noise. However, in some cases, the sensing noise is possible
to be minimized. In particular, there are two control schemes at the inverted pendulum
stage that can be used to reduce sensing noise: 1) Sensor fusion using complementary
filters, and 2) sensor correction. Details of the two approaches are given in Sec. 7.1 and
Sec. 7.2. Both control methods assumes that the sensors measure the same quantity and
they are inter-calibrated. The method of inter-calibration is given in Sec. 6.1.3.

Nevertheless, there are several regression tasks that need to be done before the con-
troller can be designed. As discussed earlier, the control performance is not solely de-
termined by the controller K (s), but rather, the product of the controller and the plant
K(s)P(s), i.e. the open loop transfer function (OLTF). Therefore, in order to analyze
control performance before deployment of the controller, the plant P(s) needs to be mod-
eled and this is covered in Sec. 6.3.1. If the control performance were to be analyzed or
to be used during the controller design, the ASD of the disturbance D(f) and noise N(f)
also need to be modeled. Details of spectrum modeling is given in Sec. 6.3.2. At last,
Sec. 6.4 discusses a baseline method to design the controller K (s) for critical damping
and alignment. The whole Chap. 6 is dedicated to discuss methods that have been used
during the commissioning of the suspensions at KAGRA. Advanced methods using H

synthesis is discussed in part. III.
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Suspension Commissioning Techniques

This chapter presents an essential set of techniques that are used to prepare the local
control systems for the active isolation systems at KAGRA. Throughout the chapter,

complementary examples (real or simulated) are given wherever possible.

The methods discussed in this chapter are developed particularly to tackle tasks dis-
cussed in Chap. 5. However, they are not the only way to tackle these takes and they
may not be the best way. But, they are well defined, simple, easy to use, and robust.
Most importantly, these methods have already been tested extensively and used during
the commissioning phase of O4. Therefore, they serve as fallback methods for suspension

commissioning and can be considered the baseline for further developments.

This chapter is a long one containing 4 sections, each corresponds to solutions to the
discrete problems that needed to be tackled for commissioning an active isolation system.
Sec. 6.1 discusses the calibration of sensors including relative displacement sensors, such
as the LVDT, and inertial sensors, such as the geophone. Sec. 6.2 discusses the alignment
of the sensors and actuators to a user-defined control basis using sensing matrices and
actuation matrices. Sec. 6.3 discusses the modeling of frequency response measurements
with transfer functions and the modeling of frequency spectrum. At last, Sec. 6.4 discusses
the design of the feedback controller for active damping and coarse alignment control of
the optics. While each section can be read without the knowledge from an earlier section,
it is recommended that the actual tasks are tackled in the order that these sections are
presented. This is because the tasks are not entirely independent. For example, the design
of a feedback controller requires a model of the frequency response, and the measurement
of a frequency response requires proper sensors and actuators alignment. Therefore, it is
recommended to proceed the suspension setup according to the order that these tasks are

mentioned in this chapter.
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6.1 Sensor calibration

In this section, the calibration of displacement sensors and inertial sensors is covered.
The goal of sensor calibration is to obtain a calibration factor or filter that converts the
raw sensor readout, which is a voltage converted to a digital value via the analog-to-
digital converter (ADC), to a value in displacement unit such as micrometer pm. The
calibration factor/filter is implemented in the input filters at the very first stage of the
signal processing flow as discussed in Sec. 5.

In general, there are two types of calibration functions, frequency-dependent and
frequency-independent. Displacement sensors, such as linear variable differential trans-
formers (LVDT) and OSEMSs, are typically frequency-independent, meaning that they
map the measured displacement to a voltage. However, the mapping is not a linear re-
lationship. The displacement-voltage curve of a sensor usually follows a sigmoidal trend,
i.e. an “S” shape. The relationship is only approximately linear around the center of the
curve, i.e. the operating point. For this type of calibration, the common treatment is to
approximate a linear relationship around the center and the sensor is said to have a linear
range. Sec. 6.1.1 gives two methods to achieve this kind of calibration.

On the other hand, inertial sesnors, such as geophones and accelerometer, are typically
frequency-dependent since the readout is typically the velocity of a suspended proof mass.
The proof mass is suspended from a structure attached to the object that the sensor is
sensing. So, the inertial sensors measure inertial motion of an object indirection and
a filter is needed to compensate for the dynamics of the suspended proof mass. The
calibration filter is like any control filter and it has frequency response correspond to the
inverse dynamics of the sensor. Sec. 6.1.2 provides a derivation of the geophone calibration
filter and gives an example on calibrating such sensors.

It is worth mentioning that the control performance of an active isolation system is not
depended on the quality of sensor calibration. Therefore, sensor calibration needs not to
be perfect, except for frequency-dependent calibration, which could introduce unwanted
frequency response (phase distortion or amplification) to the plant. However, there are
several benefits of having calibrated sensors. First of all, calibrated sensors provide a good
reference of the control performances, such as the residual motion in terms of ASD or
root-mean-square value (RMS). This enables comparison between different active isolated
systems. Having sensors calibrated also means that the sensing noise levels are calibrated.

This can aid controller design where noise level is considered.

6.1.1 Sigmoidal calibration curve

All displacement sensors, except inertial sensors, in KAGRA active isolation systems have
a sigmoidal calibration curve, including LVDTs, OSEMs, photosensors, and optical levers.

While their calibration curves follow a general sigmoidal curve, there are subtle differences
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between different types of sensors. And hence, there are more than one way to calibrate
them. As for which method is the best, there is no consent in KAGRA. However, all
methods will be discussed along with their pros and cons.

The calibration problem can be generalized into an optimization problem:

min (% Z [f (2 0) — yﬁ) : (6.1)

where f(x,;0) is a model of the calibration curve, x,, is the measured independent variable,
i.e. displacement, y, is the dependent variable, i.e. the sensor readout, € is the parameter
vector being optimized, and N is the number of measurements. Eqn. (6.1) represents a
simple least square regression problem, which is straightforward to solve. Unless otherwise
specified, the problems in this section are solved using the Scipy optimization function
scipy.optimize.minimize() with default options and § = 0 as an initial guess. It is
worth noting that the cost function needs not to be a 2-norm of the difference between
the calibration function f(x) and the measurements y,,. The 2-norm is a popular choice
for regression but is susceptible to biased due to outliers. It case of outliers, 1-norm, i.e.
absolute value, can be used to replace the 2-norm in Eqn. (6.1) for fitting.

Here, two simple models have been used as f(z; 6) for calibrating displacements sensors

at KAGRA. They are

1. Linear function, and

2. Error function.

The choice of these functions is physics informed. Linear function is the candidate for
LVDTs since the electronic readout of an LVDT is proportional to the displacement being
measured. The error function models calibration curves of sensors with optical readout,
especially those with a Gaussian beam. Hence, the error function works well with OSEMs,

photosensors, and optical levers.

Linear function

Linear variable differential transformers (LVDTs) are sensors that map displacement lin-

early to output voltage, as is indicated by the name. Therefore, a linear function
f(z;m,c) =mx +c, (6.2)

where m is the slope and c is the y-intercept, is supposedly a perfect candidate to be
used in Eqn. (6.1) as a calibration function for LVDTs. However, there are some caveats,
which will be pointed out with an example below.

Fig. 6.1 shows a example calibration of one of the LVDTs at the inverted pendulum

stage of the SR3 suspension. The measurements was done on site with the following
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SR3 Inverted pendulum H1 LVDT calibration
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Figure 6.1: SR3 IP H1 LVDT calibration plot. Blue dots: Measurement data. Orange
“x" Masked data set with readouts between (—16384,16384). Orange solid line: Cali-
bration curve fit to the half-range readouts. Green “+”: Data set found by Algorithm 1
corresponding to 1% non-linearity. Green dashed line: Calibration curve fit to the 1%
non-linearity data set.

procedure. The inverted pendulum was rotated manually in yaw (with hands) at regular
space steps. At each step, all three LVDTs were measured at the same time with three
calipers and the digital readings were taken as well. For each LVDT, the caliper was
used to measure the distance between a metal bracket (moving with the LVDT) and the
security structure (fixed on the ground). The constant rotation intervals are defined such
that the calipers read 1 millimeter intervals so Fig. 6.1 shows the measurement data with
the caliper reading from 4 mm to 20 mm.

The measurement was terminated as soon as non-linearity had clearly been observed.
And, it is clear that the raw readout (blue dots) shown in Fig. 6.1 exhibits non-linear
relationship with measured displacement around the boundary and the data points look
sigmoidal rather than a straight line. This also indicates that the LVDT doesn’t work
linearly for the full 16-bit ADC range, i.e. readout from -32768 to 32767 counts. Therefore,
the LVDT only works within a smaller range (linear range) that is often hard to define.
Not all data points are used to fit the calibration curve. But, as for which data points are
used, this is often not well-defined at KAGRA and they are chosen by experience.

Here, two ways are proposed to mitigate the inconsistency problem arising from man-

ually chosen data points,
1. Define a operating range and only use data points within the range, and

2. Specify an acceptable non-linearity and use Algorithm 1 to obtain a calibration

80 Optimizing Active Isolation Systems in Gravitational-wave Detectors



6.1. SENSOR CALIBRATION

curve.

The first approach is simple. Instead of having data points chosen from experience, simply
define a usable range for the sensor and only use data points within the operating range for
fitting a calibration curve. Fig. 6.1 shows an example of this approach. Orange crosses are
data points with readout in between (—16384, 16384), which is the half-range of the 16-bit
ADC. In this case, the range is chosen for demonstration purpose only although the choice
of a half-range is usually sufficient for defining the linear range in practice. The green
solid line in Fig. 6.1 is a least-square fit of the orange data set and it gives a slope of 3852.5
counts/mm. Assuming that the desired displacement unit is pm, the calibration factor
that converts the sensor readout to pm is then 1/3852.5 mm/counts x 1000 pm/1 mm =
0.2596 pm /counts.

As for the second approach, Algorithm 1 shows the pseudocode corresponding to
the approach. First of all, an acceptable non-linearity needs to be specified first. The
non-linearity in sensors is defined as the readout deviation from the ideal readout as a

percentage of the full scale:

readout — ideal readout

, (6.3)

non-linearity = Foll sealo
where the full scale is defined as the difference between the maximum readout and the
minimum readout. In the case of a 16-bit signed ADC readout, the full scale is 32767 +
32768 = 65535 counts. Then, the data point closest to the midrange of the readout is
put into an initial fitting data set along with the two neighboring points. These three
points are at the middle of the calibration curve. They are assumed to be within the
“most linear” part of the calibration curve and therefore they are chosen for an initial
least-square fit. This approach automatically fails if this is not true. Alternatively, users
can specify a starting point where the calibration curve is considered to be the center of
the linear regime. After obtaining a linear function from the three points, the function
is used to evaluate the non-linearity of other data points from the original data set. If
the non-linearity of a data point falls within specification, e.g. within 1% non-linearity,
then the data point is included into the data set for fitting. This process repeats until no
data point is added to the fitting data set. One advantage of this is that the non-linear
range is automatically defined by the data points within the selected data set, which is
defined by specified non-linearity. As for what value should the non-linearity specification
be taken, this remains as an unanswered question and further study is needed to evaluate
the non-linearity effect in control.

Using Algorithm 1, the data within 1% non-linearity is found and plotted as green “+”
in Fig. 6.1. The green dashed line shows the least-square fit to the data. The correspond-
ing calibration factor is 1/3813.6 mm/counts x 1000 pm/1 mm = 0.2622 pm/counts. This
happens to be exactly the same as the calibration factor used in KAGRA [15], although
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Algorithm 1 Find and calibrate data points within non-linearity specification

Yn < {Y1,Y2, Y3, -, YN} > The full readout data set (sorted).
Ty < {x1,29,T3,..., TN} > The full displacement data set (sorted).
Ymidrange W > Midrange, i.e. the center point of the readout, e.g. -0.5.
Ym ¢ ArgMin |Y; — Ymidrange| > The readout data point closest to the midrange.
Yi€Yn

Ysit < {Ym—15Ym, Ym+1 ) > Choose the data around the midrange for initial fitting.
Ty < {xmfla T, merl}

Yrullrange < Ymax — Ymin > Full scale of the readout, e.g. 32767-(-32768) = 65535.

while True do
f(z) = linear_fit(xgse, Yst) > Fit the data and obtain a linear function f(x).

for i in {1,2,3,..., N} and y; ¢ ys; do > For data that is not in yg;.
non-linearity = %{ELS
if non-linearity < specified non-linearity then
Yar < Yae U {yi} > Add the data into yg.
Ty < T U {75}
end if
end for
if the yg data set didn’t change then
break > Terminate and return the slope and intercept of f(z).
end if
end while

the data points used in KAGRA were manually selected. Nevertheless, the two meth-
ods happens to result in around 1% difference in calibration factor, which is practically

insignificant.

Error function

The choice of the error function is physics driven and, in KAGRA, it is widely use as an
intermediate calibration function for optical levers, which are the sensors that measure
local displacements of the suspended optics. Consider a Gaussian beam, the intensity of

the beam at a distance z from the beam waist is given by a Gaussian profile

I(r,z) = k(z)exp <i702) , (6.4)
w(z)?

where exp(+) is the exponential function, z is the axial distance from the beam waist, k(z)

and w(z) are some functions depending on z, and r is the radial distance from the center

axis of the beam. Suppose the beam is measured at fixed distance zy from the waist and

k(zo) = a and ﬁ = b, where a and b are constants, the intensity of the beam, in terms

of Cartesian coordinates, is

I(x,y) = aexp(—b ([E2 + y2)) ) (6.5)
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If the beam (symmetrically, the sensor) is further constrained to move along the z-axis,

the intensity can be further simplified to
I(z) = cexp(—bz?) , (6.6)
where ¢ = aexp(—by?) is a constant.

The sensor of the optical lever in KAGRA is a quadrant photodiode (QPD), which
is composed of four photodiodes measuring a beam in four quadrants. For simplicity,
instead of four photodiodes, consider a sensor consist of two infinitely large photodiodes,
corresponding to one on the negative x plane and the other on the the positive x plane.
The slit between the two photodiodes now sits at * = 0 and the two photodiodes now
read an equal amount of light power. Now, denote the light power on the right plane by
P, and the light power on the left plane by P_ and supposed the beam is shifted by in
the a-direction by an amount of 2’ (or equivalently, the slit shifted by an amount of —z’).

The light power on the right photodiode reads

_ /Z /OO I(z,y) dedy = a/Z /OO exp(—b (a2 + %)) dudy. (6.7

The y-integral gives

/_OO exp(—by*) dy = % /OO exp (— <y\/1—7>2) d(yv'b) (6.8)

[e.9] —00

Here, the Gaussian integral is simply

/00 exp(—t*) dt = /. (6.9)

—00

The y-integral then becomes

f/ exp( )) d(yv/b) = \/7 (6.10)

Substituting this into Eqn. (6.7) gives,

P (2) = a\/_ exp( ba?) dx

\f/ exp(—ba? dx—l—a[/ exp(—
\[ / exp(— \/_ B exp<— (NE) )d(mfb)

:—“‘bﬁ O Nexp(— (2v0) )d(a:\/l_))+—

(6.11)
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Now, the error function erf(t) is defined as

z

erf(z) = exp(—t°) dt. (6.12)

\/_

The light power measured by the right photodiode can immediately be seen as

P.(2) = —%erf( '\/—>

= et (aVh) + 50 o1

where the property that erf(z) is an odd function is used in the last line.

Now, Eqn, (6.13) shows the light power measured by a photodiode in a shadow sensor,
i.e. sensors measuring the motion of a flag blocking an incidence beam. This shows that
the calibration function for shadow sensors, like an OSEM, can be perfectly modeled by an
error function. For optical levers, the sensor readout is a normalized differential readout
between the right and the left photodiode, (P, — P_)/(P, + P_). Here, the light power

on the left sensor is
e
= a\/;/oo exp(—be) dx

0 0
= a\/E/ exp(—bx2) dx — a\/g/ exp(—ba:2) dx (6.14)
am

=5~ g et (#V).

The differential of the two light power gives
Py(a') — P_(z') = ‘%” erf( W‘;) . (6.15)

The output of the QPD (and other optical sensors) is a number proportional to the
differential light power (light power). Redefining the constants, a and b, this makes

fot(z;a,b,¢,d) = aerf(b(z —c)) +d (6.16)

a perfect candidate as an calibration function for QPD, OSEMs, and photosensors, where
c and d are additional constants introduced for generality, and x here is the displacement

of the beam spot.

Having Eqn. (6.16) alone is not sufficient since the digital system only allows an
implementation of a calibration factor, not a function. Using the Taylor expansion, a

small distance 2’ around z = ¢ is

fat(@';a,b,¢,d) = d + 2 dia erf(b(z — ¢)) +0(2?), (6.17)
T

r=c
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where O(-) is the big O notation. The derivative of the error function is simply

% erf(z) = % exp(—a?). (6.18)

The Taylor expansion then becomes

2ab
fet(2'5a,0,¢,d) = d+ o' — [exp(—(b(x — c))2)}$:c + O(2%)
VT (6.19)

2ab , 2
—d‘l’ﬁl’ +O(l’)

This gives a calibration factor of v/ /(2ab), which converts the raw sensor readout to the

measured displacement around z = c.

BS tilt-sensing optical lever QPD calibration

2.0
® Measurement 7
£ 15- Error function fit >
% —— First order (2.887/mm) _
= 1.04 —— Linear fit, 1% non-linearity (3.027/mm) > +
. - — O
) o o °
é v
205
3
E 007
=
t
[
= 0.5
=]
(5]
N
= —1.04
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8
Z _15-
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Beam spot horizontal displacement (mm)

Figure 6.2: Calibration of the BS test mass optical lever tilt-sensing QPD. Blue dots:
Measurement. Orange solid line: Error function fit. Green solid line: First order ap-
proximation of the error function fit. Red dash-dot line: Linear function fit with 1%
non-linearity.

As an example, Fig. 6.2 shows the calibration of the beamsplitter (BS) tilt-sensing
optical lever. The corresponding sensor is a QPD sensing a superluminescent diode light
beam reflecting off the BS, so the beam spot displacement reflects the angular displace-
ment of the optics. Data points shown in Fig. 6.2 were measured by sliding the QPD
horizontally with a micrometer stage in 0.05 mm steps. This simulates incremental dis-
placements of the optical lever beam.

As can be seen, the error function fits very well to the measured data in Fig. 6.2.
The fitted error function was obtained by solving the optimization problem described by

Eqn. (6.1) using Eqn. (6.16) as the calibration function. The minimization problem should
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work with 0 as a starting point. A reasonable guess would be {a,b, ¢, d} = {(max(y,) —
min(y,))/2, (yv — v1)/(xn — 1), T, Ym }, Where y,, is the readout data, z,, is the beam
spot displacement data, n = 1,2,3,..., N, N is the number of data, and (x,,, y,,) is the
data point at midrange. In practice, it is also found that normalizing ¥, and x, with
max(|y,|) and max(|z,|), respectively, helps with numerical stability.

The same data set is also fitted using the aforementioned non-linearity method as
described in Algorithm. 1. As shown in Fig. 6.2, the first order approximation of the
fitted error function gives a calibration factor of 1/2.887 = 0.3464 mm, whereas a linear
fit, assuming 1% non-linearity, gives a calibration factor of 1/3.027 = 0.3304 mm. In
comparison, the two methods resulted in an 4.6 % difference in calibration factor, which

is, again, negligible in practice.

6.1.2 Geophone calibration

Unlike relative displacement sensors such as LVDTs and OSEMs, the readouts from in-
ertial sensors is an inertial readout, like the name suggested. Typically, the readout is
either in the unit of velocity or acceleration so the signal needs to be integrated to obtain
a displacement signal for control. Moreover, inertial sensors typically don’t have a flat
frequency response. This means the signals need to be compensated by a filter corre-
sponding to the inverse of the sensor response. To illustrate this, consider a geophone
model shown in Fig. 6.3. In the figure, the geophone is attached to a platform, which
has an inertial displacement x. The geophone has a proof mass suspended by a spring
attached to the enclosure of the geophone and the proof mass has a displacement x,,. A
magnet is attached to the proof mass and it induces electrical current to a coil fixed on the
enclosure. The readout is the induced voltage v generated by the moving magnet attached
to the proof mass. The goal is to obtain a calibration filter, i.e. a transfer function, that
converts the readout to the platform displacement .

The equation of motion of the proof mass gives

m

d’z,, dz,, dx

where m is the mass of the proof mass, b is the damping coefficient, and k is the spring

constant. Rearranging gives

+— +—r=——+kz, (6.21)
m m m

and taking the Laplace transform of the equation yields

(32 + L + E) Xo(s) = (ﬁs + E) X(s), (6.22)

m m m m
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Geophone enclosure

>
Readout

Platform

X

Figure 6.3: A internal diagram illustrating the sensing principle of a geophone measuring
the motion of a platform.

where s is the Laplace variable, X,,(s) = L{x,,} is the Laplace transform of the proof mass
displacement, and X (s) = L£{z} is the Laplace transform of the platform displacement.

The voltage readout v is proportional to the differential velocity

dr,, dx
—m 2
v X ( o dt) : (6.23)

and the Laplace transform gives
V(s) = =G [Xmn(s) — X(s)] s, (6.24)

where V(s) is the Laplace transform of the voltage readout v and G is the sensitivity® of
the geophone which has a unit of V/(m/sec). Note that the minus sign is conventional.

Now, rearranging Eqn. (6.22) gives

b k
P —s4 — ) [Xm(s) = X = 53X 2
(s + s+ m) [Xon(s) (s)] s s°X(s), (6.25)
and substituting V'(s) gives
Vi(s) Gs?
sX(s) 2+ Lls+k

_ (6.26)

$2 4+ 2Cwns + w2’

where w,, = y/k/m is the natural angular frequency of the geophone and ¢ = b/(2mwy,) is

the damping factor. From here, it can be seen that the frequency response of the sensor

1@ is also called the generator constant of a geophone
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is Gs?/(s* + 2Cwns + w?), so the calibration filter H(s) is simply the inverse:

sX(s) %+ 2Cwps +wl
V(s) G's? ’

H(s) = (6.27)
which is a filter that converts the voltage readout to the velocity of the platform. To
get the platform displacement, simply integrate Eqn. (6.27) in the Laplace domain, i.e.
multiplying Eqn. (6.27) by an integrator 1/s.

The geophones used at KAGRA are the commercial model 1-4C from the company
Sercel [16]. The typical parameters of the L-4C geophone is shown in Table 6.1. The

corresponding calibration filter is shown in Fig. 6.4.

m/ sec

276.8 0.28 27 (1 Hz)

Sensitivity G < v ) Damping factor ¢ Natural frequency w,, (rad/sec)

Table 6.1: Typical calibration parameters of the L-4C geophone [17].

The typical parameters in Table 6.1 serve as an good starting point for the calibration
filter but they required some fine tuning for each geophone. However, according to the
specifications, the damping factor ¢ in Table 6.1 is an open-circuit parameter. This means
that the damping factor is measured when the leads of the readout coil are opened, which
is not the actual operating condition. The actual damping factor depends on the resistance
value of the shunt resistor parallel to the coil. Moreover, the damping factor and resonance
frequency of the L-4C geophone can differ from specification and even change over time
[18]. Therefore, it is recommended that the geophones are calibrated on site right before
installing them to the pre-isolators.

The calibration of a geophone can be done by fixing the it on the ground so it measures
the seismic noise. The geophone signal is then compared to that of a seismometer, which

is assumed to be more sensitive. Solving the optimization problem

. 2
Xg(jwi)

oo | W | (6.28)

N
1
Jnin N;bg H(jwi; G, C,wy) —

where N is the number of data point in the frequency domain, w; is the frequency array,
V(jw;) is the raw geophone readout, Xg(jwi) is the ground velocity measured by the
seismometer, and W (w;) is a frequency-dependent weighting function. The rationale
behind this cost function is that the calibrated readout H (jw)V (jw) needs to be the same
as the ground velocity Xg(jw) at all frequencies. The reason why V' (jw) and Xg(jw)
are put into a fraction is because it is more convenient to measure a transfer function
in KACRA diagnostic system (inherited from LIGO), so X,(jw;)/V (jw;) is really one
complex frequency series. The logarithm is also used to scale the data values, accounting

for a large dynamic range. At last, the weighting function W (w;) serves to weigh or filter
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Figure 6.4: Bode plot of the L-4C geophone calibration filter. (a) Magnitude response of
the calibration filter. (b) Phase response of the calibration filter.

out part of the data where noise is dominated. It can be simply set as the coherence
function between the geophone readout and the seismometer readout. Another choice is
to set the weighting function to 0 or 1 depending on the whether the coherence function
exceeds a certain threshold, e.g. 0.5. It is worth noting that the optimization problem

denoted by Eqn. (6.28) corresponds to a transfer function fitting problem, which will

appear in later sections.

Example

In this example, the goal is to find a calibration filter following the method above. The
parameters for this geophone is G = 304.48 V/(m/sec), ¢ = 0.308, and w,, = 2.27 rad/sec,

Optimizing Active Isolation Systems in Gravitational-wave Detectors 89



CHAPTER 6. SUSPENSION COMMISSIONING TECHNIQUES

which are all 10% above the typical values.

Ground velocity and geophone readout
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Figure 6.5: Amplitude spectral density plots of a simulated seismic noise and geo-
phone readout. Blue: Ground velocity (pm/s/v/Hz). Orange: Geophone readout noise
(nV/vVHz). Green: Geophone raw readout (pV/v/Hz).

Fig. 6.5 shows a simulated result of a seismic noise (Blue) and the geophone readout
(Green). The geophone readout is also covered in a white readout noise (Orange) with
0.1pm/ VHz. As can been seen, the geophone readout is dominated by readout noise
at low frequency (below 0.07Hz). Because of this, the data points at those frequencies
cannot be used and should be masked out.

Fig. 6.6 shows the coherence between the ground velocity and the geophone readout
(Blue). As expected, the coherence between the seismic noise and geophone readout is
low at below 0.07 Hz so it can be used to define a weighting function in Eqn. (6.28). The
weighting function here is chosen to be 1 when the coherence is greater than 0.5, and 0
when the coherence is lower than 0.5. This weighting function is shown as orange line in
Fig. 6.6 and it reasonably masks out the useful data that are not noise dominated.

Fig. 6.7 shows the measured inverse geophone frequency response (blue), the ideal
calibration filter (orange), and the calibration filter fitted to the measured response.
The measured inverse geophone frequency response is obtained via the ratio between
the Laplace transform of the ground velocity and the geophone readout, i.e. X,(s)/V (s)
in Eqn. (6.28). The fitted calibration filter was obtained by solving the optimization prob-
lem Eqn. (6.28). The initial values for local optimization were obtained from Table 6.1.
And, the optimized values are G = 305.96 V/(m/sec), ¢ = 0.3088, w, = 2.2037 rad/sec,
which are all less than 1% away from the true values (G = 304.48 V/(m/sec), ¢ = 0.308,

and w, = 2.2rrad/sec). The corresponding calibration filter is shown as green dashed
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Figure 6.6: Coherence plot and weighting function. Blue: Coherence between seismic
noise and geophone readout. Orange: Weighting function.

Calibration filter

—— Measured
—— Ideal
=—==—Pit;

101.

Magnituide (
=
1

10—2.

10724

10-2 10! 10° 10!
Frequency (Hz)

Figure 6.7: Geophone calibration filter. Blue: Measured inverse geophone frequency
response. Orange: Ideal calibration filter. Green dashed: Calibration filter fitted to the
measured response.

line in Fig. 6.7. As shown in the figure, the overlap between the fitted calibration filter
and the ideal calibration filter almost perfect.
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6.1.3 Inter-calibration of sensors

The inter-calibration of sensors is required when two sensors signals need to be compared
or when they need to be combined using special control strategies such as sensor fusion
and sensor correction, which are later discussed in Sec. 7.1 and 7.2. In principle, the geo-
phone calibration method presented in Sec. 6.1.2 is already a method for inter-calibration
between the geophone and seismometer and is perhaps a more complex as there are three
variables. Generally, the inter-calibration of sensors only has one variable, that is, the
relative scale between the sensor readouts. Suppose there are two sensors that read a com-
mon signal and the amplitude spectral densities of the two readouts are given by Yi(f)
and Y>(f) and the second readout Y>(f) is the one that needs to be inter-calibrated.
Since the two sensors read the same signal, there relative phase between the two signals
should be zero, which makes the amplitude spectral densities comparable. In this case,
the readouts can be related as Y1(f) = aYa(f), where a is the inter-calibration factor that
needs to be obtained. The inter-calibration factor can simply be obtained by solving the

optimization problem

N
(1 Ya(/f, z)}
min [ — log |a w , 6.29
; (NZ oy e (629
where N is the number of data points, f; is the frequency data, and W (f) is a weighting
function to filter out or weight low-coherence data. The cost function is simply derived

from the assumption that logaY>(f) —log Y1(f) = 0, where the logarithm is taken to into

account the large dynamic range of data values.

6.2 Control basis alignment

As mentioned in Chap. 5, the sensors and actuators in each stage of the suspension are
not aligned in the desired directions. They need to be aligned via control matrices, in
particular, sensing matrices and actuation matrices, which appears in each stage of the
suspensions. The sensing matrix at each stage takes the calibrated sensor signals as inputs
and it outputs displacement signals in the desired control basis. Likewise, the actuation
matrix at each stage takes the control actuation signals in the control basis and it outputs
actuation signals to individual actuators. The control basis at each stage is defined by
the Cartesian and Euler basis as discussed in Sec. 5.1.

The sensing matrix can be decomposed into two types of matrices, geometric sens-
ing matrix and diagonalization sensing matrix. Likewise, the actuation matrix can be
decomposed into geometric actuation matrix and diagonalization actuation matrix. The
geometric matrices are defined by the placement of the hardware so it can be derived
using simple geometry. On the other hand, the diagonalization matrices are matrices

that finely decouples any residual couplings between different degrees of freedom. The
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diagonalization matrices can only be derived from measurable cross-couplings.

For the Type-B suspensions, the geometric sensing matrices for the pre-isolator and
intermediate mass are given in Ref. [29], and the actuation matrices for the pre-isolator,
intermediate mass, and test mass are also given. Detailed derivations for these matrices
are also given in Refs. |13, 11] in the form of Mathematica notebooks. Type-A and
Type-Bp suspensions share similar mechanical structures with the Type-B suspensions.
Therefore, the aforementioned matrices for Type-A and Type-Bp suspensions can be
derived straightforwardly using the same approaches. The derivation of the geometric
sensing matrix at the test mass stage is, however, more involved and is not provided
anywhere. This is to be discussed in Sec. 6.2.1, which is a re-elaboration of Ref. [19].
Sec. 6.2.1 also discusses diagonalization of sensing matrix and a real example is also
provided. The geometric actuation matrix of test mass stage is revisited as an example

in Sec. 6.2.2. Diagonalization of the actuators is also discussed.

6.2.1 Sensing matrices

Sensing matrices are matrices that transform displacements from the sensor basis to the

desire control basis. Sensing matrix S in a stage can be described by

y = Sx, (6.30)
where x = (21,29, 23,...,2,)7 is the array of sensor readouts zy,z9,x3,...,2,, ¥ =
(Y1,Y2,Y3, - - -, Ym)T is the array of displacements in the each direction of the control basis,

and S € R™*" is the sensing matrix.

As a quick example, Fig. 6.8 shows the sensor directions and control directions of the
pre-isolator. In this case, the sensor readout array x at the pre-isolator would be the
three tangential displacements (at intervals of 120°) along the circumference where the
LVDTs are located. And, y would be the three displacements / angular displacements,

longitudinal, transverse, and yaw. Geometrically, the sensing matrix is simply

-1

cosf sin @ R
Spreisolator = | COS (0 + %ﬂ') sin (0 + %Tl') R ) (631)
cos (9 + %7?) sin (9 + %W) R

where the first sensor is located at an angle of 6 from the negative transverse direction,
and R is the distance from the axis of rotation of the inverted pendulum to the sensors.

In practice, the geometric sensing matrix may not be sufficient and the control readouts
could contain observable residual cross-coupling between different degrees of freedoms.
In this case, the sensing matrix needs to be adjusted according to the cross-coupling

measured. However, directly adjusting the geometric sensing matrix may be confusing as
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Figure 6.8: Sensor directions and control directions of the pre-isolator table (top view).

it couples geometric information and cross-coupling information in one matrix. Therefore,
in reality, the sensing matrix S is decomposed into two parts, geometric sensing matrix

Sgeo and diagonalization sensing matrix Sgiag,
S = SdiagSgeo - (6.32)

Note that the order of operation is important. In this section, the geometric sensing
matrix of the test mass is derived and the diagonalization of the sensing matrix is also

exemplified.

Sensing matrix of the optical lever

An optical lever is a device that measures small angular displacements of a reflective
surface. The word “optical lever” is used in KAGRA to describe the optical displacement
sensing setup at the test mass stage, which is composed of an actual optical lever and
other devices. The optical displacement sensing setup (optical lever from hereafter) reads
longitudinal displacement, pitch, and yaw of the optics. It is composed of a light source,
typically a superluminescent diode (SLED), two beam position sensors, typically quadrant
photodiodes (QPDs), and some small optics such as lens, mirrors, and beamsplitters.
Consider a simply optical lever setup as shown in Fig. 6.9. The beam strikes the

suspended optics at an incidence angle of o and is reflected by the suspended optics. The
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Figure 6.9: A rotation in yaw of the optics causes the optical lever beam spot to shift
(top view).

suspended optics is rotated in the yaw direction by an amount of fy. At distance r from
the suspended optics, the position of the optical lever beam spot is shifted by an amount
of 2rfy, assuming small angles. A beam position sensor placed here will measure a beam
spot displacement of

xr = 2rby, (6.33)

which can be used to infer the yaw of the optics, i.e. dividing the displacement readout
by 2r.

Besides rotating in the yaw direction, the suspended optics can also shift in the longi-
tudinal direction. This creates a similar effect compared to that of a yaw rotation in the
optics. Fig. 6.10 shows the effect on the optical lever beam spot when the optics is shifted
in the longitudinal direction by an amount of x;. Note that in this case the optical lever
is located at the back side of the optics, which is not necessarily the case for all optics.
In this case, the beam spot position is shifted by an amount of (2sin«)zy in the same
direction that a yaw rotation would cause. Combined with the effect of rotation, a beam

position sensor would sense a superposition of yaw and longitudinal displacement
x =2rfy + (2sina) xp, . (6.34)

This means one beam position sensor cannot tell apart yaw and longitudinal displacement.

To remedy this issue, two beam position sensors are used instead and a beamsplitter
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Figure 6.10: A longitudinal shift of the optics causes the optical lever beam to shift (top
view).

is used to divide the beam into two. There are two options where the other sensor can
be placed, 1) at a different distance 7/, or 2) behind a lens. In KAGRA, the latter
configuration was chosen and it is shown in Fig. 6.11. In this configuration, a lens is
placed at 7, away from the suspended optics. The second beam position sensor, reading
a beam spot displacement of xo, is placed at distance d behind the lens. In this case,
the beam spot displacement x5 can be derived using the ray transfer matrix analysis [10].

Using the ray transfer matrices for beam propagation and thin lens, it gives

(@) _ [1 d] [ 11 0] [1 rlenS] ((ZSin&) xL) | (6.35)
0, 0 1 —7 {10 1 20y

where 05 is the angle of the beam when it reaches the second beam position sensor, and

f is the focal length of the convex lens. This gives the beam spot displacement

5 — (2sina) (1 - %) S {(1 - %) Fions + d] by . (6.36)

Now, the distance d is the distance between the lens and beam position sensor on the
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optical table. It is a design parameter. It is obvious that when

Tens f

d= —""2 6.37
Tlens — f < )
the beam spot at the sensor plane reads
2fsin«
To = —mLUL . (638)

This means that the beam position measured by the second sensor is only sensitive to
longitudinal displacement z; but not yaw ¢,. For this reason, the second beam position
sensor is referred to the length-sensing QPD while the first beam position sensor is called
the tilt-sensing QPD?.

Convex lens

20y Beam spot
T2

(2sina)z g,

4 Original beam spot

Tlens d

Figure 6.11: Sensing the beam spot position behind a convex lens. A convex lens is placed
at mens from the suspended optics. The sensor is placed at distance d behind the lens.

This is not yet the full story. Each beam position sensor also measures the vertical
displacement of the beam spot so there are in total four readouts. To break it down, the
tilt-sensing and length-sensing optical lever path can be analyzed separately. Without
loss of generality, consider the optical lever with tilt-sensing QPD shown in Fig. 6.12.
The optical lever beam travels along an arbitrary vector in the 3D space and is reflected
by the suspended optics. The reflected beam travels a vector of 7 to reach the tilt-sensing
QPD. The tilt-sensing QPD reads the beam position in two directions x;; and ;. In
reality, the directions of z;; and .y, do not necessarily align with the beam displacements
caused by a pure yaw (horizontal) or a pure pitch (vertical). But, for simplicity, let us
assume that they do align. The beam of the optical lever is projected into a vertical plane
and a horizontal plane. And on those planes, the lengths of the reflected beam are r;, and
r, on the horizontal and vertical plane, respectively. The angle of incidences, as viewed
on the horizontal and vertical planes, are «;, and «,,, respectively.

Here, without loss of generality, the beam spot at the optics is off-centered horizontally
towards the z and y direction by an amount of ¢, and J,, respectively. With non-zero
0z or oy, a rotation in yaw or pitch causes the reflection spot at the optics to move

longitudinally, simulating a longitudinal displacement of the optics. This must be taken

2The tilt-sensing QPD is technically still coupled to longitudinal displacement according to Eqn. (6.34).
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Figure 6.12: Tilt-sensing path of the optical lever. (Not to scale.)

into account in the derivation of the sensing matrix. The tilt-sensing QPD readouts now
read
Tilt = (2 sin ah) (xL + 5y¢9p + (Sxey) + 2Th9y y (639)

and
Yy = (2sin o) (xr, + 0,0p + 6,0y ) + 21,0p, (6.40)

where 0,0y and 6,0p are the simulated longitudinal displacements due to rotation in yaw
and pitch and an offsetted beam. Again, note that here the assumption is that x;; and
yriy are aligned with the beam spot displacements caused by a pure yaw and pure pitch,

respectively, of the optics.

The length-sensing path of the optical lever is shown in Fig. 6.13. In reality, length-
sensing and tilt-sensing share the same light source. The beam is split into two paths
by a beamsplitter hence they can be considered as separate paths as shown in Fig. 6.12
and Fig. 6.13. For the length-sensing part of the optical lever, the beam again is reflected
from the suspended optics, and travels a path 7., towards a convex lens with focal length
f. The beam then travels a short distance d further to reach the length-sensing QPD,
which reads the beam spot position in two directions e, and y.,. Again, for simplicity,
let us assume that x),, and y,, are aligned with the directions of the beam displacements

caused by a pure yaw and pure pitch, respectively. Following Eqn. (6.36), the readouts
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Figure 6.13: Length sensing path of the optical lever. (Not to scale)

Zlen can be straightforwardly written as

Tlen = 25i0 (1 — %) (xr + 0,0p + 0,0y) + 2 {(1 — %> Tlens,h + dhl Oy,  (6.41)
I fu

where dj, is the vector between the lens and the length-sensing QPD projected on the
horizontal plane, f, is the horizontal projection of the focal length on the horizontal
plane, 7, is the horizontal length between the lens and the reflection spot, and 6,60y
is the simulated longitudinal displacement due to a rotation in yaw and a horizontally
offsetted beam. Assuming that the angle between the reflected beam and the horizontal
plane is ¢y, the horizontal projections dj, fi,, and 7ens 5, can be written as d cos ¢y, f cos ¢y,

and 7ens €Os ¢p, respectively. This simplifies Eqn. (6.41) to

d d
Tlen = 28N v, <1 — ?) (xr, + 0,0p + 6,0y) + 2 cos ¢, {(1 — ?) Tlen + d} Oy . (6.42)
Again, it is easy to see that at a sensor placed at d = Tiensf/(T1ens — f) decouples the
readout from the yaw motion 6y, assuming small ¢, and J,. In this case, the horizontal

length-sensing readout can be simplified to

2fsinay,

Tens — f

Llen = —

Similarly, without further derivation, the vertical length-sensing readout can be written
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as
2 f sin a,
Ylen = _f— (xL + 5y9P + 51(9}/) . (644)
Tlens — f
At last, combining Eqn. (6.39), (6.40), (6.43), and (6.44) yields
Tti [ 2sin o 0 2r |
o o "\ fen 46,00 + 0.0y
Y | | 2sina,  2ry,
7 T | _2fsinoy, Op
en Tlen.s_f 9
Ylen - —ZTf Slnia; 0 0 Y
- lens - ] (645)
2sinay, 0 2ry
. 1 5y 5$ Iy,
2sinca, 2r, O
- _2fsi_na; 0 0 01 0] |0,
imd o | loo 1]
L Tlens — _

Now, this equation relating the suspended optics displacement or angular displacements
to the optical lever readouts assumes that the horizontal and vertical readouts align with
the beam displacement vectors caused by pure yaw and pure pitch of the optics, which is
not necessarily the case. To alleviate these assumptions, the left-hand side of Eqn. (6.45)

must be multiplied by a matrix that takes into account the rotational misalignment of
the QPDs, i.e.

CoS Pty SIN Py 0 0
— sin iy oS P 0 0
0 0 COS Ylen  SIN Yjen
0 0 — SN Yien  €COS Yien

Tilt
Ytilt
Llen

Ylen

2sinay, O

2sinc, 2r, O
_ 2fsinay 0 0

Tlens_f
_ 2fsinay 0 0

L rlensff

(6.46)

where 1y denote the angle of misalignment between the tilt-sensing QPD readouts and
the pitch-yaw axis, and ., denotes that of the length-sensing QPD. Nevertheless, an
additional misalignment parameter J; can be added to representing the misplacement of
the length-sensing QPD such that d = riens f/(T1ens — f) + da- But, this is not included in

the equation for simplicity.

All optical levers in KAGRA have plane of incidence aligned to either the horizontal
plane (type-A and type-Bp suspensions) or the vertical plane (type-B supsensions). This
means that sensing matrix can be drastically simplified. For a horizontal optical lever,

ry = rpcosay and a, = 0. Assuming that optical lever is perfectly aligned, i.e. g =
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Yien = 0 = 0y = 0q = 0, the QPD readouts for a horizontal configuration read

Tl 2sinayp, 0 2ry,
0 21y, COS & 0 oL
Ytilt h h
= | 2fsinay 0 0 op | , (6.47)
xlen B rlens_f 9
Ylen 0 0 0 Y
which gives a geometric sensing matrix of
) +
2sin ayp, 0 2ry,
0 2rpcosay 0O
SOL,horizontal - _ 2fsinay, 0 0 s (648)
Tlcns_f
0 0 0

where [-]* denotes the pseudo inverse of a matrix. As for the vertical optical levers, the

geometric sensing matrix is simply

+
0 0 27, cosa,
2sina, 2r 0
SOL,Vertical = 0 ! OU 0 . (649)
. 2f sin ay
rlens_f 0 0

Diagonalization of sensing matrices

With the plane of incidence aligned either on the horizontal plane or the vertical plane, the
geometric sensing matrix is drastically simplified. However, the given geometric sensing
matrix does not guarantee that the optical lever readouts are aligned perfectly to the
control basis. The geometric sensing matrices were derived with the assumption that the
optical levers are perfectly aligned, which is not possible in reality. The same can be
said for other sensors in other stages. In experience, cross-couplings between different
control degrees of freedom in the order of 1072 — 10! can usually be observed when
using the geometric sensing matrix. While the fundamental assumption of the control
topology described in Chap. 5 requires each degree of freedom to be able to controlled
independently, it is best to reduce cross-couplings in sensor readouts to the greatest extent.

For the optical lever, there are six misalignment parameters, one angle of incidence
oy, Or au, two distances of the reflection spot from the center of the optics d, and d,,
two QPD rotational misalignment angles ¢ and %.,, and one length-sensing QPD
misplacement 4, to list all of them. Putting them into the geometric sensing matrices
Eqn. (6.48) or (6.49) would yield no zero elements in the matrix. With three control
readouts, longitudinal displacement xp, pitch 6p, and yaw 6y, there are six possible ways

that the degrees of freedom can be coupled to each other, longitudinal to pitch readout,
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longitudinal to yaw readout, pitch to longitudinal readout, pitch to yaw readout, yaw to
longitudinal readout, and yaw to pitch readout. Therefore, finding the correct values of
the six misalignment variables would, in principle, decouple all degrees of freedom without
the use of a diagonalization matrix in the form of Eqn. (6.32). One major advantage of this
approach the preservation of calibration. Although the misalignment parameters can be
derived from measurable cross-couplings, the process can be tedious. On the other hand,
using a diagonalization matrix to decouple all degrees of freedom is extremely convenient.
Assuming that the calibration was correct before implementing the diagonalization matrix,
with small non-diagonal values in the diagonalization matrix, the calibration factors are
majorly preserved. In any case, post calibration can always be done in several ways, for
example, inter-calibrating the diagonalized readouts with with the readouts at the pre-
isolator. Therefore, in KAGRA, using a diagonalization sensing matrix is the preferred

way to achieve a finer control basis alignment of the sensors.

To see how a diagonalization sensing matrix works, let us assume that a geometric
sensing matrix S,e, operating on sensor readouts x gives a coupled control readout y’ =
Cy such that

Seeox =y’ = Cy, (6.50)

where y' = {y/} is the coupled control readout, C = {Cj;} is the coupling matrix and
y = {y;} is the array of desired readout, e.g. {x,0p,0y} for the optical lever. Suppose
the geometric sensing matrix correctly transforms the sensor readouts to give calibrated

control readouts, the coupling matrix can be written as

1, i=j
Cij: , ; (651)
kL LFE]

Yj

where y//y; is the cross-coupling from the ;™ displacement to the i" readout, or simply j
to ¢ coupling. If the couplings are measurable, then it is obvious that an additional matrix

Sdiag = C~! operating on the coupled readout would yield the desired control readout,
SdiagSgeoX = C'Cy=y, (6.52)

where Sgiag is the diagonalization sensing matrix. Therefore, there are two stages of sens-

ing matrices in the control topology. The calibrated sensor readouts first go through the

geometric sensing matrix, and then, the diagonalization sensing matrix. One major ad-

vantage of using the diagonalization sensing matrix is that it can be obtained multiple

times in an iterative process, which improves the quality of diagonalization in each iter-

ation. For consecutive diagonalization, the new diagonalization sensing matrix is simply
oy = OIS,

In order to obtain the diagonalization sensing matrix, the cross-couplings y;/y; must
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be measured. Here, v, is just the i*" control readout output from the geometric sensing
matrix, which can be measured directly. As for y;, the j™ actual displacement of the

suspension, a successful measurement of it relies on one of two things

1. Whether the suspension has a resonance involving only that degree of freedom but
not the other degrees of freedom that the diagonalization is attempting to decouple

from, or

2. Whether there is a way to actuate the suspension in that degree of freedom but not

the degrees of freedom that the diagonalization is attempting to decouple from.

Suppose the there exists a resonance in the j** degree of freedom, it needs to be excited
so the signal-to-noise ratio is high enough for a good measurement of the coupling. There
are two ways this can be done, either by injecting a white noise or an impulse signal
to that degree of freedom via the actuators. Here, the actuators are not assumed to
be aligned to the control basis yet but it does not affect the results. This is because
the frequency spectrum of a white noise or an impulse signal is flat. This means that
any actuation coupling is frequency-independent and only the impulse responses of the
suspension are can be observed, i.e. shapes that look like the transfer functions. At the
resonance frequency, the j* readout y; is dominated by the resonance of the ™ degree of
freedom, even if it is cross-coupled to other degrees of freedom. Under this condition, y;
can be estimated directly from the impulse response at the resonance frequency using the
y; readout, and y; can also be read at the same frequency in a simultaneous measurement.
On the other hand, if the particular degree of freedom can be actuated purely, then y; ~ y
and y, can be measured straightforwardly when the suspension is actuated purely in that
degree of freedom.

The SRM suspension at KAGRA is used as an example to demonstrate the use of
a diagonalization matrix. Fig. 6.14 shows three measurements of the readouts in the
control basis, without a diagonalization sensing matrix, at the test mass stage of the
SRM suspension, each corresponding to a white noise actuation in longitudinal, pitch,
and yaw direction using the test mass actuators with the geometric actuation matrix
(To be discussed in Sec. 6.2.2.). The actuators are therefore assumed to be not aligned
to the control basis. Here, the readouts in the control basis are outputs directly from
the geometric sensing matrix of the optical lever. As can be seen, the geometric sensing
matrix indeed coarsely aligns the sensors to the control basis. This is indicated by the
fact that all three readouts have distinct shapes corresponding to different dynamics of
the suspension.

In Fig. 6.14, the resonance frequencies in interest are identified from the diagonal
readouts, i.e. longitudinal readout with longitudinal actuation (blue line in(a)), pitch
readout with pitch actuation (orange line in (b)), and yaw readout with yaw actuation

(green line in (c)). The corresponding resonance frequencies are located at 0.658 Hz
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(a)  SRM coupled readouts with longitudinal white noise actuation (b)) SRM coupled readouts with pitch white noise actuation
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Figure 6.14: SRM test mass stage control readout without diagonalization sensing matrix.
(a) Readouts with white noise actuation in the longitudinal direction. (b) Readouts with
white noise actuation in the pitch direction. (c) Readouts with white noise actuation in

the yaw direction. Blue: Longitudinal readout. Orange: Pitch readout. Green: Yaw
readout.

(pendulum mode), 0.838 Hz (Pure pitch mode), and 1.010 Hz / 1.354 Hz (pure yaw mode).
Except for the pendulum mode at 0.658 Hz, these resonances are pure in each degree of
freedom and should not be observed in readouts of other degrees of freedom. Therefore,
readouts at these resonance frequencies can be used to determine the coupling ratios Cj;
between different degree of freedom. The pendulum mode, which is a resonance mode
involving longitudinal and pitch motion of the optics, cannot be used to determine cross-
coupling between longitudinal displacement and pitch readout. However, it is still useful

for determining longitudinal displacement to yaw coupling as it should not be observed

in the yaw readout.

In subplot (a) of Fig. 6.14, a small peak is observable in the yaw readout at 0.658 Hz.

However, in this case it is unclear whether this coupling comes from the longitudinal
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displacement or pitch at this stage. Therefore, the coupling ratio from longitudinal dis-
placement to yaw readout is undetermined for the first iteration. In subplot (b), the pitch
resonance is very clear and it obviously couples to both longitudinal and yaw readouts.
The corresponding coupling ratios are —0.018781 and 0.00968755 for longitudinal and
yaw readouts, respectively. Note that the values are not the ratio of the two amplitude
spectral densities. The magnitude of the ratios are obtained from the ratio between the
Fourier transform of the readouts (not shown here), and the signs are obtained from the
phase. The coupling ratio is said to be valid only when the phase is close to 0° or +180°,
which correspond to positive and negative signs, respectively. Any phase in between 0°
and +£180° means the result is inconclusive and a coupling ratio cannot be obtained. In
subplot (c), the yaw resonance is observable at 1.354 Hz. The yaw to longitudinal and
pitch readouts couplings are also observable and the ratios are 0.0158224 and —0.0153659
for longitudinal and pitch readouts, respectively.

The longitudinal displacement to pitch readout coupling cannot be determined from
any resonances since a pure longitudinal mode is simply non-existence. However, a short
experiment involving the pre-isolator can be done to obtain this ratio. The three degrees
of freedom of the pre-isolator table are longitudinal, transverse, and yaw. A DC offset,
i.e. actuation at 0Hz, in longitudinal actuation signal of the pre-isolator could shift
the would cause a shift of the whole suspension chain in the longitudinal direction. If
the pre-isolator actuators are not diagonalized, this would result in a small shift in the
transverse direction and a small rotation in the yaw direction. But, a DC shift in the
pre-isolator can, in principle, never cause the optics to pitch. Therefore, any shift in
the pitch readout at the optics during this experiment can be treated as coupling from
longitudinal displacement and can be used compute the coupling ratio from longitudinal
displacement to pitch readout.

The experiment was performed and the results are as follows. A static shift in the
positive longitudinal direction was applied to the pre-isolator. After that, the longi-
tudinal readout and pitch readout from the optical lever changed by and amount of
185.1934 pm and 1.8085 purad. This gives a longitudinal to pitch readout coupling of
1.8085/185.1934 = 0.00976547. Combining this ratio with the values obtained from the

resonance measurements, the coupling matrix is

1 —0.018781 0.0158224
C, = [0.00976547 1 —0.0153659 | . (6.53)
0 0.00968755 1

The inverse of this matrix was applied as the initial diagonalization sensing matrix for
the first iteration and the measurement was repeated.
After the implementation of the initial diagonalization sensing matrix, nearly all cross-

coupling observed previously becomes undetectable with one exception. The decoupling
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of the pitch resonance from the yaw readout reveals a longitudinal displacement to yaw

readout coupling at the pendulum mode resonance frequency. Fig. 6.15 shows the readouts

SRM initial diagonalization readouts with longitudinal white noise actuation
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Figure 6.15: SRM initially diagonalized test mass readouts with white noise actuation in
the longitudinal direction. Blue: Longitudinal readout. Orange: Pitch readout. Green:
Yaw readout.

of the optics displacement with white noise actuation in the longitudinal direction. These
readouts are obtained after implementing the inverse of the coupling matrix Eqn. (6.53).
As can be seen, the 0.658 Hz peak in the yaw readout becomes far more observable com-
pared to that in subplot (a) of Fig. 6.14. The reason of this is perhaps due to the removal
of pitch to yaw coupling, which may have partially canceled this peak in the initial mea-
surement. The 0.658 Hz peak in the yaw readout shown in Fig. 6.15 cannot be a pitch to
yaw coupling. If it was due to pitch motion, there would have been three peaks instead
of one, as there are three (at least) observable resonances in the pitch readout (orange
line as shown in the figure). Therefore, it has to be a longitudinal displacement to yaw
readout coupling and the coupling ratio was obtained to be 0.0331021. This gives a second

coupling matrix of
1

0 0
C, = 0 1 0] . (6.54)
0.331021 0 1

The final diagonalization sensing matrix can be obtained as Sgi.g = C5'Cy".

Fig. 6.16 shows the measurements taken after implementation of the diagonalization
sensing matrix. As can be seen, the original cross-couplings have been reduced by a great
extent. As a verification, the readouts were also taken for an impulse actuation instead
of white noise actuation and the results are shown in Fig. 6.17. In this experiment,

an impulse signal was sent to one of the actuators at the test mass stage, exciting all
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(c) SRM diagonalized readouts with yaw white noise actuation
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Figure 6.16: SRM test mass stage control readout with diagonalization sensing matrix.
(a) Readouts with white noise actuation in the longitudinal direction. (b) Readouts with
white noise actuation in the pitch direction. (c) Readouts with white noise actuation in

the yaw direction. Blue: Longitudinal readout. Orange: Pitch readout. Green: Yaw
readout.

resonances in all degrees of freedom. Unfortunately, the signal-to-noise ratio below 0.8 Hz
is worse compared to that of the white noise actuation measurements and therefore cannot
be used to verify the results. Above 0.8 Hz, it is clear that the cross-couplings are very
minimal. Yaw displacement to pitch readout couplings at 1.010 Hz and 1.354 Hz are
still clearly visible but they are well below the 1072 level. With that said, it is worth
mentioning that the 1072 cross-coupling level is not a benchmark and there is currently
no required specifications for diagonalization. The control performance degradation due
to cross-coupling is not well-studied at the moment and this should be investigated in the

future.
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SRM diagonalized readouts with an impulse actuation
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Figure 6.17: SRM test mass stage control readout with diagonalization matrix with im-
pulse actuation. Blue: Longitudinal readout. Orange: Pitch readout. Green: Yaw
readout.

6.2.2 Actuation matrices

Actuation matrices are matrices that align the desired actuators to the control basis.
Technically, it is the other way around: It operates on the control actuation signal u and

distribute the control signals to each individual actuators,

Au=a, (6.55)
where u = {uy, ug, us, ..., u,} is the array of control actuation signals from the, e.g. actu-
ation signal in the longitudinal direction, a = {ay, as, as, . .., a,}, is the array of actuation

signals going to each individual actuator, e.g. actuation signal of the first actuator, and
A € R?*P is the actuation matrix aligning the control signals to the actuators.
Like sensing matrices, the actuation matrix maybe decomposed into two matrices,

geometric actuation matrix and diagonalization actuation matrix
A=A, Adiag ;- (6.56)

where A, is the geometric actuation matrix and Agi,g is the diagonalization actuation
matrix. Note that the order of operation is different from that of sensing matrix (6.32) and
this is important. The goal of the actuation matrices is to correctly distribute actuation
signals to the actuators such that each control signal only actuates the system in the
corresponding degree of freedom. In this section, the geometric actuation matrix at the

test mass stage is derived as an example and the diagonalization of actuation matrices is
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discussed.

Actuation matrix of the test mass actuators

Fig, 6.18 shows the location and direction of actuation at the test mass stage of the main
optics suspensions. As shown in the figure, the actuators at located the four corners of
the optics, top-left, bottom-left, bottom-right, and top-right, in the order of ascending
actuator number. This particular configuration is exclusive to the type-B and type-Bp
suspensions. The type-A suspensions use a diamond configuration where four actuators

are placed top and bottom, left and right of the suspended optics.

Suspended optics
Actuator 1 Actuator 4

Yaw Qy

Pitch 6p Longitudinal zp,

Actuator 2 Actuator 3

Figure 6.18: Test mass actuators located at four corners of the test mass.

The positive direction of the actuation is typically defined as the direction of the
longitudinal direction. Therefore, a positive actuation signal in any of the actuators
pushes the suspended optics in the longitudinal direction. Let the control actuation
signals be u = [uy, up,uy|T, where uy, is the actuation in the longitudinal direction, up
is the actuation in the pitch direction, and uy be the actuation in the yaw direction.
This gives the first column of the geometric actuation matrix to be [1,1,1,1]T. Note that
the scale is arbitrary because there is no calibration factors to be preserved, unlike the
geometric sensing matrix.

Actuators 1 and 4 are above the center of mass of the optics and actuators 2 and 3
are below that. Treating the suspended optics as a free mass, positive signals in actuators
1 and 4 give a torque in the pitch direction, and positive signals in actuator 2 and 3
give a torque in the negative pitch direction. Assuming that the actuators are placed
with reflection symmetry along the horizontal plane, this gives the second column of the
actuation matrix to be [1,—1,—1,1]|7. Similarly, actuators 1 and 2 are on the left side

of the optics and actuators 3 and 4 are on the right side. Positive signals in actuators 1
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and 2 give a torque in the negative yaw direction while positive signals in actuators 3 and
4 give a torque in the positive direction. This gives the third column of the geometric
actuation matrix to be [—1,—1,1,1]T. The geometric actuation matrix at the test mass
stage is fully defined as

1 -1

-1 -1

-1 1

1 1

(6.57)

—_ = =

The reason why the number 1 is used in the matrix is simply to avoid confusion to
the operators. The geometric actuation matrix represents the geometric placement of the
actuators and it should be easy to understand from the digital system. At least, this is
the general consent at KAGRA. Therefore, there is no reason to use other numbers other

than 1 in the geometric actuation matrix.

It should be pointed out that the choice of this matrix is rather unnatural and is
different from what is provided in Refs. [13, 14, 29]. One alternative way to approach the
scaling is to firstly calibrate the actuators in units of N/counts using the output filters as
shown in Fig. 5.1. Then, the actuation signals (output of the actuation matrix, inputs of
the output filters) are forces applying to the optics at the locations of the actuators. And
then, the control signals (outputs of the control filters, input of the actuation matrix)
are forces or torques acting on the optics in the control degrees of freedom. In this
case, the geometric actuation matrix then carries the information of normalization factors
and geometric information such as the position of the actuators. This is the convention
followed by Refs. [13, 11]. However, in reality, unlike sensor calibration, getting the
calibration factors for the actuation is very difficult. This is due to the coil-magnet nature
of the actuators where actuation efficiency depends on the distance between the magnet
and the coil. The actual distance between the magnet and the coil can change within a
certain tolerance and is unknown before the installation. For this reason, the actuators
cannot be calibrated before installation. And, the actuators cannot be calibrated when
they are already installed. Therefore, setting the geometric actuation matrix to retain

physical units is not that feasible in reality.

Nevertheless, an alternative way to scale the geometric actuation matrix is to have each
column normalized to a certain norm. In Ref. [29], the 1-norm of each is normalized to 1.
Another possible choice is to choose the eigenvectors from the singular value decomposition
of the matrix (6.57), which naturally have 2-norms normalized to 1. In any case, the scale
of the actuation matrix is merely a convention or preference and has no actual affection

to the control performance.
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Diagonalization of actuation matrices

The geometric actuation matrix is not sufficient to align the control basis to the actuator
basis. This is because the geometric actuation matrix was derived with the assumption
that the actuated objects are free bodies while they are really constrained by the dynamics
of the suspension. Moreover, the geometric actuation matrix does not take into account
the variation of the actuators. Therefore, the geometric actuation matrices are often not
sufficient in aligning the control basis. However, in contrast to its sensing counterpart, the
diagonalization of actuation matrices is not as straightforward and is often not considered.
This is because actuation matrix diagonalization is not as important when feedback control
in action. Actuation cross-couplings between different degrees of freedom can be treated

as disturbances, which are minimized with active control.

At 0Hz, a non-zero actuation signal applies a static force to the suspension, causing
it to shift. The relationship between the control actuation signals and the suspension

displacement reads
y = Eu, (6.58)

where E is the actuation efficiency matrix, u is the actuation signals in the control basis,
and y is the displacement of the suspension. The off-diagonal elements of the E matrix
represents the cross-coupling and are ideally zero. The diagonal elements are the actuation
efficiencies of the actuators. Depending on the situation, they need to be retained after
even diagonalization so the scale of the diagonal transfer functions are comparable. E is
physical and cannot be altered. Therefore, any additional control matrices must operate
before the actuation efficiency matrix. In order to achieve actuation diagonalization, it
is obvious that by modifying control actuation signals from u to E~'diag(E)u, it gives a

diagonal actuation efficiency, i.e.
E [E"'diag(E)u] = diag(E)Ju=1y. (6.59)

Comparing this with Eqn. (6.55) and (6.56), it is easy to see that by setting the diago-

nalization actuation matrix to
Adiag = Eildiag(E) (6.60)

would achieved the required results.

With a diagonalized sensing matrix, measuring the actuation efficiency matrix E is
straightforward. For this reason, the sensing matrix should be diagonalized before di-
agonalizing the actuation matrix. The actuation efficiency matrix can be written as

E= {EU} and

By =2 (6.61)

Uj
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where y; is the i*" displacement in the control basis, and w; is the j* actuation signal in
the control basis. A known static actuation signal u; can be applied one at a time and all
displacements y can be measured using the diagonalized displacements signals, giving one
column of the actuation efficiency matrix E. Like sensing matrices, the diagonalization
actuation matrix can be obtained iteratively by setting the new diagonalization actuation
matrix to Ay = A (E*) " diag(E™").

The actuation diagonalization described above corresponds to the diagonalization at
0 Hz but the procedure can be done at any one and only one frequency. In such case, the
actuation injection would be sinusoidal at a particular frequency. The readback of the
actuation efficiency Fj;; would then be the ratio between between the fourier transform of
the displacement signal y; and the actuation signal u; at the frequency of the sine wave.
Again, this measurement is only said to be value if the phase between y; and u; is close
to 0° or +180°. Any measured phase between 0° and +180° renders the result not useful.
At 0 Hz, the phase between the injection and displacement is typically 0° or £180°, owing
to the spring-mass nature of the suspension. The same can also be said for frequencies
much higher than the resonance. Therefore, diagonalization are typically done at these
frequencies.

There is a caveat to this approach, that is, the actuators are only diagonalized at one
frequency and there is not guarantee that the actuators are also diagonalized at other
frequencies. In worst case, the actuation cross-coupling is reduced at one frequency and
increased at other frequencies. The actuation efficiency matrix E in Eqn. (6.58) represents
the relationship between the actuation signal and the displacement at one frequency.
To generalized the relationship, the actuation efficiency is simply the actuation transfer
functions and E should be replaced by a transfer function matrix, which denotes the input-
output relationship of a multiple-input-multiple-output system. Therefore, the proper way
to approach actuation diagonalization is to model all transfer functions and compute the
frequency-dependent actuation diagonalization matrix using Eqn. (6.60) via an analytic
form of the matrix inverse. Alternatively, the measured transfer function matrix, in the
form of a complex array, can be inverted numerically to obtain the frequency response of
the require frequency-dependent actuation matrix. And then, the each frequency response
element in the matrix can be modeled by transfer functions. Either way, the work can be

tedious and unnecessary. So, this type of diagonalization has never been implemented at
KAGRA due to a tight schedule.

6.3 Modeling and fitting

One major aspect in control system is called system identification, which seeks to obtain
a mathematical model a dynamical system from measured data. The goal of system

identification is not to fully characterize the dynamical system. Instead, the goal is
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to obtain a model that captures the required system dynamics such that the control
performance and stability evaluated with the model sufficiently represent those of the real
system when control is implemented. This way, the controller can be designed and tested
in simulations before actually implementing the control systems.

System identification, by itself, is an ongoing field of research and there are a lot of
advanced methods, such as the eigensystem realization algorithm [50], that can identify
the full dynamics of the suspension as a multiple-input-multiple-output system. Since the
control topology of the active isolation assumes each degrees of freedom to be decoupled,
each degrees of freedom can be assumed to be a single-input-single-output system, as
shown in Fig. 5.5. In order to design a controller for this, the plant needs to be modeled
and it is simply the ratio between the actuation and the displacement. In addition, the
spectrum of the disturbance and the noise defined in Fig. 5.5 can optionally be modeled
by empirical models or even transfer functions. The former can be used to evaluate the
closed-loop performance and noise budget while the latter is useful for H., optimization,
which is to be discussed in Part III. In this section, both topics are covered. Sec. 6.3.1
discusses the modeling of the actuation plant with a focus on fitting transfer functions of
the multiple-pendulum suspensions. A real example will also be given to demonstrate the
methods discussed. Sec. 6.3.2 discusses the modeling of frequency spectrum, which will
be useful in Part III.

6.3.1 Modeling frequency response data with transfer functions

In this subsection, a systematic approach is given to obtain a transfer function model
given a measured frequency response of the suspension. The approach can be divided

into a few steps:
1. Measurement,
2. Model selection, and

3. Regression.

Notes on frequency response measurement

To model the dynamics of the system, the first step is to obtain a frequency response of
the system. Here, the dynamics is referred to the open-loop dynamics of the system, i.e.
P(s) in Fig. 5.5. In principle, this is as easy as injecting a known actuation signal u and
then obtain a measurement of the system output y. The frequency response of the plant

P(jw;) can then be estimated to be

Puy(wi)

P(]wz) ~ Pu (Wz‘),

(6.62)
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where w; is the discrete angular frequency data, P,,(w;) is the cross power spectral density
between the actuation v and the output y, and P,,(w;) is the power spectral density of
the actuation signal u. KAGRA utility diag / diaggui and LIGO ultility dtt / dttgui
automatically does this estimation when a transfer function plot? is requested*. Therefore,

obtaining a frequency response data is straightforward at KAGRA.

However, there are some caveats that are worth mentioning regarding the measure-
ment of suspension frequency responses. First of all, the result of the modeling is only
going to be as good as the measurement data. Therefore, it is important to ensure that
the full spectrum of the frequency response data is valid. The frequency response data of
a suspension can only be measured using real sensors and when the particular degree of
freedom is not under any influence of feedback control. Under this condition, the displace-
ment measurement of the suspension sensors contain sensor noise. And, the displacement
is not only excited by the injected actuation but also static external disturbance such as
the seismic noise. Therefore, it is important that the injected actuation signal sufficient
excite the motion of the suspension such that the displacement due to actuation dominates
that of the disturbance and the noise. However, the actuation should not be excessively
high to a level where the displacement signal gets distorted due to non-linearity of the
sensor as discussed in Sec. 6.1.1. In such a case, higher-order harmonics, which do not
represents the dynamics of the system, will occur in the frequency response data. Hence,
getting the actuation magnitude (at all frequencies) adequate the crucial first step to

successful modeling of the plant.

Model selection

Assuming that the relationship between the actuation signal u and the displacement y is
governed by a generic linear differential equation
d?y d™y du d*u d™u

d
aoy+a1d—i+a2ﬁ+---+an%:bou+blg+bgﬁ+---+bmdt—m, (663)

where a; and b; are real coefficients. Taking the Laplace transform if the governing

equation gives a transfer function, defined by the ratio of the output and the input,

(ag +a1s+ass®+ -+ ans”) Y(s) = (bo +bis+bes®+ -+ bmsm) U(s)
Y(5)  bo+bis+bys® -+ bys™ (6.64)

U<S) a0+a15+a232+...+an8n’

3Technically, it shouldn’t be called a transfer function plot. Instead, it should be called either frequency
response or Bode plot.

4Obtaining a frequency response is actually easier than obtaining a Fourier transform series using
these utilities.
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where s is the Laplace variable, Y'(s) and U(s) are the Laplace transform of the output y
and the actuation signal u, respectively. A generic transfer function model corresponding
the physical dynamical system can then be written as

A by + b1s + bys® + -+« + b, s™

P(s) = — 2 : (6.65)

ag + a8+ ags? + -+ a,s"

and a; and b; are the model parameters that we seek to obtain via modeling and fitting.
However, the modeling and fitting of the frequency response data can be difficult with a

transfer function model in this form. This is due to two reasons:

1. n and m are integers that cannot be obtained via typically fitting methods such as

linear regression, and

2. Fitting a; and b; lacks numerical stability as the poles of the transfer function model

approaches the right-hand side of the complex plane during process of fitting.

Both issues can be avoided by recently developed algorithms such as the adaptive Antoulas-
Anderson (AAA) and AAA? algorithms [51, 52].

However, the modeling of mechanical transfer functions of a multiple-pendulum sus-
pension is a simpler task than fitting a generic transfer function. This is because the
transfer function model of a multiple-pendulum, which is a coupled oscillator, can be

simplified to

!
Ny 2 wn,i 12
P(s) I{:Hizls s s
s) = = .
[[2 82+ s +wp

i

(6.66)

where k € (—00,00), wn; € (0,00), w,; € (0,00), ¢ € [0.5,00), and ¢; € [0.5,00) are
the model parameters to be found. Note that here n, and n, are redefined to be the
number of complex-pole pairs and the number of complex-zero pairs, respectively. The
element (s> 4w}, ;5/q¢; +w/?;) corresponds to a pair of complex zeros located at frequency
w = w;,; and the element 1/(s* 4wy i5/¢; +w;, ;) denotes a pair of complex poles located at
frequency w = wy, ;. From hereafter, a pair of complex poles or complex zeros is referred to

a complex pole or a complex zero®. In the frequency response, a complex zero corresponds

!
n,t

to a notch/antiresonance in the magnitude plot around w = w/ ; while a complex pole
corresponds to a peak/resonance around w = wy, ;. This means that the numbers n, and
n, can be determined from the frequency response measurements, given that the peaks
and notches are observable. This solves issue 1.

The stability of the transfer function is determined by the real numbers of the complex

poles. The complex poles polynomial can be factorized as
1 1

oY = , (6.67)
s+ wfm- (s —sp) (s — s;)

52 +

5For a physical system, complex zeros or complex poles must come in pairs.
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where
w .
=21 \/4q? — 1 6.68

is one of the complex poles, s; denotes its complex conjugate, which is the other complex
pole, and j is the imaginary number. It is obvious that when 0 < w,,; < oo and 0.5 < ¢; <
00, the real part of s, is —w,, ;/(2¢;), which is always less that zero. Under these constrains,
the fitting problem is numerically stable and this solves issue 2, making Eqn. (6.66) a
suitable model for fitting the frequency response of a suspension. There are several ways to
impose these constrains. For example, the fit can be done via a constrained optimization.

Alternatively, instead of using k, wp;, w;,;, ¢, and g; as the model parameters, use log k,

log wn,i, logwy, ;, log(g; — 0.5) and log(g; — 0.5) instead. This not only ensures that the
numerical stability constrains are imposed, but also scale the parameters proper taking
into account the large dynamic range of the frequency response, which is typically plotted
with log-log graph. This may improve the results obtained from numerical optimization.

Therefore, the latter approach is the preferred way.

Fitting frequency response data

Once a transfer function model is selected, the final fitting problem can be defined as an

optimization problem seeking a minimization:

mein (% i (log ‘]S(jwi; 0) — P(jw;) 2> W(wz)> , (6.69)

i=1
where, w; is the discrete frequency data of the measurement, p(jwi;e) is the transfer
function model, 6 is the array of model parameters that need to be optimized, P(jw;)
is the measured frequency response given by Eqn. 6.62, and W (w;) is a weighting func-
tion. Similar to geophone calibration described in Sec. 6.1.2, the weighting function is a
frequency-dependent function that can be used to weight or filter out wanted data points.
The plant model for fitting the frequency response of a suspension is given by Eqn. 6.66.

But, it is more convenient to rewrite Eqn. 6.66 in terms of normalized frequency:

2
A I (32) +45+1
P(s) = knc L (6.70)

B} >
Np S 1 _s 1
HP=1 (wn,i) + Qi Wn,i +

where kpc denotes the DC gain of the transfer function. This gives the model parameter
array 0 = {kpc, Wni, W %, i}, which has a length of 2(n, + n,) + 1, where n,, is the
number of pairs of complex poles, and n, is that for the complex zeros. Again, it should
be reminded that the optimization works best when by optimizing the logarithm of the

model parameters, not the parameters themselves.
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The optimization problem (6.69) can be solved in two ways,

1. Using a local optimization algorithm, such as the Nelder-Mead method, with an

initial guess, or

2. Using a global optimization algorithm, such as differential evolution, with bounded

model parameters.

For the global optimization option, the boundaries of the model parameters for model
(6.70) can be obtained as follows. The DC gain kpc refers the the magnitude of the
frequency response at 0 Hz. While the frequency response of a couple-oscillator is flat
below the resonance frequencies, the boundary of kpc can be set to a close range around
the the magnitude of the measure frequency response at the lowest frequency |P(jws)].
For example, one can set the boundary to one order of magnitude around the magnitude
response at the lowest frequency, i.e. [0.1|P(jw)|, 10|P(jw;)|]. Note that here the as-
sumption is that the measured frequency response adequately captures the low frequency
response of the suspension. As for the resonance frequencies w,; and wy, ;, the bound-
ary can be safely set to the domain of the frequency response, i.e. [min(w;), max(w;)].
This reasoning is that the number of pole pairs and zero pairs of the model, n, and n,,

are chosen based on the observed resonances and antiresonances in the Bode plot. This

!
n,7

means the resonance frequencies w,,; and wj, ; must fall within the frequency domain of
the measurement. Lastly, for the quality factors ¢; and ¢., the lower bound of the is set
to at least 0.5 to maintain the numerical stability. However, the upper bound cannot be
obtained easily because it depends on the height/depth of the resonance peaks/notches.
For a single oscillator, the quality factor is approximately equal to the peak amplifica-
tion from the static gain. In practice, the quality factors of mechanical resonances in a
suspension are found to be below the order of 1072. Therefore, [0.5,1000] is a reasonable
initial boundary for the quality factors. The boundaries can always be adjusted when the
optimization yields sub-optimal results.

With the boundaries set, the transfer function fitting problem can be solved using a
global optimization method such as differential evolution. However, in practice, using
global optimization is often a trial-and-error process as the optimization traps in a local
minima. This result is that only part of the transfer function is well-modeled. In this
case, the optimization needs to be restarted with a different random number generator
seed so there is a chance that it gives a better results. But, there is no guarantee that the
optimization can yield a satisfactory fit so it could cost a lot of trials to obtain one fit.
Therefore, global optimization may not be the best way to solve this problem. Instead,
local optimization is used more often in practice and it yields satisfactory results quicker
with a user-informed initial guess.

To use local optimization, one needs to initialize the model parameters so the algorithm

can start a local search. In the context of transfer function fitting, this corresponds to
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a manual fit of the frequency response, which is already a typical practice at KAGRA.
Although this is also a trial-and-error process, it is straightforward as the parameters can
easily be guessed via a quick visual inspection or even algorithmically obtained. The model

parameters that needed to be initialized are the static gain kpc, the resonance frequencies

/
n,t

wn,; and w,,; and the quality factors ¢; and ¢;. First of all, as discussed previously, the
static gain kpc corresponds to the magnitude response at 0 Hz. If the measured magnitude
response shows a plateau at low frequency, the magnitude of the plateau, or simply the
magnitude at the lowest frequency, can be used as an initial estimation of kpc. Then,
one resonance frequency and one quality factor constitute a complex pole/zero and they
must be guessed in pairs. Estimating all the resonance frequencies and quality factors of
a complex pole/zero is a straightforward iterative process as described by Algorithm 2.

As stated in Algorithm 2, the transfer function model P(s) is initialized with the static
gain kpc, which is obtained previously. In order to obtain the resonance frequencies and
the quality factors, the first step is to scan the magnitude response, from low frequency
to high frequency, for either a peak or a notch. If a peak is found, then one needs to
guess a quality factor gq. After that, the measured frequency response P(jw) is plotted
together with P(jw) x w2 /[(jw)? +w,(jw)/q+w?] and compare, where w, is the frequency
at which the peak was found. If the peak heights match, then the model is changed to
P(jw) x w2/[(jw)? 4+ wa(jw)/q + w?] and the resonance frequency and quality factor are
marked as two of the initial parameters. Otherwise, adjust the quality factor ¢ and
try again. Similarly, the same procedure can be be done for a notch. But instead of
P(jw) x w?/[(jw)? + wa(jw) /g + 2], P(jw) x [(jw)? + wa(jw)/q + wi]/w? is instead
compared with the measured response. The process repeats until all peaks and notches,
i.e. the whole frequency response, are coarsely modeled. This gives all initial parameters
for kpc, wni, w45 ¢, and g;.

Now, Algorithm 2 assumes that the multiplying a pair of complex pole or a pair of
complex zero at higher frequency will not change the height or depth of a peak or notch
at lower frequency. This holds true only when the frequency of the pair of complex
poles/zeros is sufficiently high compared to the frequency of the peak or the notch. When
there are multiple peaks and notches localized in a small frequency range, they cannot be
individually treated as in Algorithm 2. Instead, one needs to go back and forth to adjust
the quality factors to match the shape of the cluster of peaks and notches.

SRM F1 GAS filter frequency response

To exemplify the methods described above, the modeling of frequency response of the
SRM F1 GAS filter is given in this section.

The magnitude of the frequency response of the SRM F1 GAS filter degree of freedom
is shown in Fig. 6.19. First of all, it should be noted that the frequency response is

inaccurately presented at frequencies above ~ 4Hz. The notch at 60 Hz corresponds
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Algorithm 2 Estimating resonance frequencies and Q factors from a frequency response

w; < {wi,wa,...,wx} > The frequency data points.
P(jw) «+ {P(jw1), P(jwa), ..., P(jwn)} > The frequency response data complex
series.
kpc < |P(jw1)| > The static gain.
n, <— Number of peaks in |P(jw)| > Estimate the number of resonances.
n, <— Number of notches in |P(jw)] > Estimate the number of antiresonances.
P (s) < kpc > Initialize a transfer function model.
Wn,i < {} > List of resonance frequencies.
whi <1} > List of antiresonance frequencies.
g < {} > List of resonance quality factors.
¢« {} > List of antiresonance quality factors.
fori=1,1 < N,i++ do > Scan from low to high frequency
if |P(jw;)| is a peak then > A peak is found.
Wy < W;
Guess q. > Guess a quality factor for this resonance.
Plot P(jw) and P(jw) x (jw)2+wf]%w)/q+w% > Inspect the Bode plots.

if Peak height matches then
Add w,, and q to the lists w,; and g;.

P(jw) + P(jw) x (jw)2+wﬁ*2;w)/q+w% > Multiply the model with the poles.
else > Inspection not satisfied.
Increase or decrease ¢ and repeat inspection.
end if
else if |P(jw,)| is a notch then > A notch is found instead.
Wy — W;
Guess q. > Guess a quality factor for this antiresonance.
Plot P(jw) and P(jw) x (j“’>2+‘“’;f§w)/q+w3 > Inspect the Bode plots.

n

if Notch depth matches then
Add wy, and q to the lists w;, ; and ¢;.

P(jw) < P(jw) x U“)Q*W’;fg”)/q*“i > Multiply the model with the zeros.
else ! > Inspection not satisfied.
Increase or decrease ¢ and repeat inspection.
end if
end if

end for

to a notch filter at the input filter, which is used to filter out the 60 Hz coupling from
the electricity mains. The magnituide response with ~ f? frequency dependency at
above ~ 10 Hz is not part of the mechanical frequency response, which should be have a
frequency dependency of ~ f~2, either. Instead, it is due to magnetic coupling between
the coil-magnet actuator and the LVDT coils reading the displacement of the GAS filter.
The notch at 8 Hz is a result of the ~ f? magnetic coupling being added to the ~ f~2
mechanical response so it should be ignored also. In order to neglect these artifacts, the

weighting function W (w) is used to mask the data. In this case, the weighting function
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SRM F1 GAS filter magnitude response
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Figure 6.19: The magnitude response of the SRM F1 GAS filter.

is set to 0 above 3 Hz and is set to 1 below that.

The corresponding transfer function model is given by Eqn. (6.70) as discussed. Judg-
ing from the number of peaks and notches and ignoring those above 3 Hz, the number
of complex-pole pairs is n, = 3, and that of complex-zero pairs is n, = 2. This means
there are 11 model parameters (1 DC gain, 5 resonance frequencies, and 5 quality fac-
tors) to be fitted. Following Algorithm 2, all parameters are identified in 5 iterations,
each corresponding to an identification of a pair of complex pole or a complex zero. The
initial parameter values identified are shown in the second column in Table 6.2 and the
model corresponding to iteration 1, 3, and 5 are shown in Fig. 6.20. In this example,
the identification was done via visual comparison between the magnitude response of the
model and the measured data. Here, the model does not need to fit perfectly with the
data because of the optimization step that comes after this.

With the initial parameters obtained, the transfer function model can be obtained
using a local optimization method. In this case, the model was fitted using
scipy.optimize.minimize(fun, x0, method="Nelder-Mead",
options={"adaptive:True, maxiter=len(x0)*1000"}) in Python, where fun is the
cost function and x0 is the initial parameters. Note that the it is the logarithm of the
parameters in Table 6.2 being optimized, not the model parameters themselves. The
optimization was terminated after 1771 iterations, with a final cost function of -0.1725.
In comparison, the cost function is evaluated to -0.1492 with the initial guess. The
result is shown in Fig. 6.21 and the fitted parameters are shown in the third column of
Table 6.2. As can be seen, the optimized model fits well to the frequency response and is

an improvement of the initial fit.
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Parameter | Initial guess Locally optimized Globally optimized
kpc 3.955 x 1072 3.761 x 10~ 3.761 x 1072
Wn 1 0.27 x 27 0.2771 x 27 0.2771 x 27
Wn,2 0.6 x 27 0.5959 x 27 0.5959 x 27
Wn3 1.1 x 27 1.078 x 27 1.078 x 27
W1 0.4 x 27 0.4111 x 27 0.4111 x 27
Wh o 0.7 x 27 0.7098 x 27 0.7098 x 27

Q1 20 24.85 24.83
Q2 10 17.36 17.38
qs 10 7.428 7.426
q 20 23.36 23.10
a 50 9.742 9.755

Table 6.2: Model parameters indentified for modeling SRM F1 GAS frequency response.

SRM F1 GAS filter magnitude response initial parameters
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Figure 6.20: Iterations 1 (orange dashed), 3 (green dash-dot), 5 (red dotted) of model
parameter initialization for the SRM F1 GAS filter frequency response.

As a comparison, the global optimization method was also used to perform the fitting
and the results are shown in Fig. 6.22. The global optimization was performed multiple
times using different random seeds. The boundary of the for the global optimization was
set using the aforementioned criteria. And, the optimization was achieved in Python us-
ing scipy.optimize.differential_evoluion(func, bounds, workers=-1,
updating="deferred"), where func is the cost function and bounds specifies the bound-
ary of the parameters. As shown in Fig. 6.22, the fit was only successful when the random
number seed equals to 4 and this illustrates the aforementioned discussions about using
a global method where the fit is done partially. The cost function evaluates to -0.1593,
-0.1603, and -0.1725 for seed equals to 2, 3, and 4, respectively. For the successful case,
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Figure 6.21: SRM F1 GAS filter frequency response modeling using local optimization.
Blue: Measured frequency response. Orange dashed: Initial guess for the local optimiza-
tion. Green dash-dot: Transfer function model fitted using local optimization.

the evaluated cost function is practically identical to that of the local optimization. The
optimized parameters are shown in the forth column in Table 6.2. As can be seen, the pa-

rameters are practically identical to that of the locally optimized ones (with 4 significant

figures.).
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SRM F1 GAS filter magnitude response
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Figure 6.22: SRM F1 GAS filter frequency response modeling using global optimization.
Blue: Measured frequency response. Orange dashed: Model fitted using global optimiza-
tion with random seed = 2. Green dash-dot: Model fitted using global optimization with
random seed = 3. Red dotted: Model fitted using global optimization with random seed
= 4.

6.3.2 Frequency spectrum modeling

The modeling of frequency spectrum can be straightforwardly done by minimizing a cost
function:
(1 . 2

mn (N ; [log S(fi;0) — log S(fi)] W(fz)) ) (6.71)
where S(f;) is the measured frequency spectrum, f; is the frequency data points, N is
the number of data points, S (fi;0) is the model of the frequency spectrum, 6 is the array
of model parameters, and W (f;) is the weighting function. In this case, the plant model
and the frequency response are replaced with an empirical model of the spectrum and the

measured spectrum, respectively. An example of an empirical model is something like

2 2%
S(f;a,b,N,, N,) = [(?f—) + (%) ] : (6.72)

where a, b, N,, and N, are the model parameters. An empirical model in this form
corresponds to a quadrature sum of two straight line spectrum with two frequency depen-
dencies a and b. Tt is very useful for describing the amplitude spectral density (ASD) of

sensor noises such as the geophone noise and the LVDT noise.

In some applications, it is useful to model the amplitude spectral density of a signal
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with the magnitude response of a transfer function. This corresponds to modeling the
signal as an output of a system that has a white noise input with unity amplitude spectral
density. This is particularly useful in applications such as H., optimization, which is to
be discussed in Part III. In this case, the modeling is not as straightforward as modeling
the frequency response of the suspensions since a transfer function model cannot be well
defined. This is because the frequency dependency of the ASD of a signal can have
fractional order, such as 1/f%®, whereas a transfer function model only has integer order,
which corresponds to the number of poles and zeros. It is possible to represent a fractional
order system with a higher integer order transfer function. However, this only works within

a certain frequency range.

Moreover, even if the required order of the transfer function is known, it is still difficult
to define a transfer function model. Recall, from Eqn. (6.65), that a generic transfer

function model can be defined as

. bo + bis + bys® + -+ + b, 8™
p(S): )
ap+ ar1s + azs? + - - + a,s"

(6.73)

where n and m denote the order of the denominator and numerator polynomials, respec-
tively. Again, directly using this as the model for fitting is an ill-conditioned optimization
as it gets numerically unstable. Assuming that numerical stability is not an issue, there
are still other problems: 1) Using the model for a local optimization directly requires a
good initial guess, which is difficult to obtain, and 2) using the model for a global op-
timization can be difficult as the boundaries of the coefficients a; and b; cannot be well

defined. The model can be factorized into

/ .

oo TIs = = I s+ T +ufl

P<S) = k Nsp Ncp 2 Wn 4 2 (674>
[L2 s —pi [ LS s>+ o St Wh

where 2; and p; are the simple zeros and simple poles, wy ;, w;, ;; ¢i, and g; are the resonance
frequencies and quality factors of the resonances and the antiresonances as described
previously, and ns,, ngp, Ny, and nep are the numbers of simple zeros, simple poles, pairs
of complex zeros, and pairs of complex poles, respectively. From this model, it is obvious
that ng, +2n., = m and ng, +2ne, = n but there are no more information that can further
be used to deduce the individual numbers of simple zeros and poles and the numbers of

complex zeros and poles. This makes model selection difficult for spectrum modeling.

To make frequency spectrum modeling work, a 2-step method is proposed. The first
step is to use a zero-pole-gain (ZPK) model to coarsely model the frequency spectrum.
The ZPK model is defined as

A Hnizl S — Z;
Prpx(s; zi, pis k) = ke ———— (6.75
( ) = s—p )
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A model in this form can be used to fit the frequency spectrum using a global optimization
algorithm. This is because the required order of the transfer function model can be used
to set ng, and ng, directly so the model becomes defined. The values of z; and p; are
also supposedly bounded within the frequency range of the measurement, or a known
frequency band of interest. This makes global optimization possible. However, the ZPK
model is not a generic from of a transfer function so modeling the frequency spectrum with
a ZPK model is only an intermediate step. The second step is to convert the ZPK model
into a polynomial form, using the globally optimized values of simple zeros and poles.
This gives initial values of a; and b; for the generic transfer function model in Eqn. (6.73),
which can then be proceeded for a local optimization. The local optimization should be
numerically stable as the ZPK model should provide a sufficiently good fit close to a local
minimum.

As mentioned previously, the modeling of a fractional-order frequency spectrum using
a transfer function model only works at within a frequency band of interest. This means
the frequency spectrum at outside the frequency band is not modeled. This fact can be
used to simplify the modeling problem if the magnitude response of the transfer function
model is allowed to be flat outside the frequency band of interest. In this case, the numbers
of simple zeros and simple poles selected are equal, i.e. ng, = ng,, during the intermediate
step. The selection of this number is not obvious. In principle, a higher order transfer
function could mean a better fit of the frequency spectrum. But, in practice, this usually
gives zero-pole cancellation pairs outside the frequency band of interests, indicating that
the numbers of zeros and poles are in excess. As a general rule of thumb, the number
can be initiated by the minimum integer that is higher than the fractional order of the
frequency spectrum. For example, if the frequency spectrum has a f~3°, then the order
is initially chosen to be 4. The order can be increased when the fit is not satisfactory, or
it can be decreased when zero-pole cancellation starts to occur.

It is also worth mentioning that the transfer function model obtained using local
optimization might represent a non-minimum phase system. This means that the transfer
function model is stable but its inverse is not, i.e. it has at least one zero with positive
real part. In applications where the inverse of the model needs to be invoked, the model
must be converted to a minimum phase one. This can be achieved by simply negating
the positive real parts of the zeros. This will not change the magnitude response of the
transfer function model. Only the phase response is changed, which is not important for

modeling a frequency spectrum.

SRM IP longitudinal geophone noise spectrum modeling

To illustrate the frequency spectrum modeling method, an example showing the modeling
of a geophone noise spectrum is shown below. Fig. 6.23 shows the SRM pre-isolator

geophone noise spectrum (Blue solid) in the longitudinal direction. The empirical model
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(Orange dashed), ZPK model (Green dash-dot), and the transfer function model (Red
dotted) for this spectrum are also shown. The three geophones at the pre-isolator stage
circles around the pre-isolator in a way like the LVDTs as described in Sec. 6.2.1. The
effective longitudinal noise spectrum is obtained by multiplying the geophone spectra in
the sensor basis by the corresponding longitudinal row elements of the sensing matrix.
Then, the they are quadrature summed to obtain one spectrum corresponding to the noise

spectrum in the longitudinal direction.

SRM IP longitudinal geophone noise

106 - ~\,‘ m—— Measured
"\ Empirical model
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Figure 6.23: Geophone noise spectrum. Blue solid: Measured noise spectrum. Orange
dashed: Empirical model. Green dash-dot: ZPK model. Red dotted: Transfer function
model.

In Fig. 6.23, three models are used to fit the measured noise spectrum, including the
empirical model (6.72), the ZPK model (6.75), and the transfer function model (6.73).
In all cases, the models are obtained by minimizing the cost function in Eqn. (6.71).
For the ZPK model and transfer function model, only the magnitude response is used,
instead of the complex-valued frequency series. The weighting function is chosen to be
lat f < 0.1 and f > 1, and is 0 between 0.1 < f < 1 due to the observable residual
resonances of the suspension. The empirical model is obtained using a local optimization
algorithm same as that used in Sec. 6.3.1. The initial parameters are chosen to be 6 =
{a,b, N,, Ny} = {10756, 107523 3.5,1}. These values were obtained using a graphical
method (i.e. calipers) on the typical geophone intrinsic noise shown in Ref. [29]. And,
the optimized empirical model is shown as orange dashed curve in Fig. 6.23.

The ZPK model and the transfer function model are obtained by fitting the frequency
responses of the models to the optimized empirical model, not the measured data. The

benefit of obtaining an empirical model beforehand is that it enables further fitting with
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log-spaced frequency data, which helps normalizing the significance of data point at dif-
ferent frequencies. It also filters out unwanted data in the measured spectrum. The ZPK
model is obtained first and corresponding model is a ZPK model with 4 simple zeros and
4 simple poles. The order 4 is chosen based on the fact that the geophone noise has a fre-
geuncy dependency of ~ f=35 at low frequencies. The optimized ZPK model is obtained
straightforwardly with a global optimization algorithm same as that used in Sec. 6.3.1.
The magnitude response of the ZPK model is plotted in green dash-dot in Fig. 6.23. As
can be seen, it follows the trend of the empirical model well but it fluctuates around the
empirical model.

The optimized ZPK model is used as the initial guess of the local optimization for fit-
ting the transfer function model. Because the ZPK model is already close to the empirical
fit, the local optimization using a transfer function model did not result in an unstable
numerical optimization. The frequency response of the transfer function model obtained
using local optimization is shown as red dotted line in Fig. 6.23. It overlaps with the

empirical model almost perfectly and is a much better fit compared to the ZPK model.

6.4 Coarse alignment and local damping control

To begin the section, it is worth recalling the control block diagram of one single degree
of freedom as shown in Fig. 5.5. In this section, the design of the controller K(s) is
discussed. In particular, the discussion for damping control and coarse alignment con-
trol is provided. The controller discussed in this section serves the purpose for initially
controlling and aligning the interferometer. It stabilizes the displacement of the optics
and it roughly aligns the optics, putting the interferometer into the operating point so
interferometer control can be further engaged. These controllers are required to be simple
and robust. The design of the controllers does not take into account the sensing noise.
Therefore, the controller discussed here is not guaranteed to be valid for the observation
mode where noise performance at higher frequency becomes crucial. With that said, the
noise performance is largely determined by the sensing noise, as the open-loop gain is
typically low at observation band. Therefore, the controls at degrees of freedom at lower
stages are usually disengaged during observation since the control noise are less attenuated
passively by the pendulums.

The design of the controller is typically done manually by experts by shaping the
open-loop frequency response. They do so by putting required control bandwidth above
unity gain and making sure that the system is stable according to simple stability crite-
ria. This is usually done according to personal experience and it leads to inconsistency
across different systems. For instance, one may require a stability phase margin of 30°
while others may require 45°. Moreover, this way of designing of the controller lacks

reproducibility as the ideology is based on personal experience and is not quantified ob-
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jectively. The controllers should not be copied over other systems as there are subtle
differences, e.g. slightly different resonance frequencies that might prevent that. To solve
the issues above, this section seeks to provide an algorithmic way to shape the feedback
controllers according to the modeled plant of the suspension.

There are three types of filters discussed in this section. Sec. 6.4.1 discusses the
design of a derivative controller for critically damping the resonances of the suspension.
Sec. 6.4.2 discusses an augmentation to the damping controller for position control. And,
Sec. 6.4.3 discusses additional post-filter techniques that can help attenuating unwanted

high frequency noise and improving stability.

6.4.1 Damping control

For simplicity, consider a single pendulum shown in Fig. 5.4. The transfer function from

the actuation on the pendulum to the displacement of the pendulum has the form

w?

P(s) = kpc———+—— 6.76

(5) DCSQ—l—%S—l—w%’ (6.76)
where kpc is the static actuation efficiency, w, is the resonance frequency, and ¢ is the
quality factor. Now, suppose the disturbance D(s) is the perturbation of the displacement
X (s) due to the motion of the platform X ptform(s) where the pendulum is suspended from.

The disturbance reads
s+ w?

D(s) = 55— Xphatform(5) , (6.77)

2 | wn 2
s  + q"s—i—wn

where Xpjatform () is the platform displacement. Neglecting sensing noise, the displacement

of the pendulum under feedback control reads

1
X(s)=——————D
(5) 1+ K(s)P(s) (5)
1 s+ w? .
T R T e

s2+w7"s+w%
w 2
TSt wn

= X atform 5
s2+ =5 +w? + K(s)kw? platform (5)

where the expression in the first line is given by Eqn. (5.4), and in the second line, P(s)
and D(s) are substituted by Eqn. (6.76) and Eqn. (6.77), respectively. It is obvious that
when K (s) = 0, the denominator is composed of a pair of complex poles, which represents
the resonance of the pendulum. The magnitude response has a peak around w = w,,. This
amplifies the motion of the platform X, jatform(s) and is obviously not desirable.

Simply judging from Eqn. (6.78), it is obvious that when K(s) is large, i.e. K(s) —

oo, the pendulum displacement X(s) gets decoupled from the motion of the platform.
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However, this is not feasible due to two reasons: 1) The displacement will be dominated
by sensing noise in reality, and 2) The actuation signals may get saturated, which is
something that needs to be avoided as it causes actuation coupling to other degrees of
freedom or even causing large oscillations. A compromise is to set K(s) such that the
dynamics of the system contains no resonance, hence no oscillation and not amplifying
any external disturbance. Although this does not guarantee that the actuation signals
will not be saturated, it provides a baseline for setting the controller that can be tuned
in practice.

To achieve a closed-loop system with no oscillation, the controller K(s) needs to
lower the qualify factor in the closed-loop condition. The inverse of the quality factor
is a coupling constant to the Laplace variable s in the denominator. This requires the
controller to at least contain a factor proportional to the Laplace variable s. And, without
changing the resonance frequency of the system, the controller is exactly proportional to
s, giving

K(s) = kys, (6.79)

where ky is the derivative gain. The system is said to be critically damped when the
quality factor is 0.5°. This is because a quality factor of 0.5 corresponds to a system with
a transfer function 1/(s* + 2w,s + w?), which has exactly two simple poles at s = —w,,
corresponding to two exponential decays with no oscillation. To achieve this, it is easy to
see from Eqn. (6.78) that when

Nt kakpew? = 2wy, (6.80)
4q

the system is critically damped. This gives the critical derivative gain

kg = % . (6.81)

For degrees of freedom with only one resonance, the critical damping controller (6.79)
can be straightforwardly implemented by substituting the derivative gain by Eqn. (6.81).
The parameters kpc, wy, and ¢ in Eqn. (6.81) are exactly those obtained from system
identification as discussed in Sec. 6.3.1.

However, most degrees of freedom in a suspension have more than one resonance, recall
that the suspension is a multiple-pendulum. For these systems, the critical derivative gain
cannot be easily derived analytically. Instead, a numerical approach is used to obtain the
critical derivative gain. In this case, the critical derivative gain is defined such that one

of the closed-loop complex-pole pairs turn into a pair of simple poles. To visualize this,

6A quality factor of /2 /2 is also a reasonable choice. This gives frequency response containing no
local maximum at the resonance frequency. Therefore, anywhere between 0.5 and v/2/2 satisfies the no
amplification requirement.
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Figure 6.24: Root locus plot for SRM F1 GAS filter derivative control. Solid lines: root
loci of the closed-loop poles. Crosses: Open-loop poles corresponding to the starting
points of the root loci. Circles: Open-loop zeros corresponding to the end points of the
root loci.

consider a root locus plot as shown in Fig. 6.24. The root locus plot shows the locations
of of the poles of a closed-loop system as a parameter vary. In this example, the SRM F1
GAS filter transfer function identified in Sec. 6.3.1 is used as the plant P(s) and the the
parameter is the derivative gain k4. In Fig. 6.24, the cross markers represent the poles of
the open-loop transfer function K (s)P(s) and the circle markers represents its zeros. At
ks = 0, the closed-loop poles are the open-loop poles. As k, increases, the each closed-loop
poles follow one of the root locus (branches) and travel towards the open-loop zeros. As
kg — oo, the closed-loop poles end at the open-loop zeros. As shown in Fig. 6.24, the first
branch (blue) and the second branch (orange), corresponding a pair of poles, meet on the
real axis between -6 and -4. The point where they meet corresponds to a break-in point
and is where the two complex-pole pairs turn into two simple poles, and there will be no
oscillation correspond to this mode. This is where the k; should be set for a critically
damped system. The other poles, however, never meet on the real axis and go toward
the closest complex zeros directly. This is typical for systems in a suspension, which have

transfer functions with a relative order of two, i.e. there are two more poles than zeros.

The root locus analysis showed that one pair of complex poles can be turned into a
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Algorithm 3 Finding the critical derivative gain using a bisection algorithm.

’
Wl
ng 2, Yni o2
[[:Z, s*+— st

P(s) + kl_lﬁpl s2+iﬂ's+w2 : > The identified plant.
i= q; n,i

kg <+ m > The lower limit of the derivative gain

K(s) & kas > The controller.

C(s) « % > The closed-loop transfer function.

€< 0.1 > A multiplicative increment. For example, 0.1.

kq < kq > The upper limit of the derivative gain, to be found.

Find the upper limit of the derivative gain:
while C(s) only has complex poles do
ka < ka (1 +€) > Increment the derivative gain until it exceeds the critical
K(s) < kqs
K(s)P(s
C(s) — THitir
end while

Bisection algorithm for the critical damping gain:

tolerance < 107° > An acceptable tolerance for termination. For example, 1076.
while kd];@ > tolerance do
log ky+log kg
kl, <~ 10— =2 — > A trial gain the logarithmic mean of between the boundaries.
K(s) < ks
C(s) & reigtis
if C(s) only has complex poles then > Underdamped.
kaq — K > Tighten the lower limit.
else > Overdamped
kg < K, > Tighten the upper limit.
end if
end while
k‘d — k‘&
return ky > The critical derivative gain.

pair of simple poles, indicating a critically damped condition. However, it is not obvious
from the plot that what derivative gain k; should be set. And even if there is, the critical
derivative gain is only good to an accuracy of the grid size of the gain used to plot the
root locus. Instead, a numerical approach is proposed to obtain the critical damping gain,
as shown in Algorithm 3. In the algorithm, the lower limit k4 and upper limit ky of the
derivative gain is first obtained. And then, a bisection algorithm is used to tighten these

limits until a convergence condition is met.

The lower limit is defined by

1
k, = . 6.82
=4 max [jwP(jw)| (6.82)
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This lower limit is the lowest gain such that the open-loop gain |K (jw)P(jw)| is below
unity at all frequencies, which means there is zero control bandwidth. The critical deriva-
tive gain should be higher than this value so it is a reasonable way to set this lower limit.
As for the upper limit, it is found by an iteration. The upper limit ky is first set to the
lower limit k4. Then, in each step of the iteration, k4 gets multiplied by a factor of (1+¢),
where € is a small number and is set to 0.1 in Algorithm 3 as an example. The gain kg
is used to test the closed-loop transfer function to see if the gain is high enough such
that the two complex poles turned into two simple poles. The process repeats until this
happens and the upper limit k4 is obtained.

Now, the critical derivative gain is known to fall in the interval (kq, k4). Therefore, a
numerical method like the bisection algorithm can be used to find the critical derivative
gain. Strictly speaking, the bisection algorithm is an algorithm for finding the root of
a function that falls within a certain interval. However, it can be modified for find the
critical derivative gain as shown in the second while-loop in Algorithm 3. In each step
of the iteration, a trial derivative gain k] is set to the logarithmic mean of between
(ka, k4). Practically, setting the trial to the half-way between the limits also works but
the logarithm is chosen based on the fact that Bode plots are typically plotted in log-
scale. The trial gain is then used to evaluate the closed-loop poles. If the closed-loop poles
still have complex values, then the lower limit kg is set to the trial gain and the process
repeats. Otherwise, the upper limit k; is set to the trial gain and the process repeats.
The iteration is terminated when (kg — kq)/kq is smaller than a user-defined tolerance,

i.e. when they become close enough.

SRM F1 GAS filter critical damping control

To illustrate, algorithm 3 was used to obtain the critical derivative gain for the SRM F1
GAS filter degree of freedom. The transfer function of the system is given by Eqn. (6.66)
and the identified parameters are those given in Table 6.2. Using algorithm 3, the critical
derivative gain was found to be 18.96 for the SRM F1 GAS filter degree of freedom.
As a comparison, using Eqn. (6.81) directly yields a derivative gain of 29.32, which is
slightly overdamping but is actually not a bad estimation of the critical derivative gain in
log-scale. The frequency response of the open-loop transfer function K (s)P(s) is shown
in Fig. 6.25. Here, the dominant resonance is the one at 0.2771 Hz. As shown in the
figure, only the open-loop gain around the resonance is above the unity gain, indicating
the feedback action only exists around this frequency but not at other frequencies. Other
resonances are also put above the unity gain but this is purely coincidence. It is also
worth noting that the this system is unconditionally stable since the phase never go lower
than —180°.

Fig. 6.26 shows a comparison between the magnitude response, i.e. the ratio between

the displacement and the actuation, of the open-loop system and the closed-loop system.
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Figure 6.25: Open-loop transfer function of the critical damping control for SRM F1 GAS
degree of freedom. (a): Magnitude. (b) Phase.

The frequency response of the closed-loop system is estimated by P(s)/(1 + K(s)P(s)).

As can be seen, the closed-loop magnitude response has no amplification above the DC

gain.
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SRM F1 GAS filter magnitude response

=

[en)
=]
!

—— Open loop
Closed loop with critical damping
107!
1072
@ !
<
=]
Z107°
D
ﬂ
<
107
\
N
1077 5 NG
1076 3 T T T T T
1072 107! 10° 10t 107

Frequency (Hz)

Figure 6.26: SRM F1 GAS filter magnitude response. Blue: Open loop. Orange: Closed
loop with critical damping.

6.4.2 Coarse alignment control

The purpose of a position control system is to coarsely align the main optics such that
the interferometer is sufficiently aligned. This brings the interferometer to an operating
point where control systems using the interferometer sensors can be engaged. Initially,
the aligned position of a suspension is found via a manual alignment. The positions are
then recorded and set as the setpoint R(s) of the control system as shown in Fig. 5.5.
They are static position at DC so the setpoints R(s) are typically a static value, i.e.
DC. For the displacement X (s) to reach the setpoint the least requirement is that as
time t — oo, [R(s) — X(s)] — 0. Recall the coupling factor of R(s) in Eqn. (5.1),
K(s)P(s)/(1+ K(s)P(s)), this gives

(6.83)

Note that the disturbance and noise terms in Eqn. (5.1) are ignored in this analysis.

According to the final value theorem, as ¢t — oo, R(s) — X (s) approaches

lim s[R(s) — X(s)] = lim smﬁi(s) | (6.84)
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Let R(s) to be a unit step function 1/s, then, position control requires

1

lim TRePE =" (6.85)

For Eqn. (6.85) to be true, the open-loop transfer function K (s)P(s) must have at least
one pole at the origin, i.e. K(s)P(s) must contain a multiplicative factor of 1/s. While
P(s) is the transfer function of the suspension containing only complex zeros and complex
poles, position control can only be achieved by having a controller that is proportional to

1/s. This corresponds to using an integral controller
K(s)=—, (6.86)

where k; is the integral gain.

To see how the integral gain affects the time response, consider the low frequency
region where the plant has a flat frequency response. At frequencies below the resonance
frequencies, the frequency response of the plant can be estimated as a constant, kpc. In

this case, the displacement with integral control can be written as

LS
X = e )
kks bC (6.87)
= DY R(s).
s+ kikDC
Again, letting R(s) to be a unit step function gives
.k 1
X = T
S i S
| Dcl (6.88)
= SRk
and taking the inverse Laplace transform gives
L7X(s)} =1 — e Fiknct (6.89)

Fig. 6.27 shows the time response of this type of system. As can be seen, the displacement
is gradually brought to the setpoint following an exponential decay function with a time
constant 7. For coarse alignment control, it is desirable for the time constant 7 to be as
low as possible. This is because the coarse alignment control is used for initial alignment
and re-alignment of the interferometer after lock-loss. All these alignment tasks take
time off the observation period and accomplishing fast alignment directly translates to

reduction of downtime and an improvement in duty cycle.

Now, the suspension control integral control alone is not unconditionally stable, unlike
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Time response of an integral control system
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Figure 6.27: Time response of an integral control system.

the derivative control. This is because the integral term 1/s introduces a phase of —90°
to the open-loop transfer function. Combined with the —180° phase lag introduced by
the resonance of the suspension, it makes integral control possibly unstable for the sus-
pensions. Therefore, one must select the integral gain carefully to avoid instability. For
integral control to work alone as a position control system for suspensions, the gain has to
be low enough such that the peaks around the resonances in the magnitude response the
open-loop transfer function are lower than unity. However, this kind of design lacks effi-
cacy as it would imply the integral gain k; has to be so low, way lower than the resonance
frequency, and hence the time constant 7 = 1/k;kpc has to be so high. Alternatively, the
integral control can work with additional filters such as notch filters and low-pass filters,
which can help stabilizing the control. But, this design can be complicated as there are a
lot of design freedom.

Fortunately, the integral gain can work together with derivative control such that the
derivative action dominates at the resonance while the integral action dominates at low
frequency where the frequency response of the plant is flat. Here, a heuristic approach
for obtaining a reasonable integral gain is presented. First of all, the derivative gain kg
is selected according to Algorithm 3 in Sec. 6.4.1. After that, record the minimum unity
gain frequency wygr1 at [jwugr1ka(jwugt1)P(jwugr)] = 1. Now, an integral controller is

added in parallel to the derivative controller such that

ki

K(s) = ~+ kas . (6.90)

Here, the idea is to have the derivative controller dominating the control bandwidth at
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frequencies above wyg 1 while the integral control dominates at lower frequencies. One
possible realization is to require

ki

jwugf,l

kpel < 1. (6.91)

The line above assumes a plant with a flat plant at that has a magnitude response of kp¢,
and sets the integral control unity gain frequency to lower than wygs 1. Therefore, for the

fastest position control, the integral gain is set to

fy = uehl (6.92)
kpc

where, again, kpc is the DC gain of the plant as shown in Eqn. (6.70). The reason why
requirement as shown in Eqn. (6.91) implies that the derivative control dominates at
frequencies above w1 is due to the fact that the open-loop gain of the derivative control
is proportional to w while that of the integral control is proportional to 1/w. While
the critical damping criterion requires the first unity gain frequency wygr1 to be lower
than the main resonance frequency, this ensures (for most suspension plants) that the
integral control dominates at frequencies below the resonances and the derivative control

dominates at frequencies higher than the resonances.

To further improve the transient response of the position control system, a proportional
gain can be added so the controller turns into a full proportional-integral-derivative (PID)
controller:

MQ=%+%+@& (6.93)

where k, is the proportional gain, k; is the integral gain, and k4 is the derivative gain.

Again, like the integral control, a similar requirement can be set for the proportional gain
|kpp(jwugf,l)‘ S 1. (694)

So for the fastest position control, the proportional control gain is

1
= [Pl o
With that said, the proportional gain is more flexible than the integral gain since pro-
portional control will not lead to instability but only reduce the phase margin, if there is
any. Again, all PID gains here are selected based on some heuristic criteria and can be
tuned, shall there be other design considerations. Also, the design presented here serves
as a baseline that is suitable for most plants in a suspension. Further improvements can

always be made on a case-by-case basis.
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SRM F1 GAS filter coarse alignment control
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Figure 6.28: Open-loop transfer function of the SRM F1 GAS filter control. (a): Mag-
nitude plot. (b): Phase plot. Blue: Derivative control. Orange dashed: Integral and
derivative control. Green dash-dot: PID control.

The integral and proportional gains for the SRM F1 GAS filter degree of freedom
were obtained using Eqn. (6.92) and (6.95). Together with the derivative gain obtained in
Sec. 6.4.1, three types of control systems are presented here, including derivative control
(blue), integral and derivative control (orange dashed), and PID control (green dash-dot).
As shown in Table 6.3, the PID gains are 19.58, 27.45, and 18.96 for propotional control,
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SRM F1 GAS filter time response
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Figure 6.29: Simulated time response of the SRM F1 GAS filter control. Blue solid:
Derivative control. Orange dashed: Integral and derivative control. Green dash-dot: PID
control. Red dotted: No control.

integral control, and derivative control respectively. Fig. 6.28 shows the corresponding

ky ki kg
19.58 27.45 18.96

Table 6.3: PID gains for the SRM F1 GAS filter control.

open-loop transfer functions K(s)P(s). First of all, from the phase plot (b), it can be
seen that the phase response of all open-loop transfer functions are well within +180°,
indicating all systems are stable. From the magnitude response, it can be seen that a
pure integral control with derivative control introduces a notch before first resonance.
This correspond to the complex zeros introduced by the controller k;/s + kqs, which has
a pair of complex zeros at +j \/%. This may be fine practically but it implies that
the system will not be able to control or suppress any disturbance at that frequency,
qualitatively speaking. This issue can be mitigated by the addition of the proportional
gain, which puts the open-loop gain at the notch above unity. At higher frequencies, the
open-loop gain is almost visually indistinguishable from that of the derivative control,
indicating a similar performance. At lower frequencies, the open-loop gain is dominated
by the integral control which has a signature 1/ f frequency dependency.

Fig. 6.29 shows the simulated time response with all three controllers alongside the
time response with no control. Since there is no position control in the derivative control
and the open loop system, they cannot track the reference signal R(s). Instead, their

time response are generated by injecting a step actuation signal with a magnitude of
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1/kpc, which is the corresponding actuation required to put the displacement at unity.
For integral with derivative control and PID control, the time responses are generated
by injecting a unit step function to the setpoint R(s), i.e. commanding the system to
move the suspension by an amount of unity. This makes the time responses of the three
systems comparable.

As shown in Fig. 6.29, all systems have an equilibrium position at 1 um. Compared
to the open loop (red dotted), all three controlled system settled around the equilibrium
quicker therefore they damped the resonances well. It might seem that the derivative
control has superior control performance in terms of rise time and settling time. But,
again, the position of the derivative control system is not regulated so these performances
are irrelevant. This, however, suggests an interesting control strategy for even faster
alignment control, where derivative control and an actuation offset are engaged prior
to the position control. For the integral + derivative control (orange dashed) and PID
control (green dash-dot), they yielded similar performance. A subtle difference is that
the integral + derivative control has a slightly higher overshoot owing to the reduced
bandwidth. Nevertheless, they both controlled the position well and can be used for

coarse alignment control of the suspension.

6.4.3 Post-filtering

With a well-behaved system, the PID controller in the form of Eqn. (6.93) is typically
sufficient for coarse alignment and damping control. However, in most cases, additional
filtering is required not just for noise attenuation, but also for stability due to unmodeled
dynamics and outlier resonances. These abnormalities are treated with usually two types

of filters, low-pass filters and notch filters.

Low-pass filter

Fig. 6.28 and Fig. 6.29 shows the simulated SRM F1 GAS filter control system with the
modeled transfer function. No abnormalities were found in these simulations. It might
seem that the controllers are ready to be implemented. However, plotting the frequency
response of the open-loop transfer function of the PID controller using the measured
frequency response (as shown in Fig. 6.19) of the SRM F1 GAS filter degree of freedom
yields some interesting results. Fig. 6.30 shows the open-loop transfer function estimated
with the measured frequency response (blue) and with the transfer function model. As
can be seen, the magnitude responses match very well below the last unity gain frequency
at ~ 2Hz. However, the magnitude responses above that starts to deviate from each
other and the one with measured frequency response started rising drastically above the
unity gain at above ~ 10 Hz. Again, the rising magnitude response is not the mechanical

response from the GAS filter. Rather, it is the magnetic coupling between the coil-magnet
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Figure 6.30: SRM F1 GAS filter open-loop transfer function. Blue: Open-loop transfer
function estimated with measured frequency response. Orange: Open-loop transfer func-
tion with transfer function model.

actuators and the LVDT coils (hence it has perfect coherence). While this coupling may
not cause instability in theory, this configuration causes the the LVDT coils and actuation
signal to saturate, an effect basically indistinguishable from instability. Therefore, the
actuation to sensor coupling must be filtered such that the control bandwidth does not
extend to the frequency where actuation to sensor coupling dominates.

To achieve this filtering, the a low-pass filter can be added after the control. Or equiv-
alently, the feedback controller can be modified by multiplying the low-pass filter. Now,
there are many types of low-pass filters, such as the Chebyshev filter, the Butterworth
filter, and the Elliptic filter. For simplicity, the simple low-pass filter L(s)

S+ we

L(s;wc>=( s ) (6.96)

where w, is the cutoff angular frequency and n; is the order of the filter, is chosen for
further discussion in this section. But, the method discussed here are general for all types
of low-pass filter.

The order of the low-pass filter n; determines how fast the filter rolls off and the cutoff
frequency determines at what frequency does the filter begin to roll off. Fig. 6.31 shows
examples of low-pass filters up to an order of n; = 4. The selection of the order n; depends
on the purpose of the low-pass filter. For the SRM F1 GAS filter, the minimum order is
n; = 4. This is selected is based on the fact that the magnitude coupling introduces un-

wanted signal that is proportional to f? in the sensing readout. The mechanical response
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frequency.

of the GAS filter has an expected roll-off of f~2, which is that of a spring-mass system.
To retain this roll-off, this gives a relative order of 4, which leads to the selection n; = 4.

As for the cutoff frequency w,., a choice of around the big notch at ~ 8 Hz seemed
reasonable as the magnetic coupling starts to dominate. However, the cutoff frequency

w,. cannot be selected arbitrarily. This is because the low-pass filter introduces negative
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phase distortion, as shown in subplot (b) in Fig. 6.31. The low-pass filter shifts the
phase by an amount of —90° per n;, the order of the filter, and the distortion spans
over two decades around the cutoff frequency. With the low-pass filter added as part of
the controller, this makes instability a possibility as the phase response of the open-loop
transfer function gets below —180°. Therefore, the open-loop transfer function must be
inspected with additional post-filtering to make sure that, at unity gain frequencies, the

phases are above —180°.

Alternatively, since w. is a continuous variable, it can be optimized for a targeted
phase margin. This way, the cutoff frequency gets as low as possible with guaranteed
stability. Algorithm 4 describes a simple 2-step approach to obtain a cutoff frequency
such that the open-loop transfer function with the low-pass filter has guaranteed phase
margin. The algorithm is similar to Algorithm 3, it first obtain a lower limit and an upper
limit of the cutoff frequency, and then, use bisection algorithm to search for the target

cutoff frequency.

The first step is to obtain an upper limit of the cutoff frequency w, by setting it to some
multiple of the highest unity gain frequency of K (s)P(s), the original open-loop transfer
function. In Algorithm 4, it is set to 10 times that of the highest unity gain frequency, but
in principle, it can be higher. The idea is for w, to be high enough such that the phase
margin of K (s)P(s) is roughly the same as that of L(s;w.)K(s)P(s). Then, the lower
limit w, is found by an iteration. The lower limit is first initialized by w. = w.. And then,
in each step, it is divided by a factor of 1 + ¢, where € is a small number and is set to 0.1
in the algorithm as an example. The minimum phase margin of the open-loop transfer
function with the low-pass filter L(s;w.)K (s)P(s) is evaluated in each step. When it is
lower than the target phase margin @garget, the iteration terminates and the lower limit is
found. The minimum phase margins corresponding to the lower limit and the upper limit

of the cutoff frequency are evaluated as ¢ and ®, respectively.

The target phase margin is believed to lie between (¢, $), so a bisection algorithm
can be used to search for the target cutoff frequency. The bisection algorithm tightens
the boundaries (w.,w,) until the phase margins ¢ and ¢ are closed enough, such that the
fractional difference (¢ — ¢)/¢ is smaller than an acceptable tolerance, which is set to 10~°
in the algorithm for example. Alternatively, the termination condition can be set such that
the cutoff frequencies w. and w, are close enough. In each step of the bisection algorithm, a
trial cutoff frequency w;, is set to the logarithmic center of w. and w,. Then, the minimum
phase margin of L(s;w.)K (s)P(s) is evaluated. If it is lower than the target phase margin
Prarget, then the lower limit is tighten by setting it to w. = w;, and the corresponding phase
margin ¢ is re-evaluated as the minimum phase margin of L(s;w.)K(s)P(s). Otherwise,
if the minimum phase margin of L(s;w.)K(s)P(s) is higher than the target phase margin
Grarget, then the upper limit W, is tightened and ¢ is re-evaluated. The process repeats

until, again, the fractional difference (¢ — ¢)/¢ is smaller than an acceptable tolerance.
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Algorithm 4 Optimizing the low-pass filter cutoff frequency

/
[172, s+ Lt staw2, :
=1 a ’ > The transfer function model.

P(s) « kHZ‘L 2t stw? |

K(s) « kp+ 5 + kys > The designed controller (Not necessarily PID).
Wugt,i < get_unity_gain_frequencies (K (s)P(s)) > List of unity gain frequencies.
We +— 10 max(wygf ;) > The upper limit of the cutoff. E.g. 10 times max UGF.
L(s;w.) = (Ser;C)nl > The low-pass filter.
e=0.1 > A multiplicative decrement. For example, 0.1.
Orarget < 45 > The target phase margin. For example, 45°.
We ¢ We > Initialize a lower limit of the cutoff frequency.

Decrement the lower limit until the phase margin is lower than the target:
while Min. phase margin of L(s;w.)K(s)P(s) < drarger dO

we ¢ T3
end while

Bisection algorithm to find the target cutoff frequency:

tolerance + 1076 > An acceptable tolerance for termination. For example, 1075,
¢ < Min. phase margin of L(s;w,)K (s)P(s) > Phase margin with w, = w,.
¢ = Min. phase margin of L(s;w.)K(s)P(s) > Phase margin with w, = w..
> The target phase margin is between (¢, 5)
while % > tolerance do
wl, = 10% > Logarithmic center between the lower and upper limits.
if Min. phase margin of L(s;w,)K(s)P(S) < ¢rarget then > Phase margin too low.
We — Wy, > Tighten the lower limit.
¢ < Min. phase margin of L(s;w.)K(s)P(s) > Re-evaluate ¢.
else > Phase margin can be lowered.
We — W, > Tighten the upper limit.
¢ < Min. phase margin of L(s;w,)K(s)P(s) > Re-evaluate ¢.
end if
end while
We — W, > The target cutoff frequency
return w,

And, in the end, the target cut-off frequency w,. is obtained.

While Algorithm 4 works to provide the low-passed open-loop transfer function with
a target phase margin, the controller with the low-pass filter may not be robust. This
is because the unity gain frequency may happen to be at frequencies where the phase
response has a steep negative slope falling below —180°, which is common for plants with
multiple resonances. The SRM F1 GAS filter is an example of this category. As shown in
subplot (b) of Fig. 6.28, the phase response swings drastically with steep slopes and it is
entirely possible that the unity gain frequencies happen to be on one of the steep slopes.
This would mean that if there is a slight deviation in the modeled plant and the actual

frequency response, the phase response at those frequencies changes by a large amount
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with a possibility to go below —180°. To prevent this from happening, the during the

evaluation of the phase margins, instead of using the plant P(s) directly, a reduced plant

P'(s) = k s (6.97)
S) = DCS2 n .

Wn, 1 2
q1 s+ wn’l

can be used to evaluate the phase response, where w, ; and ¢; are the resonance frequency
and the quality factor of the lowest resonance mode of the original plant P(s) and kpc
is the DC gain of the original plant P(s). The phase response of P'(s) is similar to
that of P(s) but it does not get bumped up by the additional complex zeros and poles.
Therefore, the phase response of P’(s) serves as a pessimistic estimation as it is always
lower or equal to that of P(s). With that said, this is not sufficient as the minimum
phase margin of L(s;w.)K(s)P(s) might not be the same as that of L(s;w.)K(s)P'(s).
Therefore, it is only safe to execute the bisection algorithm in Algorithm 4 twice, one
with P(s) and one with P’(s). After that, the higher cutoff frequency is chosen to be the
final one. Nevertheless, It is always a good practice to perform a visual inspection of the
phase response to ensure the unity gain frequencies do not lie on the falling edges (for
those that fall below —180°) of the phase response.

Post-filtering for the SRM F1 GAS filter controller

Using Algorithm 4, and with n;, the low-pass filter was optimized for the SRM F1 GAS
filter degree of freedom. The cutoff frequency was found to be w. = 71.04rad/s, i.e. at
11.31 Hz. The final controller is the PID controller obtained in Sec. 6.4.2 with the low-pass
filter. The magnitude response of the control filters is shown in Fig. 6.32 as a reference.

The corresponding open-loop transfer functions are plotted in Fig. 6.33. First of all,
from subplot (a), it can be seen that the actuation to sensor coupling at high frequencies
has been attenuated to below the unity gain. Second of all, from subplot (b), the reduced
transfer function model P’(s) (green dash-dot) indeed denotes a worst-case estimation
of the phase response of the transfer function model P(s) (orange dashed). The phase
response of P’(s) is used in Algorithm 4 to evaluate the phase margins. As can be seen, at
the unity gain frequency (black dotted), the phase responses of the measured frequency
response, the transfer function model, and the reduced transfer function model cross the
target phase margin (black dash-dot). And, all phase margins are above the target phase
margin.

At last, the time response of the post-filtered PID controller is compared with that of
the PID controller. The SRM F1 GAS filter system is simulated with the two controllers
to track a setpoint represented by a unit step function. The time responses are shown
in Fig. 6.34. As can be seen, there is practically no difference in time response perfor-

mance between the two controllers. They only difference is that now the post-filtered PID
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Magnitude response of SRM F1 GAS filter control filters
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Figure 6.32: SRM F1 GAS filter control filters. Blue solid: PID controller. Orange dashed:
Low-pass post-filter. Green dash-dot: PID controller with low-pass post-filtering.

controller can be implemented into digital control system of the KAGRA suspension.

Notch filter

A notch filter can be represented by a transfer function with one pair of complex poles
and another pair of complex zeros at the same frequency but with a higher Q factor. One
with a pair of complex zeros with a lower Q factor is called a peak filter that has a peak
rather than a notch filter. The are many ways to express a notch filter. The way the
Foton utility (a control utility used in LIGO and KAGRA) defines it is

§? + setdg )

notch (698)

2 2Wnotch 2 ’
s°+ q s+ Whotch

Knotch(s; Whotch) 4, d) =

where wpoten 18 the notch angular frequency, ¢ and d are two other parameters. The ¢
parameter is behaves like the quality factor but is not quite the quality factor. It controls
the sharpness of the notch. The d parameter is attenuation at the notch frequency so it
represents the depth of the notch filter. In Fig. 6.35, the magnitude response of example
notch filters with different ¢ and d are shown. As can be seen, the attenuation of the
notch filter at the notch frequency wyoten is exactly 1/d, and the sharpness increases with
q.

The notch filter is useful in cases where peak-like structures in the signals or transfer
functions need to be removed. One typical example would be the vertical degrees of

freedom of the Type-B suspension bottom filter (BF) and the intermediate mass (IM).
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Figure 6.33: SRM F1 GAS filter open-loop transfer function with low-pass post-filtering.
(a): Magnitude response. (b): Phase response. Blue solid: Open-loop transfer function
estimated with measured frequency response. Orange dashed: Open-loop transfer func-
tion estimated with transfer function model. Green dash-dot: Open-loop transfer function
estimated with the reduced transfer function model. Black dotted: Unit gain frequency
at which the phase margin is lowest. Black dashed in (a): Unity gain. Black dash-dot in
(b): Target phase margin. Black dashed in (b): —180°.

The magnitude responses of those degrees of freedom are shown in Fig. 6.36. Again, from
the measured freugency response of the BF GAS filter (blue solid), the < f? actuation to

sensor coupling due to magnetic coupling is clearly visibly at high frequency. And, this
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SRM F1 GAS filter time response
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Figure 6.34: Simulated time response of the SRM F1 GAS filter control. Blue solid: PID
control. Orange dashed: PID controller post-filtered with low-pass filter.
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is not modeled as part of transfer function. Together with it, there is a resonance peak
at 11.4 Hz that is not modeled as well due to the increased complexity as it falls into the
frequency where actuation to sensor coupling dominates.

Assuming that the unmodeled resonance is of no issue, the transfer function model
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SRM IM vertical and BF GAS filter magnitude response
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Figure 6.36: SRM BF GAS filter and IM vertical magnitude response. Blue solid: Mea-
sured frequency response of the BF GAS filter. Orange dashed: BF GAS filter transfer
function model. Green dash-dot: IM vertical transfer function model.

(orange dashed in Fig. 6.36) is used to design a PID controller and a low-pass post-filter
according to Sec. 6.4.2 and low-pass filter subsection in Sec. 6.4.3. The open-loop transfer
function is shown in blue solid and orange dashed in Fig. 6.37, with the former estimated
with the measured frequency response and the latter estimated with the transfer function
model. As shown in Fig. 6.37 the open-loop transfer function estimated with the transfer
function model (orange dashed) showed no issues whatsoever, i.e. phase margin target is
met and actuation to sensor coupling is well filtered. However, the one estimated with
the measured frequency response (blue soild) reveals a serious problem. In subplot (a),
at ~ 11.4Hz, the neglected peak goes above unity gain. And in subplot (b), at that
frequency, the phase response is clearly below —180° (starting to fall below —180° at
~ 3 Hz), indicating that the system is unstable. Therefore, the PID controller with low-
pass filter is not implementable in reality. To solve this issue, the controller must be

post-filtered by a notch filter to keep the system stable.

In principle, the notch filter only needs to attenuate the peak in the open-loop gain
such that it goes sufficiently below the unity gain. However, this requirement is loosely
defined as there are multiple values of ¢ and d that can achieve this. Moreover, the
peak height from the measurement is not always accurate due to measurement error and
resolution. Therefore, putting the peak below the unity gain is not necessarily sufficient
to ensure stability. Instead, a perfect pole cancellation approach is suggested here as a

conservative approach.

Suppose the complex poles in the plant associated with the peak that needs to be
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(a) SRM BF GAS filter open-loop transfer function (magnitude)
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Figure 6.37: SRM BF GAS filter open-loop transfer function. (a): Magnitude response.
(b): Phase response. Blue solid: PID with low-pass post-filtering open-loop transfer
function estimated with the measured frequency response. Orange dashed: PID with
low-pass post-filtering open-loop transfer function estimated with the transfer function
model. Green dash-dot: PID with low-pass and notch post-filtering open-loop transfer
function estimated with the measured frequency response.

filtered is
P, = kp —5 6.99
ea. k w Y .
P k(‘S) 082 qzs 12) ( )

where kpc is the DC gain of the transfer function Pye.x(s), wy, is the angular frequency
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where the peak is located and g, is the associated quality factor. This transfer function
can be obtained by decomposing the suspension plant into superposition of complex-pole
pairs. To exactly cancel this peak, the notch filter needs to have a pair of complex
zeros with wpeten = wp and gd = ¢,. The notch filter should not change the frequency-
dependency at higher frequency so it must restore the f~2 roll-off originally supplied by
the complex poles in the plant. This requires the notch filter to contain a double simple
pole at —w,. This gives the notch filter
§2 4+ “Ls 4 w?
Kuoten(s) = —2—5 7. (6.100)
(s +wp)

This gives the notch filter parameters wpoteh = Wy, ¢ = 1, and d = g,.

In theory, this above method works well to obtain a notch filter that perfectly cancels
the peak. But such low value of ¢ sometimes results in an ill-definition in the Foton
utility, which would result in an error. Instead, consider notch filter that has a depth
roughly equal to the peak height. The peak of the plant (6.99) locates at w ~ w,, and
the associated height is ~ kpcg,. Then, the notch filter needs to change that height to
kpc, which requires the complex poles of the notch filter to have a quality factor of 1.
While the complex zeros of the notch filter needs to cancel the original complex poles of
the plant, this gives

82 4 g 4 (2
Kpoten(s) = 5—2—F. (6.101)
%+ wps + wp
Comparing this with Eqn. (6.98), the notch parameters are then ¢ = 2, d = ¢, and
Wnotch = Wy are obtained. It is worth mentioning that the peak height kpcg, is only an
approximation, so the notch filter does not exactly put the peak at the DC gain. But, this
formulation works most of the time in the Foton utility so it is preferred. Otherwise, the
former approach with ¢ = 1 can always be implemented in Foton by manually entering
the complex poles and zeros instead of using the notch filter definition in Foton.

Coming back to the SRM BF GAS filter control, since the peak at 11.4 Hz is not
modeled, the transfer function model (orange dashed line in Fig. 6.36) is not useful for
obtaining Ppeax(s), which is required to define the notch filter. Instead, consider the
transfer function of the vertical degree of freedom of the intermediate mass, which is shown
as green dash-dotted line in Fig. 6.36. The 11.4 Hz peak is also present. This should be
of no surprise since the BF GAS filter degree of freedom is, in principle, measuring the
vertical motion of the intermediate mass as it hangs from the BF GAS filter keystone.
Therefore, the vertical transfer function model of the intermediate mass can be used to
obtain the required notch filter.

After the obtaining the notch filter, the low-pass filter needs to be optimized using
Algorithm 4 but K (s) is not the PID controller, but the PID controller with the notch filter

applied. This is because the notch filter will also change the phase response open-loop
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transfer function so applying the notch filter directly without re-optimizing the low-pass
filter would put the phase margin off the target. This means the low-pass filter with the
notch filter has a different cutoff frequency compared to that without the notch filter. The
open-loop transfer function using the final controller (PID with low-pass and notch filters)
is shown as green dash-dot in Fig. 6.37. As can be seen, the peak around 11.4 Hz is no
longer observable and this makes a stable closed-loop system. And finally, this concludes
the long Chapter 6.
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Chapter 7
Active Isolation Control Filters

The pre-isolator of the Type-A and Type-B suspensions at KAGRA is the first stage in the
suspension chain. It is the interface between the ground and the rest of the suspension that
holds the optics. By virtue of the anti-spring effect, the horizontal resonance frequencies of
the inverted pendulum suspending the pre-isolator table can be reduced to below 0.1 Hz.
This means that the pre-isolator provides passive seismic noise attenuation above 0.1 Hz
and the level of attenuation grows as ~ f? above the resonance frequency. Hence, the
pre-isolator not only provide a ~ 10% times attenuation above the detection band at
10 Hz, but also provide some level of seismic isolation at the frequency band where the
secondary microseism dominates, which is around 0.1 Hz — 0.5 Hz. For example, Fig. 7.1
shows the magnitude response (from actuation to displacement) of the SRM pre-isolator
in the longitudinal direction. As can be seen, the resonance frequencies of the lowest
horizontal modes are well below 0.1 Hz. From the figure, the DC gain is ~ 10~! and at
0.2 Hz, the magnitude is ~ 1072, Assuming that the transfer function from the ground
to pre-isolator displacement has roughly the same shape as shown in the figure, this gives
roughly 10 times passive attenuation at the secondary microseism (simply referred to
microseism hereafter).

The secondary microseism is a background hum in the seismic noise and it appears as a
peak in the seismic noise spectrum. It dominates the motion of the ground. Fig. 7.2 shows
the amplitude spectral density of the seismic noise measured in the KAGRA mine along
the Y-arm direction. Here, the mean, the 10*" percentile, the 50" percentile and the 90"
percentile spectra are shown. Also, note that at frequencies below 0.1 Hz, the seismometer
noise dominates so the spectra do not represent the real seismic noise at those frequencies.
As can be seen, at above 0.1 Hz, the seismic noise spectrum is indeed dominated by a peak
corresponding to the secondary microseism. The seismic noise level can vary from time
to time, depending on the weather. As shown in Fig. 7.2, the microseismic peak can go
as low as ~ 0.1pm/v/Hz at the 10" percentile and it can go as high as ~ 1ym/v/Hz at
the 90" percentile.

While the pre-isolator of the Type-A and Type-B provides some attenuation to the
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(a) SRM IP longitudinal magnitude response
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Figure 7.1: SRM IP longitudinal magnitude response.

microseism, the resonances of the suspension are still being excited by the seismic noise at
other frequencies. In turn, the resonant motion of the suspension become the dominating
factor in the residual motion of the suspension. To suppress the resonances, the use of
feedback control, in particular, derivative control, is already discussed in Sec. 6.4. An
algorithmic way to obtain the critical derivative gain is also provided. However, the
handling of sensing noise has not been discussed. At the pre-isolator stage, the sensors in
question are the linear variable differential transformers (LVDTs). While they work well

for damping the resonances, there is another issue: they measure relative displacements
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Figure 7.2: Seismic noise at KAGRA [53]. Blue solid: Mean spectrum. Orange dashed:
10" percentile. Green dash-dot: 50' percentile. Red dotted: 90" percentile.

rather than inertial motion. This means that the LVDT measurement is coupled to
seismic noise. Fig. 7.3 shows the displacement spectrum of the SRM pre-isolator table
in the longitudinal direction measured by the LVDT (orange dashed) and the geophone
(green dash-dot) under a free swing condition. The seismic noise (blue) is also plotted
for a reference. As can be seen, the microseism at around 0.2 Hz is measured almost
perfectly by the LVDT. This is not present in the geophone readout, which means the
peak correspond to a real seismic coupling but not real motion of the pre-isolator table.

Recall the displacement of a controlled platform X(s), Eqn. (5.4), is a superposition
of disturbance D(s) and sensing noise N(s). To restate Eqn. (5.4), the displacement of a
feedback controlled object is

1 K(s)P(s
X(s) = 1+ K(S)P(S)D(S) 14 .E(zs)i[’zs)N(S) ’ (7.1)
where X (s) is the displacement of an object that needs to be controlled, K(s) is the
controller, P(s) is the actuation plant, D(s) is the disturbance, and N(s) is the sensing
noise. The sensing noise is inevitably injected into to the displacement of the controlled
platform where the open-loop gain |K(jw)P(jw)| is not low enough. With the LVDT
coupled to the seismic noise, this means that the secondary microseism is also inevitably
re-injected to the motion of the pre-isolator table via the feedback action. And, this puts
the situation into a dilemma.

There are three ways to resolve this,

1. Sensor fusion,
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Figure 7.3: SRM IP longitudinal displacement spectrum under free swing. Blue solid:
Seismic noise measured by a seismometer. Orange dashed: LVDT readout. Green dash-
dot: Geophone readout.

2. Sensor correction, and
3. Feedback control optimization.

They are briefly discussed and reviewed in Sec. 7.1, 7.2, and 7.3, respectively. Each of the
approach corresponds to an optimization of a control filter(s) in the control system. They
are the complementary filters, the sensor correction filter, and the feedback controller,
respectively. They can be used independently to improve control performance or they
can be used in conjunction. The optimization of these control filters is discussed in later
sections after the introduction of the H,, method in Chapter 8, which comes shortly after

this chapter.

7.1 Sensor fusion using complementary filters

The idea of sensor fusion is to combine two or more types of sensors with different noise
characteristic into one “super sensor” that has an overall better noise performance. There
are more than one way achieve sensor fusion. In LIGO, Virgo, and KAGRA, the readouts
from different types of sensors are digitally filtered by low-pass filters, band-pass filters,
or high-pass filters [26, 27, 29]. The idea of filtering is to pick the sensor readout from
frequency region where the sensor has good noise performance and ignore those where the
noise performance is poor. The filtered readouts from different types of sensors are then

summed into one complete super sensor readout. In order to obtain the original signal
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that the sensors all commonly measure, the filters need to be complementary, meaning
that their transfer functions are summed to unity. Suppose H;(s) is the transfer function

of the i*" filter and there are n sensors, the following constraint

ZHZ-(S) =1, (7.2)

has to be satisfied so the original signal is not distorted in the super sensor readout,
assuming that the sensors are all well inter-calibrated. For this reason, these filters are

called complementary filters.

In KAGRA, the pre-isolators of the Type-A and Type-B are equipped with two types
of sensors, LVDT and geophone!, as mentioned previously. They both measure the motion
of the pre-isolator table. But, in the case of the LVDT, it also measures the motion of the
ground since its readout is relative. As a result, the presences of the secondary microseism
in the LVDT readout makes it undesirable to be used at frequencies higher than ~ 0.1 Hz.
On the other hand, the geophone measures inertial motion of the pre-isolator table rather
than relative motion. This means the microseism is not coupled to the geophone readout,
making it plausible to be used at frequencies higher than ~ 0.1 Hz. However, inertial
measurement units, including geophones, are intrinsically AC-coupled, meaning that they
have poor low-frequency performance. In the case of KAGRA geophones, it so happens
that the geophones start to become noisier than the LVDTs also at frequencies lower
than ~ 0.1 Hz. The LVDT readout requires a low-pass filter while the geophone readout
required high-pass filtering. This makes the LVDT and geophone a perfect complement
for each other. And, the question is how should these filters be designed?

To state the sensor fusion problem formally, consider a two-sensor configuration as
shown in Fig. 7.4. In Fig. 7.4, X(s) is the signal that the two sensors are commonly

measuring. The two sensor readouts are Y;(s) and Y5(s). They read

Yi(s) = X (s) + Ni(s) (7.3)
and

Ya(s) = X(s) + Na(s), (7.4)

where Ni(s) is the sensing noise of the sensor 1 and N(s) is the sensing noise in sensor
2. Hy(s) and Hy(s) are the complementary filters that filter the readouts Y;(s) and Y5(s),

respectively. The filtered readouts are summed to become a super sensor readout Yguper(s),

!Some Type-A suspensions are equipped with a new type of folded pendulum accelerometer [54].
Development and testing are still on-going.
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Y;uper (8)

Figure 7.4: Two-sensor sensor fusion configuration.

and it reads

Yauper(s) = Hi(s)Y1(s) + Ha(s)Y2(s)

(7.5)
= [Hi(s) + Ha(s)] X(s) + [Hi(s)Ni(s) + Ha(s)Na(s)] -

Now, the complementary filters need to satisfy the complementary condition as stated in
Eqn. (7.2), so
Hl(S) + HQ(S) =1. (76)

This gives
}/Super(s) = X(S) + Nsuper(s) ) (77)

where the super sensor noise Nyyper(s) is defined as
Nauper(8) = Hi(s)N1(s) + Ha(s)Na(s). (7.8)

And here, the super sensor noise Noyper(s) is the quantity that is sought to be minimized
(in some way) via an optimization of the complementary filters H;(s) and Hy(s) under

the constraints stated in Eqn. (7.6).

The transfer function of the complementary filters can take any form as long as the
complementary condition is met. This makes the design of the complementary filters
challenging as the optimization is not a straightforward minimization over certain param-
eters. In Ref. [29], an pair of complementary filters is proposed for the sensor fusion of

the KAGRA LVDTs and geophones. The complementary filters are given as

35wys + 21wps® + Twis + wy
(s 4+ wp)”

H(s;wp) = (7.9)
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sT+ Twps® + 21wis® + 35w s?
(54 ws)”

where wy is the angular frequency where the magnitude response of the two filters are

Hy(s;wp) = (7.10)

equal, i.e the blending frequency. The magnitude response of these complementary filters

are shown in Fig. 7.5 as an example. As can be seen, the both complementary filters

Magnitude response of complementary filters
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Figure 7.5: Magnitude response of example complementary filters. Blue solid: Low-pass
filter. Orange dashed: High-pass filter.

have a 4'-order roll-off. According to Ref. [29], this filter was chosen according to the
frequency-dependency of the geophone noise at low frequencies, which is proportional to
~ f73°. While it seems reasonable to choose a high-pass filter with a 4'"-order for the
geophone, a 4"-order low-pass filter seems excessive for filtering the LVDT noise, which is
white at high frequency. Following the same argument, a pair of 15-order low-pass filter
and 4"-order high-pass filter should be a more suitable choice of complementary filters
for filtering the f° noise of the LVDT and f~3® noise of the geophone.

Ref. [55] generalizes the complementary filters as stated in Eqn. (7.9) and (7.10). It

provides a class of complementary filter pairs that is described by

np—1 _
hz (nl ‘f‘T’Lh 1) q(rAnn—1-i) gi

1

HI(S;a;nhnh) = (S +a)nz+nh—1 (711)
and
n;+np—1 _ 1 o
z (nl + 7::/h ) a(TLl‘f‘nh_l_'L) 87'
Hy(s;a3m,mp) = —— ) (7.12)

(S + a)nl+nh—1
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where

(m + = 1) _ (g —1)! (7.13)

7 i!(nl+nh—1—i)!’

are the binomial coefficients of the polynomial (s + a)™ ™~ n, is the order of roll-off of
the low-pass filter, n;, is the order of roll-off of the high-pass filter, and a is a real-value
variable. It is easy to see that the complementary filters described by Eqn. (7.9) and
(7.10) falls into this category, with n; = n;, = 4. Therefore, Eqn. (7.11) and (7.12) can be
thought as a generalization of Eqn. (7.9) and (7.10) with any arbitrary order of roll-off
for the complementary filters. This makes designing a pair of 15*-order low-pass filter and
4™_order high-pass filter possible for the sensor fusion of LVDT and geophone by selecting

n; =1 and n; = 4.

If the amount of noise of the super sensor can be expressed with a cost function, for
example, the root-mean-square value of the noise, then the design of the complementary
filters can be straightforwardly obtained by minimizing the cost function over the pa-
rameter a. The class of complementary filters presented are simple and easy to design.
However, this is not the optimal approach. The class of complementary filters represented
in Eqn. (7.11) and (7.12) is not a general representation of all complementary filters. For
example, [Hq(s;a;4,4)+Hq(s;a;1,4)]/2 and [Ha(s; a;4,4)+ Ha(s; a;1,4)]/2 are also a pair
of complementary filters but they cannot be represented by Eqn. (7.11) and (7.12). And,
there are infinitely many ways to represent complementary filters. Using Eqn. (7.11) and

Eqn. (7.12) are essentially putting additional constraints on the optimization problem.

It is worth mentioning that the complementary filters in Eqn. (7.11) and (7.12) only
work well at filtering the asymptotic behavior of the sensor noise at the ends of the
spectrum. As shown in Fig. 7.3, in the middle of the spectrum, the LVDT readout
is coupled to the secondary microseism, which is clearly visible at around 0.2 Hz. The
spectral shape a sensor noise does not follow an asymptote in general and contain different
features at different frequencies. The necessarily means that the complementary filters
in Eqn. (7.11) and (7.12) will not handle those features well, making them sub-optimal.
Refs. |26, 27] show examples of complementary filters that contain notch features that
are designed to especially the attenuate the seismic noise in relative sensors. However,
the transfer functions of these complementary filters are manually designed according
to practical experience and are very hard to reproduce for other systems. They are
not optimized either since they are manually tuned. As will be seen in later sections,
these complementary filters can be optimized with no information other than the sensor
noises themselves and these special filtering features will naturally appear as a result of

optimization.
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7.2 Sensor correction for relative displacement sensors

Sensor correction is a control strategy used in LIGO to convert a measured relative dis-
placement between a sensed platform and a reference platform to an inertial readout mea-
suring majorly the motion of the sensed platform [26]. This is achieved by subtracting
the relative readout by an inertial readout of the reference platform, thereby “correcting”
the relative sensor readout. The sensor correction scheme is distinguished from the sensor
fusion scheme, which uses an inertial readout of the sensed platform instead. In KAGRA,
there are several seismometers measuring the ground motion at proximities to the main
optics. They can be used to remove the seismic noise component in the relative sensors,
i.e. the LVDTs, at the pre-isolator stage. Again, here it is assumed that the relative

sensors and seismometers are well inter-calibrated.

The block diagram of the sensor correction scheme at the pre-isolator stage is shown in

Fig. 7.6. In the figure, X (s) denotes the displacement of the pre-isolator table and X,(s) is

1/re1<3>

Figure 7.6: Sensor correction scheme at the pre-isolator stage.

the ground displacement. The relative sensor reads a relative displacement X (s) — X, (s).

It contains a self-noise N, (s) so the relative readout Yie(s) is
Yiel(s) = X (s) — X,(s) + Near(s) - (7.14)

The ground motion X, (s) is measured by a seismometer that has a self-noise of Ngeis(s).

The seismometer readout Yies(s) then simply reads
Yieis(s) = Xy(8) 4+ Neeis(s) - (7.15)

Now, the ground component X, (s) in Eqn. (7.14) is an unwanted signal. It can be removed

by adding the seismometer readout (7.15) to the the relative readout (7.14) via a sensor
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correction filter Hy.(s). This gives a sensor corrected readout Yi.(s) and it reads

szc(£) = Y;el( )+ SC(S) sels( )
= X(5) = Xy(s) + Nraa(s) + Hue(s) [Xg(5) + Nocis(s)] (7.16)
— X(5) + Noat(s) + Huol(5) Nuwis(5) — [1 = ()] X, (5).

The sensor correction readout can be rewritten as
Yie(s) = X(5) + Nia(s) + Nee(s) (7.17)
where Ny (s) is the sensor correction noise defined as

Nee($) = HeeNaeis(s) — [1 — Hee(5)] Xy(s) - (7.18)

Here, the sensor correction readout in Eqn. (7.17) has one signal term X(s) and two
noise terms Ny (s) and Ng(s). The relative displacement sensor noise Ny(s) is not
minimizable by means of sensor correction filtering. Therefore, it remains as an ambient
noise in the sensor correction readout. This is an important note for sensor correction filter
optimization, as is indicated in later sections. On the other hand, the sensor correction
noise Ny.(s) is minimizable by optimizing the sensor correction filter Hg.(s). In fact, the
sensor correction noise in the form of Eqn. (7.18) is very similar to super sensor noise in
the form of Eqn. (7.8), assuming that one of the complementary filters can be represented
as Hy(s) = 1 — Hi(s) due to the complementary condition. For this reason, the sensor
correction problem is very similar to that of the sensor fusion and can be solved in a
similar way. However, even if this is acknowledged in Ref. [56], the sensor correction

problem and sensor fusion problem have seemingly be treated as separate problems.

The relative readout cannot be subtracted by the seismometer readout directly without
a sensor correction filter. This is because the seismometer is an inertial sensor like the
geophone. The seismometers at KAGRA have a slightly different noise profile than the
geophones but they are still intrinsically AC-coupled. Therefore, they have poor noise
performance at low frequencies. For this reason, the sensor correction filter needs to be
a high-pass filter that attenuates the low-frequency noise of the seismometer. Besides,
the sensor correction filter also need to have a pass-band at above ~ 0.1 Hz such that
the secondary microseism gets removed from the relative readout. At the pass-band, the
magnitude response of the sensor correction filter needs to be as closed to unity as possible
and the phase needs to be as close to zero as possible. While this might seem reasonable,
this is not the case when the ambient noise is put into consideration, i.e. the seismic noise
attenuation needs not to be infinity. The seismic noise attenuation only needs to be just
enough such that none of the seismic noise, relative sensor noise, and seismometer noise

dominates in the sensor correction readout.
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The first design of a sensor correction filter for LIGO is given in Ref. [56]. In Ref. [50],

the sensor correction filter is designed according to the the following criteria:

1. Below 0.008 Hz, the magnitude response of the sensor correction filter needs to be

lower or equal to 8 x 107*.
2. Between 0.008 Hz and 0.04 Hz, the roll-off of the high-pass filter should be f3.

3. Between 0.04 Hz and 0.01 Hz, the magnitude response of the sensor correction filter

is allowed to have an amplification of at most 3.

4. Above 0.01 Hz, the transmissivity of seismic noise should be as close to zero as
possible. Equivalently, this requires the magnitude response of the sensor correction
filter to be as close to one as possible with phase as close to zero as possible. If
the optimized filter gives seismic transmissivity greater than 0.1, other requirement

need to be loosened.

The sensor correction filter satisfying these requirements was replicated in Ref. [57] and
is shown as blue solid in Fig. 7.7 as an example. While it is possible to to satisfy all the
requirements stated, the sensor correction filter satisfying these requirement is not neces-
sarily the optimal sensor correction filter. This is due to the fact that the requirements
were set based on heuristics, which maybe arbitrary and sub-optimal. For example, in
the forth criterion, there is no reason why the seismic transmissivity should be less than
one and it certainly shouldn’t be set to as low as possible. This is because the sensor
correction readout is limited by the relative sensor noise, which is ambient anyway.

The default sensor correction filter in KAGRA is simply a 2"d-order elliptic high-pass
filter as shown as orange dashed line in Fig. 7.7 [31]. The order of roll-off was set to cancel
the =2 noise of the seismometer noise at lower frequency. And, the pass-band was set
to be above 0.06 Hz, which is based on the fact that the primary microseism at around
0.06 Hz is observable in the seismometer readout as shown in Fig. 7.2. This forces the
noise amplification band to be lower than that frequency where the seismometer noise is
high. As a consequence, this sensor correction scheme with this filter injects more noise to
the sensor correction readout than it suppresses. With position control system engaged,
the pre-isolator table, along with the whole suspension chain, would drift at ~ 0.013 Hz
with an excess amount that is non-negligible, causing difficulties to lock-acquisition of the
interferometer [53]. Therefore, this sensor correction filter is not used currently.

Ref. [59] gives the first attempt at optimizing the sensor correction filter to minimize
the sensor correction noise using a particle swarm optimization algorithm. While it was
shown that the method can reduce the root-mean-square (RMS) value of the sensor correc-
tion noise in velocity unit, there are some caveats. First of all, the RMS value in velocity
is only one of many performance indices for seismic isolation. Therefore, minimizing the

RMS value in velocity does not necessarily lead to a good seismic isolation filter. Solely
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Magnitude response of sensor correction filters

100_ Sy - W 5 B N E— -y
(5}
kS|
=2
210!
<
10724 ————_, — First LIGO sensor correction filter (replicated)
KAGRA elliptic sensor correction filter

10~ 102 10~ 100 10!
Frequency (Hz)

Figure 7.7: Replicated LIGO sensor correction filter and KAGRA sensor correction filter.

Blue solid: First LIGO sensor correction filter (replicated). Orange dashed: KAGRA
sensor correction filter.

using an RMS value as a cost function is not optimal either. This is because the RMS
value is a value integrated over the whole full frequency spectrum, which makes broadband
features more dominant than peak features in the cost function. The RMS value is also
usually dominated by one feature that is the highest in the spectrum, such as the micro-
seism. Features with smaller values have very low weighting in the cost function and are
usually not treated. Second of all, the implementation of an artificial frequency-dependent
weighting function in the cost function does not help either as it distorted the original
purpose of the optimization, which is a reduction in RMS velocity. Most importantly,
the method optimizes a transfer function with a pre-defined structure. As mentioned in
Sec. 7.1, this puts unnecessary constraints on the optimization problem, which makes the
final product sub-optimal. Nevertheless, the work claimed that the improvement in veloc-
ity noise performance is most significant between 0.4 Hz and 0.9 Hz where the amplitude
spectral densities of the noise is clearly below 107" m/sec/v/Hz. The ambient noise from
the capacitive sensors, the relative sensors used at LIGO, have a noise of sightly below
10~°m/v/Hz [60], which translates to slightly higher than 10~° m/sec/+v/Hz in velocity.

Therefore, the improvement may not be observable in reality.

7.3 Feedback control filters

The concept of feedback control for coarse alignment and damping of the suspensions

has been discussed previously in Sec. 6.4. The presented method allows one to design a
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feedback controller composes of a PID controller and optionally with low-pass and notch
post-filtering. The feedback control filter is simple, easy-to-use, and is readily available
for implementation to the actual active vibration isolation systems in gravitational-wave
detectors. However, the presented method is based on a critical damping criterion, which
may a conservative criterion. The controller shaped this way is not optimal in any sense.
The method is also based on a pre-defined controller with a PID structure, which is
not the only way a controller can be shaped. For example, the controller can contain a
component representing the inverse of the plant that completely cancels the dynamics of
the plant. In this case, other multiplicative components in the controller represents the
required control bandwidth, which can be designed as if the plant is unity. Therefore, as
can be seen, the PID structure is not the most general. It would introduce unnecessary
constraints to the underlying optimization problem and alternative must be seek for a

truly optimized system.

Still, in current literature, documented feedback controllers for active isolation systems
in current gravitational-wave detectors are largely based on the PID structure as described
in Sec. 6.4, even though the design method may be different [30, 29, 31, 27, 33, 28, 26, 61].
While performances of the controllers are claimed, most of the results are not reproducible
since the actual analytic forms of the controllers are usually not documented and the
design methodologies are not well-defined. Also, in many KAGRA literature [30, 29,

, 33], the decay time constants of the resonances are used as a performance index for
controller tuning. While the decay time indicates how the control system reacts to a step
disturbance, it is not sufficient to prove the efficacy of an active isolation controller as the
decay time only indicates the transient response, not the steady state. The RMS values
of the optics displacement are sometimes measured also. This maybe a good indicator
as the lock stability of the interferometer has a strong correlation to low RMS values.
However, the results are not obtained from “controlled experiments” since the external
disturbances are neither measured nor injected. This means that the results may differ

as the environment changes.

The optimization of a feedback control is to make the optimal trade-off between the
disturbance rejection and noise attenuation. As indicated in Eqn. (7.1), the displacement
of a controlled platform X (s) is a superposition of disturbance D(s) and noise N(s). The
corresponding coupling terms for the disturbance D(s) and the noise N(s) are 1/[1 +
K(s)P(s)] and K(s)P(s)/[1 + K(s)P(s)], respectively. And, the goal of the feedback
control problem is to design a controller K (s) such that the controlled displacement X (s)
is minimized in some sense. Roughly speaking, the open-loop gain K(s)P(s) needs to
be high when D(s) is greater than N(s) and needs to be low (lower than 1) when D(s)
is smaller than N(s). This makes X(s) ~ —N(s) when N(s) is the smaller term and

X(s) &= D(s) when D(s) is the smaller term, i.e. X(s) becomes close to the lower limit.

In control theory, the coupling terms 1/[1+ K (s)P(s)] and K (s)P(s)/[1+K(s)P(s)] are
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termed sensitivity and complementary sensitivity, respectively. In the two terms, the only
design freedom is the controller K (s). And, it should be no surprise that the two terms
are complementary, i.e. the transfer functions of the two terms are summed to unity.
This makes the feedback control problem effectively a sensor fusion problem. Hence,
the underlying problem is identical to that of Eqn. (7.8) and (7.18). The sensitivities
1/[1 + K(s)P(s)] and K(s)P(s)/[1 + K(s)P(s)] are analogues to the complementary
filters Hy(s) and Hs(s). And, the disturbance D(s) and noise N(s) are analogues to the
two sensing noises Ni(s) and Ny(s). Therefore, similar to sensor correction, the feedback

control problem can also be solved like a complementary filter problem.
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Chapter 8

Hoo Optimization of Control Filters

H-infinity (Ho) method [62] is a relative new and advanced method of optimization con-
trollers. In this chapter, the H., optimization of control filters, including complementary
filters, sensor correction filters, and feedback controllers, of the active isolation systems is
discussed. This chapter is divided into four sections. Sec. 8.1 introduces the idea of H.,
control and its formalism. Sec. 8.2 explains how the filter shaping problems can be for-
mulated as an H,, problem. Examples will also be given whenever appropriate. Sec. 8.3

shows experimental results using the KAGRA SRM suspension. And, the H,, filters are

compared to the current control filters used in KAGRA.

8.1 H. method

8.1.1 Formalism

Hoo method refers to a controller synthesis process where the H., norm of a generalized
plant is minimized. To specify the H., problem, a few things need to be defined. To

begin with, consider a generalized plant representation shown in Fig. 8.1 In the figure,

w
EE——

zZ
—

Figure 8.1: Generalized plant representation.
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the generalized plant P(s) has two inputs w and w, and two outputs z and y. Note that
the generalized plant P(s) under the context of Ho, method is, in general, not the same
as the plant P(s) discussed in previous sections, which represents a physical dynamical
system. Here, w represents the exogenous inputs, u represents the manipulated inputs,
z represents the error signals, and y represents the measured outputs. The inputs and
outputs are vector quantities so the H,, method is generally applicable to systems with
multiple inputs and multiple outputs. The measured outputs y are the inputs of a feedback
regulator K(s), which outputs the manipulated signals u. The feedback regulator K(s)
is the quantity that is sought to be optimized. Again, K(s) is generally not the same as

the feedback controller K (s) mentioned in previous sections.

The generalized plant P(s) specifies the interconnection between the inputs [w, u]T

and the outputs [z, y|T. Under the open-loop condition, the input-output relation reads

Pll(S) Plz(s)
P21(8)

=P(s)

(8.1)

where Pjq(s), Pia(s), Pai(s), and Pyy(s) are the partitioned elements of P(s) and are
also transfer function matrices in general. In the closed-loop condition, the manipulated

inputs read

u=K(s)y. (8.2)
Rewriting y gives
Yy = Pgl(S)w + P22 S)

(s)u
= Po1(s)w + Pyo(s)K(s)y (8.3)
= [1 — Py(s)K(s)] " Por(s)w

Substituting Eqn. (8.2) and (8.3) into Eqn. (8.1) yields an closed-loop error signal
z = Pii(s)w + Pia(s)u = Pi(s)w + Pia(s)K(s)y

== PH(S)U) + Plg(S)K(S) []. — P22(S)K(S)]_1 P21 (S)U} (84)
= {Pi1(s) + Pra(s)K(s) [1 — Pao(s)K(s)] " Py (s)}w,

where

F(P,K) = Pii(s) + Pia(s)K(s) [1 — PQQ(S)K(S)T1 Py (s) (8.5)

is called the lower linear fractional transformation and it represents the closed-loop trans-

fer function matrix from w to z.
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To avoid the tediousness of writing the linear fractional transformation, let us define
G(s) = Fi(P,K) (8.6)

as the closed-loop transfer matrix such that z = G(s)w. Now, the H,, norm is defined as
1G(5)]loc = maxa(G(jw)) (8.7)

where 5(G(jw)) is the maximum singular value of G(jw)!. The maximum singular value

is a function of frequency and it can be expressed as

7(G(jw)) = max v/ Ai(G(jw)"G(jw)), (88)

where \;(G(jw)"G(jw)) denotes the i'" eigenvalue of the matrix G(jw)"G(jw) and
G(jw)! is the conjugate transpose of G(jw). The H,, problem is then to find a sta-
bilizing controller K (s) that minimizes Eqn. (8.7), i.e. the H, norm.

Now, the H,, norm can be quite abstract as its interpretation depends on the definition
of the plant in question. For a system with single input and single output, such as the
plant P(s) representing the dynamics of a single degree of freedom of a suspension, the
Hoo norm is simply the maximum gain of the magnitude response. In other words, the H
norm is the maximum magnification of a transfer function. Now, for a general multiple-
input-multiple-output system, there is no direct way of plotting the magnitude response
like the Bode plot since the plant would be a transfer function matrix. Instead, at each
frequency, the singular values of the transfer function matrix can be evaluated. The
maximum singular value is also the induced 2-norm of the transfer function matrix and
the induced 2-norm can be written as
s G(jw)wl|2 :
7(GUw) = llw2io% = e GGl (89)
where ||w||y denotes the vector 2-norm and is equal to /37 w? and w; is the i element
of the input vector w and n is the number of inputs. Note that |G(jw)w||z is also a
vector 2-norm and it is equal to \/W, where z; is the element of the output vector
z and m is the number of outputs. While the quantity /> " z? is a measure of the
size of the output, it can be seen that the maximum singular value is a measure of the
maximum “amplification” of the transfer function matrix subjected to an input w in the
worst direction. Consequently, the H., norm is then a measure of the maximum “amplifi-

cation” of the transfer function matrix when subjected to an input in the worst direction

IStrictly speaking, the “max” (the maximum value) should be replaced by “sup” (the supremum, the
least upper bound). This is because there exists cases where the maximum can only be approached as
w — 00, which cannot be realistically achieved [63]. For practical purposes, there is no difference between
“max” and “sup” so “max” is kept here for the purpose of simplicity.
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at the worst frequency. The fact that the H,, is a measure of the peak magnitude of
a transfer function allows one to interpret it as the magnitude of the transfer function
relative to some specified bounds by introducing weighting functions in the generalized
plant P(s) [63]. For this reason, the generalized plant P(s) is not necessarily an interpre-
tation of a real system. Rather, the generalized plant implies cost function with specified
performance. This shall become important later when considering optimal filter design in
Sec. 8.2.

8.1.2 Solving the H., problem

The H, problem is to find all stabilizing controllers K(s) that minimizes the H,, norm
|Fi/(P,K)||s. The are many ways to approach H., optimal controllers, including Youla-Kucera
parametrization approaches [0, 65|, Riccati-based approaches |66, 67|, and linear matrix
inequality (LMI) approaches [68]. These methods are available in commercial packages
such as the Robust Toolbox in MATLAB and Control in Python [69]. The problems pre-
sented in later sections including Sec. 8.2 and 8.3 are solved using the control.hinfsyn()
function provided by the Python Control package [69]. The H., synthesis function is a
wrapper for the SLICOT library |70] (which stands for Subroutine Library In COntrol
Theory), which provides Fortran 77 implementations of numerical algorithms for com-
putations in control theory [71]. Of all the routines in SLICOT, the synthesis subroutine
SB10AD is used to find the H ., optimal controller according to a specified generalized plant.
The subroutine is based on a Riccati approach in described in Ref. [67]. A summary of
the Riccati approach is given in Ref. [63] and it is re-elaborated in this section.

The idea of the Riccati approach is to first find all stabilizing controllers K(s) such
that

IF(P,K) | < 7. (8.10)

where 7 is a specified value such that

v > “Ymin (811)

and Ymin is the minimum possible value of ||F}(P,K)||o. This corresponds to finding
a sub-optimal solution to the H., problem, which is simpler than finding the optimal
solution directly [63]. Then, this process is iterated with decreasing value of - until no
solution can be found. This indicates that the optimal solution is approached as v < Ypin-

To use the Riccati approach, it is more convenient to specify the generalized plant
in state-space representation rather than transfer matrix representation. Consider the

generalize plant in Fig. 8.1, the system is described by

&= Ax + Byw + Bsu, (8.12)
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z = Cll' + an + Dlgu, (813)

and
Yy = CQLU -+ Dglw + D22u s (814)

where A, By, By, C1, Cy, D11, D12, D1, Doy are matrices of the state-space model, z is the
internal states such as the displacement and velocity (not the same as the displacement in
previous sections), y is the measurement, z is the error signals, w is the exogenous inputs,
and u is the control variables. The state-space representation of the generalized plant is

then given by

A| B B
P=1|Cy|Dn D : (8~15)
Cay | Da1 Do

The following assumptions about the plant are typically made

1. (A, By) is stabilizable and (A, C5) is detectable. This is required for the existence

of a stabilizing controller.

2. D15 and Dy have full rank. This ensures the controller is proper and hence realiz-

able.
(A—jwl B, ]
3. J¥E P21 has full column rank for all w, and
G D3|
(A—jwl B |
4. C’Jw Dl has full row rank for all w. Combined with Assumption 3, this
2 21

ensures the optimal controller doesn’t cancel poles or zeros on the imaginary axis

which would result in instability.

5. D11 = Dy = 0. This simplifies the formulas of the algorithm.

0
6. Dip = [I] and Dqy = [0 1 } For simplicity. This is achievable by a scaling of u

and y and a unitary transformation of z and w.

7. D],Cy = 0 and B;DJ, = 0. A common assumption in optimal control such as
Linear-Quadratic-Gaussian (LQG). The former means there is no cross term be-
tween the states x and the manipulated inputs u in the cost function. And, the
latter assumption means that the plant disturbance and measurement noise are

uncorrelated.

8. (A, By) is stabilizable (A, Cy) is detectable. If Assumption 7 holds, Assumptions 3
and 4 are replaced by this.
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Assumptions 1 and 8 are related to concepts of controllability and observability, which is
not discussed here. For testing of stabilizability and detectability, refer to tests like the
Popov-Belevitch-Hautus test [72]. The major results are shown here. The Hautus lemma
for stabilizability states that a pair (A, B) is stabilizable if

rank([)\i(A)] —A B]) =n (8.16)

for all eigenvalues \;(A) with R(X;(A)) > 0, where n is the number of states such that
x € R™. The Hautus lemma for detectability stats that a pair (A, C) is detectable if

rank( ) =n (8.17)

for all eigenvalues \;(A) with R(\;(A)) > 0.
Now, under these assumptions, there exists a stabilizing controller such that
| F1(P,K)||s < 7 under three conditions:

AN(A) — A
C

(i) Xo > 0 is a solution to the algebraic Riccati equation
AT X + XA+ CTCh + Xoo (Y ?B1B] — BoB}) Xoo =0 (8.18)

such that the eigenvalues of [A + (y™2B;B] — By BJ) X | have real parts lower than
0.

(ii) Yo > 0 is a solution to the algebraic Riccati equation
AYo + Yoo AT+ B1B] + Yoo (v72C1Cy — CCy) Yoo = 0 (8.19)

such that the eigenvalues of [A + Y, (y2C]C} — C3Cy)] have real parts lower than
0.

(iii) The spectral radius of X, Y, is less than 2, i.e.
P(XooYoo) = max(\i(XooYao)) < 77, (8.20)
where \;(XoYs) denotes the eigenvalues of X Y.

All such stabilizing controllers can be written as a lower linear fractional transformation
K(s) = F(K., Q), where

K.=| F. 0 I , (8.21)
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Fo = —BJXo, Lo = —Y0C3, Zoy = (I — 72 Xoo) ™, A = A+ 2B BI X +
ByF oo+ Zoo Lo Co, and Q(s) is any stable proper transfer function such that ||Q(s)]|s < 7.
For Q(s) =0, we get

K(s) = K.,,(s) = —Fso(s] — As)) ' Zo Lo, (8.22)

which is called the central controller and it has the same states as the generalized plant
P(s). To apporach the optimal contoller, the value of v is needs to be updated in each
iteration. The value is updated based on a modified bisection algorithm called ~-iteration,
where the procedure continues until the smallest v value that passed and the largest ~

value that failed is close within an acceptable tolerance [73].

8.2 Filter design problem as an H., problem

To use H,, optimization, the control filter optimization problems must be expressed as
a generalized plant P(s) as shown in Fig. 8.1. After that, the optimal control filters can
be obtained numerically using H, synthesis using available software such as MATLAB
(which is proprietary) or Python Control [69] (which is open source and is used in this
work). In this section, the sensor fusion problem is first expressed as an H,, problem in
Sec. 8.2.1. The sensor correction and feedback control problems are similar to the sensor
fusion problem, i.e. they are optimal trade-off problems with two conflicting objectives
as indicated by Eqn. (7.1), (7.8), and (7.18). They can be solved like a sensor fusion
problem. A few remarks regarding sensor correction and feedback control problems are

given in Sec. 8.2.2 and 8.2.3, respectively.

8.2.1 Sensor fusion problem

The method discussed here is largely inspired by the work in Ref. [57], which provides
the H,, framework for shaping complementary filters according to frequency-dependent
constraints. The method is also documented in Ref. [71]. And, this subsection provides a
re-elaboration of the work.

To formulate the sensor fusion as an H., problem, the block diagram as shown in
Fig. 7.4 must be modified to impose the complementary condition H,(s) + Ha(s) = 1.
With this constraint, the problem is really about optimizing one filter, Hy(s) or Hs(s),
and the other is automatically constrained as 1 — Hy(s) or 1 — H;(s), respectively. Now,
it was shown that the sensor correction problem can be seen as a sensor fusion problem.
While the sensor correction configuration has only one filter to be optimized, this suggests
a modification the sensor correction block diagram in Fig. 7.6 for sensor fusion. By
comparing Eqn. (7.8) and (7.17), X (s) and Ny(s) are the extra terms so they can be

removed from the block diagram. Matching the remaining terms suggests replacement
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of terms from Ngis(s) to Ni(s), Xg(s) to —Na(s), and Hg(s) to Hy(s). Here, Hy(s)
is selected for optimization and Hs(s) is obtained via 1 — Hy(s) later. Applying these

changes gives a modified sensor fusion block diagram shown in Fig. 8.2. In this case, the

Nsuper (5)

NQ(S)

Figure 8.2: Modified sensor fusion configuration from Fig. 7.6.

Super sensor noise reads

Nauper(s) = Na(s) + (N1(s) — Na(s)) Hi(s)

(8.23)
= Hi(s)Ni(s) + [L — Hi(s)] Na(s),

which is exactly the same as Eqn. (7.8) with the complementary condition imposed.
Now, recall the definition of the H., norm in Eqn. (8.9), the inputs w of the generalized
plant are assumed to be normalized. This requires the sensor noises Ny (s) and Ny(s) to be
represented as frequency-dependent weightings in the plant. To achieve this, two transfer
function models N (s) and Ny(s) need to be shaped and fitted to the amplitude spectral
densities of the noises Sy, (w) and Sy, (w) and a method and an example for such modeling
is already provided in Sec. 6.3.2. This gives |N;(jw)| ~ Sy, (w) and |Ny(jw)| ~ Sy, (w).
In addition, two performance weightings W7 (s) and Ws(s), placed right after each input,
can be used to specify the required frequency-dependent attenuation of the sensor noises
Ni(s) and Na(s) respectively. Adding the weights and noise models to the block diagram
in Fig. 8.2 and rearranging gives a generalized plant representation as shown in Fig. 8.3.
Here, the normalized exogenous inputs are w = [wy, ws]T, the error signal is simply a

scalar z, the regulator is K(s) = [H;(s)] and the plant is

P(s) = [ 0 W (5) No () 1] (8.24)
Wl(S)Nl(S) —WQ(S)N2<S) 0
The gives a closed-loop transfer matrix from w to z of
Gls) = [Hi(s)W1(5)M1(s) 1~ H(s)] Wa(s)Ra(s)] (5.25)

With the closed-loop transfer matrix derived, it is a good opportunity to take a detour

and briefly discuss H, optimization instead. The generalized plant in Fig. 8.3 is perfectly
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P(s)
Wi > Wl(s) > Nl(s) —I
+
w2 > W2(3) > NQ(S) _O
4\
Hl(S) <€

Figure 8.3: Generalized plant representation for sensor fusion.

compatible with Hy control. And, the Hs norm of the closed-loop transfer matrix is

Gl = \/ 2 | (GGG b

2

4 |1 H )] W) NG| do.

_ \/% | |mGomom e
(8.26)

Clearly, under the special case Wi(s) = Wy(s) = 1, the Hs norm is, with a factor of
2w, equivalent to the expected RMS value of the super sensor noise. This is worth noting
because, in some applications, the expected RMS is required to be minimized. In this case,
Ho synthesis would be superior to methods that use numerical optimization techniques

to design filters with fixed structure such as that in Ref. [59].

As for the Ho, case, the Ho, norm here is simply
IG(5)]loc = maxa(G(jw))

— max (m?x \/)\i(G(jw)HG(jw))> = max (mzax \/)\i(G(jw)G(jw)H)) (8.27)

w

2

A

_ mSLX\/ [, (e Wi () 5 ()

‘ 2

+ 1t = Fu )] Waljo) R ()

With the special case Wi (s) = Wa(s) = 1, the cost function is simply the peak amplitude
spectral density of the super sensor noise, which is the quadrature sum of of the filtered

noise Hi(s)Ni(s) and [1 — H;(s)]N2(s). Minimizing such cost function may not be in-

Optimizing Active Isolation Systems in Gravitational-wave Detectors 177



CHAPTER 8. H., OPTIMIZATION OF CONTROL FILTERS

teresting because the peak amplitude spectral density is dominated by the low-frequency
noise of the inertial sensor and the noise features with much lower order of magnitude are
ignored. For active isolation systems in gravitational-wave detectors, the high-frequency
noise is also important even if they are orders of magnitude smaller than that at lower

frequencies.

Instead of the absolute magnitude of the noise spectrum, another useful quantity to
consider would be the amplification relative to the lower bound of the super sensor noise.
Eqn. (8.27) has a component in the form of a quadrature sum /a2 + b%, where a and b
are real numbers. When a and b has different values, the quadrature sum is typically
dominated either a or b so it can be approximated by max{a, b}, with a maximum factor
of V/2 error in the case of a = b, which is insignificant in log-scale. In the case of sensor
fusion, the maximum error locates at the cross-over frequency of the two sensing noises,
which only occurs at one frequency. At other frequencies, the difference in the magnitude
of the sensing noises is typically measured by orders of magnitude (logarithmic scale).

Therefore, at most frequencies, the H,, norm can be approximated as
G (s) e > mmace | 1 (Geo) Wi (i) ¥ ) (8.28)
for [ Hy (jw) Wi (jw) N1 (jw)| > |[1 = Hi(jw)]Wa(jw) Ns(jw)| and
IG(3)lloo 2 ma (|1 = Ha ()] Wa(joo) Naiv) (8.29)
for |Hy(jw)Wi(jw)Ni(jw)| < |[1 — Hy(jw)]Wa(jw)Na(jw)|. Suppose the Ho, synthesis
computes the complementary filter H;(s) such that ||G(s)|lc = 7, this yields an im-

portant result similar to that of a mixed-sensitivity H., control [03] where the optimal

complementary filters H;(s) and [1 — H;(s)] gives

() N (j) | < 7 [Wa )| (8.30)
and
11 = ()] R | < 7 1Walje) " (8.31)

Here, H,(s)Ny(s) and [1 — Hy(jw)]Na(s) are the filtered sensing noises, and ~|W; (jw)| ™
and y|W,(jw)|™! are the upper bounds of the filtered noises. This indicates that the
weighting functions Wi (s) and Wa(s) can be used to specify inverse of the target spectral
shape of the two filtered sensing noises Hy(s)Ni(s) and [1 — Hy(s)]Na(s). And, v value
indicates the deviation of the super sensor noise from the specifications. Ideally, the super
sensor noise should approach the lower bound, which is given by min{|N; (jw)|, | Na(jw)|}.
To achieve this, the attenuation of one sensing noise N;(s) (or Na(s)) is optimal when it

is suppressed to the level of the other sensing noise Na(s) (or Ni(s)). Further attenuation
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is unnecessary as the super sensor noise would be dominated by either one of them. This

gives the optimal weightings

Wi(s) = N;(s) (8.32)
and
Wy(s) = Nll(s) | (8.33)

As can be seen, the weightings only depend on the sensing noises themselves. This is one
major advantage of the approach as it eliminates the design freedom the control filter,

which could give rise to inconsistency and sub-optimality.

Alternatively, if there exists requirements for the sensing noises, then the weighting
functions can be set to the inverse of the requirements, which is straightforward. However,
the requirement for the sensing noise of an active isolation system is usually not specified.
Rather, the control noise in terms of the displacement of the optics is usually specified.
The control noise depends on other parts of the control systems, such as the controller,
which has not been optimized yet. Therefore, the sensing noise requirements cannot be

specified directly from the control noise requirements.

It is worth noting that the weighting functions and the noise models in the generalized
plant need to be stable and proper. This is required by the general assumptions as stated
in Sec. 8.1.2 [63]. This restricts the transfer functions of the noise models N (s) and Ny(s)
need to be stable and proper. In addition, there are two more restrictions for the noise
models if the weights are set according to Eqn. (8.32) and (8.33) since the reciprocals are
invoked. That is, they need to be minimum phase, meaning that they must contain no
zeros on the right-half plane. Also, the order of the numerator polynomial needs to be
the same as that of the denominator polynomial. This means that the transfer functions
Ni(s) and Ny(s) can only have flat frequency responses at low and high frequencies, i.e.

outside the frequency band of interests.

Ho (and H;) sensor fusion of typical LVDT and geophone

To demonstrate the H,, sensor fusion method, a sensor fusion configuration combining
the KAGRA typical LVDT and geophone are considered here. The typical noise spectrum
of the LVDT is

10207 2 1023 272 pm
Swvor(f) = [(W) + (T) T (8.34)
and that of the geophone is
10546\ 2 10523\ 2 2 pm
Sgeophone(f) = [(—f3'5 ) + ( 7 ) T, (835)
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where Spypr(f) and Sgeophone(f) are the amplitude spectral densities of the LVDT and
geophone noises respectively. These are obtained from the empirical noise model described

by Eqn. (6.72) and the values are obtained from Ref. [29] using a graphical method.

Typical LVDT and geophone noise spectrum
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Figure 8.4: Typical noise spectra and modeling of LVDT and geophone. Blue solid: LVDT
noise. Orange dashed: LVDT noise transfer function model. Green dash-dot: Geophone
noise. Red dotted: Geophone noise transfer function model.

These noise spectra are modeled as transfer functions to be used as Ni(s) and Ny(s)
in Fig. 8.3. The noise spectra and the models are shown in Fig. 8.4. Here, the method
described in Sec. 6.3.2 is used to model the LVDT and geophone noise spectra. The noise
spectra are modeled as ZPK models as an intermediate step using a global optimization
algorithm. The orders of the ZPK model are chosen to be 3 and 4 for LVDT noise
and geophone noise, respectively. The ZPK models are converted into transfer function
models, which are used as the initial guess for transfer function modeling using a local
optimization algorithm. Here, the frequency series of the noise spectra are generated in
log-space between 1074 Hz and 102 Hz. But, for the actual modeling, the noise spectra
below 1073 Hz and above 10! Hz are padded with the edge values of the noise spectra, as
shown in Fig. 8.4. This is to ensure that the noise models and their inverses are proper so
that can be used as weights W (s) and Wy (s) in Fig. 8.3. After fitting the transfer function
models, all unstable zeros and poles, if exist, are converted stable ones by negating their
real parts. As can be seen, the magnitude of the transfer function models fit the noise
spectra well within the frequency band of interest and are flat outside the frequency band
of interest.

With the noise models obtained, the complementary filters (blue solid and orange
dashed) are optimized using the H., method as described above (Sec. 8.2.1). The final
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Complementary filters for sensor fusion of typical LVDT and geophone
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Figure 8.5: Complementary filters for sensor fusion of KAGRA typical LVDT and geo-
phone. Blue solid: H,, low-pass filter for LVDT. Orange dashed: H., high-pass filter for

geophone. Green dash-dot: H, low-pass filter for LVDT. Red dotted: H, high-pass filter
for geophone.

Ho norm in this case is v = 4.82. The complementary filters for the sensor fusion of the
LVDT and geophone are shown in Fig. 8.5. Note that the actual complementary filter
synthesized is the LVDT low-pass filter (blue solid line). The geophone high-pass filter
(orange dashed line) is obtained via the complementary condition Hy(s) = 1 — Hi(s).

Both complementary filters have an order of 13.

The obtained complementary filters are use to predict the super sensor noise, which
is a quadrature sum of the two filtered noises H;(s)N;(s) and Hy(s)Na(s), assuming that
they are uncorrelated. The result is denoted as H,, super sensor noise (Green dash-dot
line) in Fig. 8.6. The noise models for LVDT and geophone are also shown in Fig. 8.6 as
blue solid and orange dashed curves, respectively. As can be seen, the super sensor noise
clearly attains the shape of the lower limit, indicating that both complementary filters
have critically roll-offed the sensor noises. The ratio between the super sensor noise and
the lower bound is averaged around 5.06, which is well within a factor of v/2 of the H
norm (which is the aforementioned v = 4.82).

Nevertheless, the same problem is solved using Hs synthesis with Wi(s) = Wa(s) =1
as a illustration. This problem corresponding to minimizing the RMS value of the super
sensor noise. The Hy complementary filters (green dash-dot and red dotted) are also
shown Fig. 8.5 and the super sensor noise (red dotted) is shown in Fig. 8.6. As can be
seen, the Hy complementary filters look very different from the H, filters. The blending
frequency of the H, complementary filters is at around 0.3 Hz whereas that of the H,

filters is around the cross-over frequency of the two sensor noises, i.e. ~ 0.07Hz. The
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LVDT, geophone, and H., super sensor noise spectrum
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Figure 8.6: Sensor noise spectrum. Blue solid: LVDT noise. Orange dashed: Geophone
noise. Green dash-dot: H., super sensor noise.

‘Ho super sensor noise is similar to the LVDT noise, especially at frequencies where the
geophone noise dominates. This is due to the fact that Hs optimization tries to ignore the
geophone signals as the geophone noise has a much greater RMS value compared to that
of the LVDT. In this case, the H, super sensor has not benefited form the excellent noise
performance of the geophone at high frequency. Hs synthesis with non-unity weights is
not illustrated here as the weightings do not carry special meaning as in the H., case.

This explains why the H., method is so unique.

8.2.2 Sensor correction problem

For sensor correction, the goal is to shape a sensor correction filter to attenuate the
seismometer noise at lower frequency such that it can be used to correct relative sensors
by partially removing the secondary microseism coupling at frequencies above 0.1 Hz.
The sensor correction filter Hy.(s) is, conventionally, a high-pass filter representing the
atteunation of the seismometer noise Ngs(s). On the other hand, its complementary
counterpart [1 — Hg.(s)], which is a low-pass filter, represents the transmissivity of the
seismic noise X,(s). The underlying problem can almost perfectly described by a sensor
fusion problem as described in Sec. 8.2.1. But, there is one subtle difference, that is, the
presences of an ambient noise, which is the intrinsic noise N, ($) of the relative sensor that
the scheme is trying to correct. The lower limit of the sensing noise of the corrected sensor
is actually max{min{|Nues(jw)|, | X,(jw)|}, [ Niel(jw)|}, where Nugis(s), X4(s), Nyal(s) are

the transfer function models of the seismometer noise, seismic noise, and relative sensor
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noise, respectively. In constrast, the lower limit of the sensing noise in the sensor fusion

configuration is the simply minimum of the two sensor noises, min{|N; (jw)|, | Na(jw)]|}.

Contrary to the conventional belief where the seismic noise transmissivity is believed
to be optimal when it is minimized, the seismic noise transimissivity does not have to
be zero. This means that the optimal sensor correction filter is not necessary flat at
unity at the pass band. When the seismic noise is suppressed to a level lower than the
relative sensor, the corrected sensor will have a noise dominated by the relative sensor
noise. Therefore, additional attenuation is not observable and does not improve the noise
performance where it is expected. While the seismometer noise is typically lower than the
relative sensor noise, the lower limit max{min{| Nues(jw)|, | X, (jw)|}, | Nier(jw)|} evaluates
to simply the relative sensor noise |Nrel( jw)|. And, this sets the weighting function for

the seismic noise path to the inverse of the relative sensor noise.

The seismic noise X,(s) can be difficult to estimate at frequencies lower than, say,
0.1 Hz since the seismometer itself is used to measure the seismic noise, which is noise-
dominated at low frequencies. At such frequencies, there is no seismic isolation at all and
the position control actually tries to fix the suspension on the ground. Therefore, in this
sense, sensor correction is different from sensor fusion since the sensor correction filter is
not optimal when it suppresses the seismometer noise to the level of the seismic noise,
which would cause the suspension to drift relative to the ground. In the case of sensor
correction, it is safe to say that the target attenuation of the seismometer noise is such
that it approaches the relative sensor noise, not the seismic noise. Any suppression lower
than that is unnecessary since the noise of the corrected sensor will be dominated by the
relative sensor noise anyway. This also sets the weighting function for the seismometer

noise path to the inverse of the relative sensor noise model.

In short summary, the generalized plant representation for sensor fusion in Fig. 8.3 is
compatible with sensor correction and it can be used to representation the cost function for
optimizing sensor correction filter. In this case, several variables need to be replaced. The
sensor noises N (s) and Ny(s) are replaced by the seismic noise X,(s) and seismoemter
noise Nieis(s), respectively. The weights Wi(s) and W(s) are set to the reciprocal of the
relative sensor noise, i.e. Wi(s) = Wa(s) = 1/Nya(s). Note that, in KAGRA, the relative
sensor noise is equivalent to the LVDT noise (/NV;(s) in the example given in Sec. 8.2.1).
It is worth noting that setting equal weights is equivalent to having a single weight for
the error signal z in Fig. 8.3, which corresponds to the target specification the noise
of the corrected sensor. Nevertheless, the filter Hi(s) is replaced by the seismic noise
transmissivity 1 — Hy.(s) and the optimized sensor correction filter is obtained via the
complementary condition. The demonstration of the optimization of the sensor correction

filter is given in the result section Sec. 8.3.
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8.2.3 Feedback control problem

For active isolation systems, the goal of the feedback control is to design an optimal con-
troller K (s) that suppresses the system disturbance D(s) while attenuating the sensing
noise N(s), which are conflicting objectives. The displacement of an active isolation sys-
tem is what needs to be minimized. It is described by Eqn. (7.1) and is perfectly analogous
to the noise of the super sensor, Eqn. (7.8), in a sensor fusion configuration. This means
that the generalized plant in Fig. 8.3 can also be used to optimized feedback controllers
that seek optimal trade-off between disturbance rejection and noise attenuation. In this
case, the sensor noises N (s) and Ny(s) are replaced —N(s) and disturbance D(s), re-
spectively, where N (s) is the sensing noise model and 15(3) is the disturbance model. As
for the weights, Wi (s) and Wa(s), they are set to the inverse of the disturbance and the
inverse of the sensing noise models, respectively. H., synthesis then gives the optimal
complementary sensitivity 7'(s) = K(s)P(s)/[1 + K(s)P(s)] and the optimal controller

can be obtained via

1 T(s)
P(s)1—T(s)’

K(s) =

where T'(s) is the complementary sensitivity function optimized by the H,, method and

(8.36)

P(s) is the mechanical transfer function from actuation to displacement of the suspension.
Alternatively, the disturbance model D(s) and the noise model N(s) can be swapped, in
which case the H., method optimizes the sensitivity function S(s) = 1/[1 + K(s)P(s)]
and the optimal controller can be obtained via

1 1-5(s)

K(s) = 3 OREOR (8.37)

Treating the feedback control problem as a sensor fusion problem indeed allows the con-

troller to be optimized like complementary filters. But, the feedback control problem is

so important and popular in control theory that it deserves a standalone discussion.

In fact, the H,, method is developed based on a robust stabilization of a multivariable
feedback system and the H., optimization of controller that guarantees control perfor-
mance is well studied [63]. The complementary filter shaping method proposed in Ref. [57]
is, in fact, equivalent to the S/T mixed-sensitivity H, control in Ref. [63]. The generalized
plant for an S/T mixed-sensitivity problem is shown in Fig. 8.7. In the mixed-sensitivity
problem, the goal is to shape the sensitivity functions S(s) and T'(s) (or other sensitivity

functions) to achieve desired closed-loop performance. In Fig. 8.7, the H., norm of the

H [Ws<s>s<s>
Wr(s)T'(s)

where Wg(s) and Wr(s) are some weighting functions. To restate, the sensitivity functions

plant is

H | 839
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P(s)
> Ws(s) 51
‘ > Wr(s)
I
> P(s) e,
K(s) |«
K(s)

Figure 8.7: S/T mixed-sensitivity generalized plant.

S(s) and T'(s) are defined as

1
and
__K(s)P(s)

With the sensitivity functions defined, the displacement of a feedback controlled suspen-

sion in Eqn. (7.1) can be rewritten as
X(s)=S5(s)D(s) —T(s)N(s). (8.41)

Again, the controller in the generalized plant in Fig. 8.7 is such that

|| ?V/j‘;i)) ) <. (8.42)
This corresponds to having
[S(w)| <y [Ws(jw)| ™", (8.43)
and
T (jw)| <7 [Wr(jw)| ™, (8.44)

where v is the minimum 4., norm, and the right hand side of the inequalities denotes the
frequency-dependent upper bound of the sensitivity functions. Hence, the weighting func-

tions Ws(s) and Wr(s) can be used to specified the desired loop shape of the sensitivity
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functions S(s) and T'(s). While S(s) and T'(s) are the coupling terms of the disturbance
D(s) and sensing noise N(s) in Eqn. (8.41), the mixed-sensitivity loop-shaping technique
effectively allows one to shape the frequency response of disturbance rejection and noise
attenuation.

The mixed-sensitivity setting is equivalent as the complementary filter shaping tech-
nique as discussed in Ref. [57] with the sensitivities substituted by the complementary
filters. One problem with this configuration is that there exist design freedoms, which are
the weighting functions. Classically, this is the way mixed-sensitivity problems are meant
to be tackled, assuming that the control designer knows what are the desired loop shape
of the sensitivities. But, if there are no specific requirements on the control performance,
the weighting functions can be ambiguous and it is not obvious what the optimal weights
are, simply by inspecting the mixed-sensitivity generalized plant. By setting up the sen-
sor fusion problem in Fig. 8.3, this problem has been solved by introducing noise models
Ni(s) and N, (which are actually weights) and performance weightings W (s) and W(s)
into the plant. This is similar to the signal-based H, control in Ref. [63] where multiple
weights are used to characterized the frequency content of input signals and closed-loop
performance of a feedback system. In such a case, the selection of weights are obvious
and intuitive, as discussed in Sec. 8.2.2.

Like sensor fusion, a equivalent generalized plant can be defined for the feedback

control system in Fig. 5.5. The generalized plant is shown in Fig. 8.8. The approach is
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Figure 8.8: Generalized plant representation for feedback control system.

actually identical to the that described in the beginning of this section where the sensor

fusion plant is used as an analogy. In this case, the actuation plant P(s) is embedded into
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the generalized plant P(s) and the H., method optimizes the controller K(s) directly.

The generalized plant in this case reads

P(s) = [ Wp(s)D(s) 0 P(s) | (8.45)

—Wpn(s)D(s) —Wn(s)N(s) —P(s)

where Wp(s) and Wi (s) are weighting functions that denote the target noise level of the
disturbance D(s) and noise N(s), and again, D(s) and N(s) are the transfer function
models of the disturbance and the sensing noise, respectively. The closed-loop transfer
matrix is

G(S)Z[WWD(S)D(S) — WP W (s)N(s)] - (8.46)

The cost function is identical that in the sensor fusion case with the variables substituted
accordingly. A similar analysis would show that the weighting functions are optimal
when Wp(s) = 1/N(s) and Wy(s) = 1/D(s) such that the optimal controller gives an

closed-loop displacement that is close to the lower limit at all frequencies.

It is worth mentioning that so far the feedback control problem has been treated as a
disturbance rejection and noise attenuation problem. Indeed, under this setting, feedback
controllers in active isolation systems can be optimized to achieve seismic isolation while
minimizing control noise that could contaminate the gravitational-wave detector readout.
However, recall in Sec. 6.4, one purpose of the controller is to coarsely align the optics
by regulating the displacement to a reference position R(s). The position setpoint is a
static value at DC. In Sec. 6.4.2, it is discussed that the corresponding controller that
can achieve position control is an integral controller k;/s, which could be missing in the

Hoo-optimal controller for the generalized plant in Fig. 8.8.

There are several ways to remedy the lack on integral action in the H., controller.
First of all, if the H,, controller has a flat response at with 0° phase at low frequency, the
controller can be modified by multiplying a pre-compensator (s + wp)/s. The magnitude
response of the resulting controller is bend with a slope of 1/w at frequencies lower than wy,
which corresponds to an integral action in the control. Roughly speaking, the integration
time constant is inverse of the unity gain frequency of low frequency asymptote of the open-
loop transfer function (the bent section corresponding to the intergral action) Therefore,
the wy can be chosen to meet the time constant requirement. If the open-loop transfer
function with the H., controller does not have a flat response with 0° phase at low
frequency, the control designer must design a pre-compensator that converts the loop
shape such that the integral term dominates at low frequency. However, this requires
experience and the selection of the pre-compensator can vary a case by case and is not

further discussed here.

Alternatively, one can choose to include the position control objective in the H.,

problem such that the optimization yields a controller that provides the required loop
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gain at low frequency. The S/T mixed-sensitivity setting in Fig. 8.7 can also be used to
solve, not just disturbance rejection and noise attenuation problems, but also tracking and
noise attenuation problems [63]. This is because the coupling term of the reference R(s)
in Eqn. (5.1) is also the complementary sensitivity T'(s) = K(s)P(s)/[1 + K(s)P(s)]. In
order for the control system to track R(s) at low frequency, the complementary sensitivity
needs to be as close to unity as possible. While the complementary sensitivity weighting
Wr(s) may be used already to specify noise attenuation requirement, the sensitivity weight
Ws(s) can be used instead. As the complementary sensitivity approaches unity 7'(s) — 1,
the sensitivity approaches zero S(s) — 0 as they are complementary. This means that
for the low frequency tracking performance due to an integral action can be specified by
setting the sensitivity function with an term proportional to the integrator 1/s. However,
as mentioned previously, the weightings in the generalized plant must be all be stable.
This means that the integrator must be instead approximated with 1/(s+¢€), where e < 1
[63]. This results in a loop shape that practically behave like integrator at low frequency
but is flat at frequencies below w = €. Similarly, in the signal-based setting in Fig. 8.8,
the product of the weightings Wp(s)D(s), which is equivalent to Wg(s), can be used to
specify the tracking requirement by introducing a pre-compensator (s + wp)/(s + €). Yet
another alternative is to introduce an additional path in Fig. 8.8 corresponding to the
reference R(s) with a dedicated weight Wgr(s). However, this greatly complicates the
design of the weighting functions and therefore is not discussed here.

The H., controller can be difficult to implement in reality since the central controller
attains the same number of states of the generalized plant. While high-order transfer
functions are required to capture the frequency content of the disturbance and sensing
noise, this could result in high-order controllers, which is impractical [63]. Therefore, ac-
tual implementation of H., controllers may need post-processing such as model reduction.
To exemplify the H,, control method for active isolation systems in gravitational-wave
detectors, it is worth illustrating the method with a simpler system such as a simple

pendulum as follows.

H, control of a simple pendulum

In this subsection, the signal-based H., control is used to optimize the controller with
position control? for a simple pendulum. The H,, control is compared to the PID control
method described in Sec. 6.4. Consider a simple pendulum, such as that shown in Fig. 5.4,
that has actuation plant described by

2

P = "1 8.47
(5) 52 + %s + w2 ( )

2Without position control, the result would be similar to that of the sensor fusion in Sec. 8.2.1, which
is not worth reiterating.
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Here, there resonance frequency w, is chosen to be 27 x 0.08 rad/sec and the quality
factor is chosen to be ¢ = 10, which are both realistic values for inverted pendulums for
KAGRA Type-A or Type-B suspensions. For simplicity, suppose the platform suspending
the pendulum is subjected to a random motion described by a unit white noise, this gives
a disturbance model of D(s) = P(s). This can be realistic as the upper stage of the
pendulum is over-damped so the displacement of the upper stage approaches the sensor
noise, which can be white in reality. And, for simplicity, let us also assume that the
measurement noise of the pendulum displacement is also a unity white noise, this gives a
noise model of N(s) = 1. The spectral shapes of the disturbance (blue solid) and noise

(orange dashed) are shown in Fig. 8.9.
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Figure 8.9: Spectrum of the exogenous inputs. Blue solid: Disturbance D(s) Orange
dashed: Noise N(s).

It is optimal when the disturbance is suppressed to the level of the sensing noise
and vice versa. This gives optimal weightings Wp(s) = 1/N(s) and Wx(s) = 1/D(s)
as discussed. However, the choice of this disturbance model is not valid for the weight
since the reciprocal is not a proper transfer function. For the purpose of synthesis, the
disturbance model is actually chosen to be D(s) = P(s)(s/wq + 1)%, where wy = 21 x
100rad/sec is arbitrarily chosen to be practically high enough while not altering the
dynamics around the frequency band of interest. Now, to achieve position control, a
multiplicative factor (s+wp)/(s+¢€) is added to the disturbance weight such that Wp(s) =
(s +wo)/[N(s)(s + €)]. The choice of the values wy and € is described later. With the
weights, noise models, and actuation plant, the generalized plant for a signal-based H
control in Fig. 8.8 is fully defined and the H.-optimal controller is synthesized. The

minimum ., norm in this case is v = 1.776.
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A PID controller with a low-pass filter is also tuned according to the plant P(s) using
methods in Sec. 6.4. For a better comparison, the order (= 1) of the low-pass is chosen
such that it matches the roll-off of the H,, controller. The low-pass is optimized for a 45°
phase margin. Similarly, the choice of the wy value (= 0.3) is chosen to roughly match
the integral action in the PID controller. And, € is arbitrarily chosen to be 107, which is

practically low enough to approximate an integrator.
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Figure 8.10: (a) and (c): Open-loop transfer function (magnitude and phase). Blue solid:
PID control. Orange dashed: H, control. (b) and (d): Controller (magnitude and phase).
Blue solid: PID controller. Orange dashed: H,, controller.

The PID and the H,, controller along with the corresponding open-loop transfer func-
tions K (s)P(s) are shown in Fig. 8.10. As can be seen, the PID and the H., controllers
share some similarity, with the PID control attaining a higher gain above ~ 0.03 Hz. This
difference arose from the fact that the H., method takes into account the relative magni-
tude and make optimal trade-off between the disturbance and noise. In contrast, the PID
tuning procedure does not take these exogenous inputs into account and only optimized

for critical damping. In both cases, the gain margins are oo. This phase margins of the
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PID control and the H, control are 45° (which is designed) and 49.93°, respectively. In

this case, both systems have similar stability properties.

Closed-loop displacement spectrum
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Figure 8.11: Closed-loop displacement spectrum. Blue solid: PID control. Orange dashed:
H control. Black dash-dot: Disturbance. Black dotted: Noise.

The predicted closed-loop displacement spectra for the PID control (blue solid) and
Ho control (orange dashed) are shown in Fig. 8.11. The raw disturbance (black dash-dot)
and the measurement noise (black dotted) are also plotted as references. As can be seen,
both controller suppressed the peak of the disturbance reasonably well. As expected, the
displacement spectrum of the H., control follows the the lower limit with a maximum
amplification roughly equal to the H., norm. This has important implications for active

isolation in gravitational-wave detectors:

1. The passive isolation performance (denoted by the shape of the disturbance) is not
ruined by the H, control as it pushes the control noise towards the passively isolated

displacement, and

2. The disturbance is actively suppressed towards the sensing noise, which maximizes

the potential of the sensors.

This is exactly what is required for active isolation in gravitational-wave detectors. On
the other hand, in the case of PID control, the roll-off of the sensing noise is similar to
that of the H, control as the order of the low-pass filter is informed by the H, controller.
However, even so, the noise attenuation is not as good and the closed-loop displacement of
the PID control appears to be amplified at high frequency compared to the H., controller.

Nevertheless, in the beginning of the section, it is mentioned that the H., needs to be

A

able to achieve alignment control (hence the modified weight Wp(s) = (s+wo)/[N(s)(s+
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Closed-loop unit step response
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Figure 8.12: Closed-loop unit step response. Blue solid: PID control. Orange dashed:
H o control.

€)]). This introduces integral action in the H,, control at low frequency as shown in
Fig. 8.10. Fig. 8.12 shows the simulated closed-loop unit step response of the PID control
and H, control. As can be seen, both systems settle at the setpoint at around ¢ = 30s.

This shows the H., control can be used for coarse alignment like a PID controller.

8.3 Hs optimization of the SRM pre-isolator control
filters

The H,, methods discussed in Sec. 8.2 are tested with the KAGRA SRM suspension.
The H., optimization of several configurations are presented here. In Sec. 8.3.2, the
complementary filters for the sensor fusion of the LVDT and geophone at the preisolator
are presented. The sensor correction of the pre-isolator LVDT using the seismometer
placed near the IXV is shown in Sec. 8.3.3. With the corrected sensor, the complementary
filters need to be re-optimized and the configuration with both sensor correction and
sensor fusion is discussed in Sec. 8.3.4. For all sensor configurations above, the open-loop
performances are evaluated and compared, individually, against the KAGRA super sensor
or (and) the KAGRA sensor correction, which are both described in Sec. 8.3.1. The closed-
loop performance is given in in Sec. 8.3.5 along with a short summary regarding the sensor
configurations. Finally, in Sec. 8.3.6, H., control of the pre-isolator is demonstrated.
For all configurations, unless otherwise specified, the corresponding degree of freedom is

the longitudinal direction of the pre-isolator table, which is suspended by the inverted
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pendulum. In Sec. 8.3.1, some basic information regarding the SRM pre-isolator is given,

including the transfer function, default control filters, and sensor noises.

8.3.1 The SRM pre-isolator

The plant and the baseline PID controller

(a) SRM IP longitudinal magnitude response
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Figure 8.13: SRM longitudinal pre-isolator actuation frequency response. (a) Magnitude
response. (b) Phase response. Blue solid: Measurement data. Orange dashed: Transfer

function model.
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Fig. 8.13 shows the SRM pre-isolator longitudinal frequency response from actuation
to displacement (measured by LVDTs). The transfer function model is shown as orange
dashed line in the figure and it is obtained using method discussed in Sec. 6.3.1. As can

be seen, four main resonances can clearly be observed at ~ 0.06 Hz, ~ 0.067 Hz, ~ 0.4 Hz,

and ~ 0.67 Hz.
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Figure 8.14: SRM pre-isolator longitudinal open-loop transfer function and baseline con-
troller. (a) and (c): Open-loop transfer function (magnitude and phase). (b) and (d):

Controller (magnitude and phase).

The baseline controller for the SRM pre-isolator longitudinal degree of freedom is a
PID controller with fourth-order low-pass post filtering. The controller is designed using
methods in Sec. 6.4 according to the transfer function model. The open-loop transfer func-
tion and the controller is shown Fig. 8.14. The fourth-order low-pass filter has a cut-off
frequency of 3.6 Hz. The gain and phase margins are 5.48 (14.78 dB) and 48.96°, respec-

tively. Unless otherwise specified, the PID controller is used for closed-loop measurements

in below sections.
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Seismic and sensor noises
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Figure 8.15: SRM pre-isolator LVDT and geophone noises. (a): LVDT 1 and Geophone
2. (b) LVDT 2 and geophone 2. (¢) LVDT 3 and geophone 3. Blue solid: LVDT readout
(pre-isolator locked). Orange dashed: Geophone readout. Green dash-dot: LVDT noise
empirical model. Red dotted: Geophone noise empirical model.

Three LVDTs and three geophones are installed on the pre-isolator, each sensing a
tangential displacement/velocity of the pre-isolator. The sensor noises of each sensor
and their empirical models are shown in Fig. 8.15. Here, the empirical models are ob-
tained using the frequency spectrum modeling methods discussed in Sec. 6.3.2 and the
corresponding empirical model is Eqn. (6.72). For the LVDTs, the noise spectral was
obtained by taking a measurement of the LVDT readouts when the pre-isolator table was
locked relative to the ground. As for the geophones, the data was a measurement of the

geophone readouts when the pre-isolator table was unlocked. For this reason, some reso-
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nances can be observed from the spectra. To compensate for this, the weighting function
in Eqn. (6.71) for modeling the noise spectrum of a geophone is set such that the weight
is 0 when the coherence between any of the two geophones is higher than 0.5 and is 1
otherwise. Geophone data higher than 10 Hz are also ignored.

For each type of sensors, the three sensors are separated horizontally with 120° spac-
ing along a common circumference on the pre-isolator table, each sensing the tangential
motion of the table. To convert the individual sensor noises to the effective sensor noises
in the longitudinal direction, the sensing matrices of the LVDTs and the geophones need
to be invoked. The amplitude spectral density of the longitudinal sensor noise of one type

of sensor can be obtained via the quadrature sum

NL(f) = (Z [SLiNi(f)]2) ; (8.48)

=1

where Np(f) is the effective amplitude spectral density of the sensor noise in the lon-
gitudinal direction, Sy; is the i*® element of the longitudinal row of the sensing matrix,
and N;(f) is the amplitude spectral density of the i*® sensor. Note that Sp; for LVDTs
and geophones are in general different because they are placed differently. The converted
noise spectral for LVDT and geophone noises in the longitudinal direction is shown as

blue solid and orange dashed curves in Fig. 8.17, respectively.

IXV seismometer noise (Y-arm direction)

—— Data
2
107 1 \ Empirical model
% 10° 1 \

1072.

pm

1074.

107°

Amplitude spectral density (

1078.

10-3 10-2 10~ 10° 10! 102
Frequency (Hz)

Figure 8.16: IXV seismometer noise (Y-arm direction). Blue solid: Readout. Orange
dash-dot: Empirical model.

The seismometer placed at the IXV (second floor of the ITMX chamber) is considered

to be a ground sensor in close proximity to the SRM suspension (both located in the corner
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area of the interferometer). At low frequencies, it measures a common ground motion that
is disturbing the SRM suspension and therefore can be used for sensor correction. The
IXV seismometer readout measuring the seismic noise along the Y-arm direction of the
interferometer (SRM is roughly aligned with the Y-arm direction.) is shown as blue solid
line in Fig. 8.16. For the purpose of modeling, data at above 0.04 Hz are believed to be
dominated by seismic noise and are ignored. The empirical model is then simply in the
form of N,/ f®, where N, and a are the model parameters. The fitting empirical model is

shown as orange dashed line in Fig. 8.16.
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Figure 8.17: SRM pre-isolator longitudinal noises. Blue solid: LVDT noise (empirical
model). Orange dashed: Geophone noise (empirical model). Green dash-dot: IXV seis-
mometer noise (empirical model). Red dotted: KAGRA mean seismic noise.

In Fig. 8.17, a compilation of noises in the SRM pre-isolator longitudinal are shown.
This includes the empirical models of the LVDT noise (blue solid), geophone noise (orange
dashed dot), and the IXV seismometer noise (green dash-dot). The mean seismic noise in
KAGRA taken from Fig. 7.2 is also shown. These noises are important in later sections
as the transfer function models for H,, synthesis in later sections are largely based on
these four noises. Transfer function models for each noise could vary depending on the

application and they shall be specified later.

KAGRA complementary filters and sensor correction filters

During the two-week joint observing run with KAGRA and GEO600 (O3GK), a gravitational-
, 24]. This
has eventually limited the duty cycle of the detector to only 54 % [241]. At the time,
KAGRA'’s suspensions had no active isolation capability and this was due to the tight

wave detector in Germany, KAGRA has suffered from high seismic activity |
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commissioning schedule. For O3GK, the pre-isolators of the suspensions only use LVDTs,
which couples perfectly to seismic noise, for damping of the resonances. Therefore, it is
no surprise that the KAGRA became susceptible to seismic disturbances.

Before O3GK, it was concluded that the low-frequency noise of the geophones on the
pre-isolator is too high for them to be implemented in a sensor fusion configuration for
inertial damping (damping with respective to an inertial frame). To elaborate, the cross-
over frequency of between the LVDT and geophone noise is close to ~ 0.2 Hz in Fig. 8.17,
which is much higher than the expected ~ 0.07 Hz in Fig. 8.4. This forces a higher blending
frequency of the complementary filter, which could potentially amplify the secondary
microseism coupling in the LVDT readout, leading to an adverse effect. Therefore, the
focus for active isolation was switched to using a sensor correction configuration. The
pioneer studies of sensor correction in KAGRA is given in Ref. [31] and it was shown that
the secondary microseism can be suppressed and that the sensor correciton scheme can be
a feasible solution to the active isolation problem. However, due to a lack of experience,
the sensor correction filter used for the study is not properly design to attenuate the low-
frequency noise of the seismometer. This caused low-frequency drift of the pre-isolator
table when sensor correction is engaged [58] and therefore is not used during O3GK. The
particular sensor correction filter is shown in subplot (a) in Fig. 8.18. As can be seen, it

has a ~ 3 times amplification around 0.013 Hz and a passband above that.

(a) KAGRA sensor correction filter (b) KAGRA complementary filter
Sensor correction filter N =
K Seismic transmissivity 1074
1004
107!
kS 10714 21072
3 ]
=1 =103
1072
1074
1034 10-5 —— LVDT filter (low-pass)
Geophone filter (high-pass)
107 10~ 1071 100 10! 10-2 10-2 10-1 100 10!
Frequency (Hz) Frequency (Hz)

Figure 8.18: (a): KAGRA sensor correction filter. Blue solid: sensor correction filter.
Orange dashed: seismic transmissivity. (b) KAGRA complementary filter. Blue soild:
LVDT filter (low-pass) Orange dashed: Geophone filter (high-pass).

To remedy the issue of lacking active isolation, inertial damping was brought back
during the pre-O4 commissioning [76]. As part of the suspension system unification®, a
common set of complementary filters was simply set for all suspensions for the sensor
fusion of LVDT and geophone. In Fig. 8.18, the KAGRA complementary filters are

3Different types of suspensions have very different control topologies back in O3.
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shown in subplot (b). And, this set of filters is intended to be used during O4. The
complementary filters were obtained from Ref. [25] and they are described by Eqn. (7.11)
and (7.12), with n; = n;, = 3. The blending frequency (for longitudinal and transverse

direction) was set to 0.08 Hz.

Miscellaneous remarks

The Ho filters that are presented in later sections are benchmarked against the origi-
nal KAGRA complementary filters and sensor correction filter shown in Fig. 8.18. The
performance are compared in several ways. This includes comparing the spectra of the
super sensor readouts and sensor correction readouts during frees wing of the pre-isolator
table. These sensors are also compared in a closed-loop condition where the controller in
Fig. 8.14 is engaged. In such a case, the optical lever at the optics stage is used as an
out-of-loop sensor to monitor the motion of the optics.

It should be noted that, in reality, the geophone signals need to be pre-filtered by
high-pass filters to avoid the overflow of digital signals. For KAGRA geophones, the
geophones signals are pre-filtered by a fourth-order high-pass filter with a cut-off frequency
at 0.003 Hz. Therefore, signals involving the geophone measurements be appeared to be
rolled off below that frequency. With the pre-filtering, the complementary condition of
the complementary filters is no longer valid. This gives a super sensor that has a distorted
frequency response around the blending frequency. Therefore, the pre-filters must be taken
into account and the complementary filters need to be adjusted accordingly. Refs. [28, (1]
provide one way of “normalizing” the complementary filters but the resulting filters may
have excessive noise amplification around the blending frequency. The treatment of pre-
filtering is to be discussed in Sec. 9.1.2. But, it should be noted that the actual H.,
complementary filters implemented in the system are treated in some way to retain the
complementary condition. Hence, the H., super sensor noise might not behave exactly
like that in the simulation, but is slightly higher noise at higher frequencies. On the other
hand, the KAGRA complementary filters are not treated so the KAGRA super sensor
has a distorted frequency response around the blending frequency in reality.

It is worth clarifying one performance index that is commonly used for evaluating the
“size” of a signal, that is, the root mean square (RMS) value. The expected RMS value of
a signal can be obtained by integrating its entire power spectral density with respect to
frequency and then taking the square root of that value. This gives the an expected RMS
value of the signal. For active isolation systems, and for subsystems in a gravitational-
wave detector in general, signals can have very different order of magnitude at different
frequencies. In most cases, the amplitude of a signal at high frequency is much lower than
that at low frequency. This means that the RMS value is typically dominated by the low
frequency components so the high frequency components are not well represented. To

remedy this, integrated RMS Srys(f) is introduced as a function of frequency, and it is
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defined as
Srums(f [/ Sasp(f f} ; (8.49)

where Sasp(f) is the amplitude spectral density of a signal. The integrated RMS is
meant to be viewed from high frequency to low frequency and it shows how the RMS
value gets accumulated, which would be useful for identifying RMS contributions from
high frequency components. The terms RMS and integrated RMS are sometimes used
interchangeably since they can be easily distinguished (RMS is a value whereas integrated
RMS is a function of frequency).

Here are some disclaimers regarding the results in later sections. First of all, the
comparison only yields relative performance. Therefore, the results do not evaluate the
optimality of the control filters. Performance indices, such as the RMS value of a sensor
signal, do not necessarily translate to real performance such as lock stability of the in-
terferometer. To test the active isolation performance, all control filters of all suspension
must be changed for a sufficient long period during the observation where metrics such as
number of lock-losses per number of earthquakes can be observed and compared. These
tests maybe too costly to be conducted for current KAGRA in such an early stage where

robustness is pursued.

8.3.2 H,, sensor fusion

In this section, the H, sensor fusion using the LVDT and the geophone is demonstrated.
In this case, the LVDT is measuring relative displacement of between the pre-isolator and
the ground. Therefore, the seismic noise is considered as part of the sensing noise in the
LVDT readout. To use the H,, method for sensor fusion in Sec. 8.3.2, the sensing noises of
the LVDT and the geophone need to be modeled as transfer functions. For the geophone
noise, the modeling is straightforward, as shown in sec. 6.3.2. As for the seismic noise
coupled LVDT sensing noise, it is not simple since the seismic noise need to be estimated
from a seismometer readout. The seismometer readout at low frequency, especially below
~ 0.1Hz, is dominated by the seismometer noise, as shown in Fig. 8.17. This makes
seismic noise at low frequency hard to estimate. As a simple estimation, the seismic noise
in Fig. 8.17 is processed as follows. At frequencies lower than the local minima around
~ 0.1 Hz, the values are replaced with the value of the minima, flattening the spectrum
at lower frequencies. This adds the secondary microseismic peak to the LVDT noise. The
quadrature sum of the processed seismic noise and the LVDT noise is modeled as the
sensing noise with a transfer function for the purpose of H,, synthesis.

The modeled noises are used to optimized complementary filters via H., synthesis.
The minimum H,, norm for this case is v = 7.055, meaning that the super sensor noise

has an amplification 7.055 times above the lower boundary. The H., complementary filters
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Figure 8.19: H., complementary filters for the sensor fusion of the seismic noise coupled
LVDT and the geophone of the SRM pre-isolator in the longitudinal direction. Blue solid:
Seismic noise coupled LVDT filter (low-pass). Orange dashed: Geophone filter (high-pass)

are shown in Fig. 8.19. As shown in the figure, the low-pass filter has a clear difference
compared to KAGRA complementary low-pass filter shown in subplot (b) of Fig. 8.18.
That is, there exists a notch-like feature in the H ., around the secondary microseism. This
gives a ~ 10 times attenuation at 0.2 Hz and, in comparison, the KAGRA complementary
filter only offers ~ 2.5 times attenuation around the microseism. A similar feature is also
engineered in the example Virgo complementary filter shown in Ref. [27] for the purpose of
providing additional suppression to the microseism. However, the Virgo complementary
filters are only given as an example and it was not entirely how the filter design was
approached. In contrast, the H.,, method automatically generates the necessary features
that are required to properly filter the sensing noises. The notch-like feature in H

low-pass filter in Fig. 8.19 was naturally created as a result of optimization.

The complementary filters are used to estimated the super sensor noises. The KAGRA
super sensor noise (green dash-dot) and the H., super sensor noise (red dotted) are
shown in Fig. 8.20 together with the original seismic noise coupled LVDT and geophone
sensing noise models (blue solid and orange dashed, respectively). The amplitude spectral
densities of the noises are shown in subplot (a) and the integrated RMS of the noises are
shown in subplot (b). Note that the RMS of the geophone noise is not shown since it has
a much larger value than the others and it is not an important value.

In comparison, the KAGRA super sensor has poorer noise performance compared
to the H., super sensor. As can be seen, at frequencies below 0.05Hz, the amplitude

spectral density of the KAGRA super sensor is around an order of magnitude higher
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(a) SRM pre-isolator longitudinal sensor noise spectrum

106 §
Seismic noise coupled LVDT (model)
1077 Geophone (model)
1044 —-= KAGRA super sensor (estimated)
é@ PP 1101 A Hoo super sensor (estimated)
:,;‘ 102 4
-g 101 4
E
45 100 J
(%]
&
o 1071
=
£ 1072
2 10
10
107
103 102 10~ 10° 10!
Frequency (Hz)
(b) SRM pre-isolator longitudinal sensor noise (RMS)
100 4
1071.
=102
[
<
B
E
< 107°
10744 Seismic noise coupled LVDT (model) =
—-— KAGRA super sensor (estimated) ‘\.
""" Hoo super sensor (estimated) \'\.\_
1075 L4 . . | h
1073 1072 1071 10° 10!

Frequency (Hz)

Figure 8.20: Sensor noise and estimated super sensor nosies in the SRM pre-isolator
longitudinal direction. (a) Amplitude spectral density. (b) RMS. Blue solid: Seismic
noise coupled LVDT. Orange dashed: Geophone. Green dash-dot: KAGRA super sensor.
Red dotted: H, super sensor.

than that of the H. super sensor. This indicates that the KAGRA complementary
high-pass filter does not filter the geophone noise The H., super sensor has a slightly
higher noise amplification around ~ 0.1 Hz, corresponding to the amplification band of
the complementary filters, and rolls off along the geophone noise at higher frequencies

with a slight multiplicative offset. Even with the presence of the microseism, the H
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super sensor noise follows the shape of the lower limit well at all frequencies. On the
other hand, the microseismic peak appears in the KAGRA super sensor noise so it is not
filtered well. At higher frequencies, the KAGRA super sensor noise rolls off close to the
geophone noise. Although the KAGRA super sensor performs better at high frequency, it
introduces a significant amount of drift at low frequency compared to the original LVDT
and H., noise while providing little seismic noise attenuation. As shown in subplot (b)
of Fig. 8.20, the RMS value of the KAGRA super sensor noise is 0.8694 pm, which is the
highest among those of the original LVDT noise and the H., super sensor noise, which

are 0.2485 pm and 0.3578 pm, respectively.

The H., complementary filters are implemented to the SRM pre-isolator and open-
loop spectra were simultaneously measured for the KAGRA and H., super sensors. In this
particular case, there was a mistake when synthesizing the H.-optimal complementary
filters. The intrinsic noise of the LVDT was amplified by a factor of ~ 3.56 during
the modeling. The actual noise model used is not that one shown in Fig. 8.20 and the
actual complementary filters are slightly different from that in Fig. 8.19. The H., norm
corresponding to the actual sensor fusion configuration is v = 8.913, which correspond to
a slightly higher noise amplification. Therefore, the measurements here are for references
only.

Fig. 8.21 shows the open-loop spectra of the KAGRA and H., super sensors. The
LVDT and geophone readouts are also shown as references. The spectra correspond to
measured displacement of the pre-isolator table so they do not represent the sensing
noises exactly. However, any observable differences between the spectra are explained by

difference in sensing noise. Therefore, the open-loop spectra can be compared this way.

As can be seen, similar observations from Fig. 8.20 can be made from the real mea-
surements in Fig. 8.21. At low frequencies, the KAGRA super sensor has a higher noise
compared to that of the H,, super sensor. As a result, the KAGRA super sensor readout
has an RMS value of 0.55 pm, which is highest among the LVDT and the H,, super sen-
sor. The RMS value of the LVDT readout and the H., super sensor readout are 0.342 pm
and 0.356 pm, respectively. Around 0.1 Hz, the H ., super sensor has a noise amplification
that corresponds to the peak of the complementary filters. The H., super sensor has
a better seismic attenuation at 0.2 Hz and a similar performance at 0.3 Hz compared to
the KAGRA super sensor. In this measurement, the microseismic peak shifted from the
expected 0.2 Hz to ~ 0.3 Hz, which means the H, super sensor is operating sub-optimally
and this explains why the difference in seismic attenuation between the two super sensors
is subtle. At above 0.7 Hz, the H., super sensor has a clear noise amplification relative
the geophone noise. This is a consequence of the compensation of the geophone pre-filter,
which is to be discussed in Sec. 9.1.2. It should be noted that the signal-to-noise ratio of
both super sensors around the first resonance is very low. This means that the super sen-

sors cannot be used to suppress the main resonance motion. This makes the super sensor
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Figure 8.21: SRM pre-isolator longitudinal freeswing readout. (a) Amplitude spectral
density. (b) RMS. Blue solid: LVDT (seismic noise coupled). Orange dashed: Geophone.
Green dash-dot: KAGRA super sensor. Red dotted: H, super sensor.

configuration, using only the seismically-coupled LVDT and geophone, not very suitable

for damping the resonances. This also explains why inertial damping was abandoned

during pre-O3 commissioning and focus was switched to sensor correction instead.
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8.3.3 H, sensor correction

It is tempting solve the sensor correction problem by treating it exactly as a sensor fusion
problem. This is because the form of sensor correction noise in Eqn. (7.18) looks exactly
like the super sensor noise in Eqn. (7.8). To show why this is sub-optimal, consider the
seismic noise model (blue solid) and the seismometer noise model (orange dashed) in

Fig. 8.22. Here, the seismic noise model and the seismometer noise are modeled against

SRM pre-isolator longitudinal sensor correction noise models
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Figure 8.22: SRM pre-isolator longitudinal sensor correction noise models and estimated
sensor correction noises. Blue solid: Seismic noise. Orange dashed: Seismometer. Green
dash-dot: LVDT. Red dotted: Trial H., sensor correction. Lilac dash-dot-dot: Modified
seismic noise. Brown dash-dot-dot-dot: H., sensor correction

the KAGRA mean seismic noise and the IXV seismometer noise shown in Fig. 8.17,
respectively. Plugging these two noises in to the generalized plant Fig. 8.3 and solving
for a “trial” sensor correction filter gives a sensor correction noise (red dotted) shown in
Fig. 8.22. Note that the trial version of sensor correction is shown as a demonstration only
and this configuration is not intended to be used. The trial sensor correction filter (blue
solid) and the corresponding seismic noise transmissivity (orange dashed) are plotted in
subplot (a) of Fig. 8.24 as a reference.

Firstly, from Fig. 8.22, the flat region of the seismic noise at frequencies below 0.1 Hz
is not a estimation of the seismic noise as it was artificially made flat to neglect the
seismometer noise in the measurement. This means that the seismometer noise in the
sensor correction readout might be under-suppressed and the extent depends on how
the data is treated. At frequencies above ~ 0.04 Hz, the sensor correction noise follows
the spectral shape of the seismometer noise, indicating an “optimal” roll off. However,
ultimately, the readout of the sensor corrected LVDT in Eqn. 7.17 is used for feedback
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Figure 8.23: SRM pre-isolator longitudinal trial sensor correction filter and seismic trans-
missivity. Blue solid: Sensor correction filter. Orange dashed: Seismic transmissivity.

control and it has a sensing noise composed of the relative sensor noise Ny (s) and the
sensor correction noise Ny.(s). With the relative sensor noise (green dash-dot), which
is the LVDT noise, also plotted in Fig. 8.22, it is clear that the seismic noise is over-
suppressed. This is indicated by the fact that the sensor correction noise goes lower than
the LVDT noise at frequencies above ~ 0.13 Hz. At those frequencies, the corrected LVDT
readout is dominated by the intrinsic noise of the LVDT and further suppression of the
seismic noise is not useful. This falsifies the conventional method of requiring the seismic
noise transmissivity to be as low as possible, i.e. the sensor correction filter does not have

to be exactly 1 at the pass band.

To resolve the issues above, the seismic noise data in Fig. 8.17 is modified as follows.
For low frequency data, instead of flattening the curve below the frequency of the first
minima at frequencies below the secondary microseism, the curve was extrapolated. The
extrapolation for the i*" data point is done by taking the average between the (i + 1)®
data point of the seismic noise data and the i*" value of the LVDT noise. This goes with
decreasing values of ¢, starting from the index just below the local minima next to the
secondary microseism. When the value of the i*® seismic noise data point is higher than
that of the (i + 1)" data point, it is set to the value of the (i + 1)** data point. This
flattens the curve at low frequency, making it lower than the LVDT noise. As for high
frequency data, the values of the seismic noise data points at frequencies higher than the
microseismic peak are set to the value of the microseismic peak, making a flat line at
high frequency. The purpose of this is to force the H,, sensor correction filter to be a

high-pass filter. Without this modification, the sensor correction filter will amplify both
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seismic noise and seismometer noise at high frequency if the target noise level is specified
to the level of the LVDT noise. This has one benefit: the sensor correction performance

is not sensitive to a change in microseism frequency.

SRM pre-isolator (longitudinal) H sensor correction filter
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Figure 8.24: SRM pre-isolator longitudinal sensor correction filter and seismic transmis-
sivity. Blue solid: Sensor correction filter. Orange dashed: Seismic transmissivity.

The corresponding transfer function model of the modified seismic noise is shown as
lilac dash-dot-dot curve in Fig. 8.22. As can be seen, the LVDT noise becomes higher than
the minimum of the seismometer noise and the modified seismic noise at most frequencies.
Therefore, it can be used as the weights for specifying the upper bounds of both the
suppressed seismic noise and the filtered seismometer noise, as discussed in Sec. 8.2.2.
The sensor correction filter was optimized using the H., method discussed in Sec. 8.2.2
The H sensor correction filter (blue solid) and the corresponding seismic transmissivity
(orange dashed) are is shown in subplot (b) of Fig. 8.24. As can be seen, at high frequency,
the amplitudes of the seismic transmissivitiy and the sensor correction filter plateau at
~ 0.055 and ~ 0.945, respectively.

The resulting H ., norm of the optimization is v = 3.56. This means that the resultant

4 except at

sensor correction noise can be estimated as 3.56 times that of the LVDT noise
frequencies higher than the microseismic peak. The estimated sensor correction noise is
shown in Fig. 8.22 as brown dash-dot-dot-dot line. As can be seen, the estimated sensor
correction noise follows the shape of the LVDT noise roughly, with an multiplicative
offset of ~ 3.56. Note that the sensor correction noise is estimated using the modified

seismic noise model, which is not true at frequencies higher than the microseism. At those

4This explains the mistake made earlier in Sec. 8.3.2.
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frequencies, the sensor correction noise would be lower. So this means that the sensing
noise of the corrected LVDT would converge to the intrinsic noise of the LVDT at those

frequencies.
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Figure 8.25: SRM pre-isolator longitudinal open-loop readout. (a) Amplitude spectral
density. (b) RMS. Blue solid: LVDT. Orange dashed: Geophone. Green dash-dot: KA-
GRA super sensor. Red dotted: KAGRA sensor correction. Lilac dash-dot-dot: H.,

sensor correction.

The H., sensor correction filter was put into test in the SRM pre-isolator. Fig. 8.25

shows a comparison between the open-loop readouts of the KAGRA super sensor (green
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dash-dot), KAGRA sensor correction (red dotted), and the H,, sensor correction (lilac
dash-dot-dot). The LVDT and geophone readouts are also shown as references. At low
frequencies, the KAGRA sensor correction has the worst performance due to the noise
amplification at 0.013 Hz resulting from the design of the sensor correction filter shown in
subplot (a) in Fig. 8.18. In contrast, the noise amplification area of the H,, falls between
~ 0.05Hz and ~ 1Hz, which correspond to the trough area formed by the seismometer
and seismic noise shown in Fig. 8.22. The misplacement of the noise amplification in the
KAGRA sensor correction filter caused an excessive low-frequency drift in the readout and
the RMS value is 1.417 pm as shown in subplot (b) of Fig. 8.25. In comparison, the RMS
value of the LVDT, the KAGRA super sensor, and the H., sensor correction readouts
are 0.412pm, 0.552 pm, and 0.351 pm, respectively. The fact that the lower RMS of the
H . sensor correction readout indicates that the H., sensor corrected LVDT is an overall
better sensor, at least in the RMS sense.

At the microseism frequency, the suppression of the microseism coupling is similar
for both sensor correction configuration. The microseismic peak is reduced by roughly
one order of magnitude. Both of them offered a slightly better suppression compared
to the KAGRA super sensor, as is indicated by the RMS plot. The RMS integrated
down to 0.1Hz reads 0.256 pm, 0.0426 pm and 0.0482pm for the LVDT readout, the
KAGRA sensor correction readout, and the H., sensor correction readout, respectively.
Although the H, sensor correction offers slightly lower suppression of seismic noise, the
suppression is achieved with virtually no penalty whereas the KAGRA sensor correction
has an excessive noise amplification in exchange. The H ., sensor correction readout has
an insignificant noise amplification compared to the LVDT noise at low frequency.

With the H,, sensor correction filter, the corrected readout offers better suppression
of the microseism while having superior noise performance at low frequency compared
the KAGRA super sensor, which is intended to be used for “active seismic isolation”
during O4. The corrected LVDT, being based on the LVDT readout, has poorer noise
performance at high frequency compared to the KAGRA super sensor. However, this
should not matter for the O4 target sensitivity, which is similar to sensitivity achieved
during O3GK [241] where LVDTs were used for the control of the pre-isolators. Therefore,
the H ., sensor correction is undoubtedly already a better alternative for active seismic
isolation for O4 compared to the current implementation of inertial damping at KAGRA.

The closed-loop results of the H, sensor correction is given in Sec. 8.3.5.

8.3.4 H,, sensor fusion with sensor correction

With a sensor correction scheme implemented, it is worth re-introducing the sensor fusion
and discuss how the geophones can improve the sensing performance. In this section,

the sensor fusion between the sensor corrected LVDT in Sec. 8.3.3 and the geophone
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is discussed. The H., sensor correction configuration in Sec. 8.3.3 has an H., norm of
~v = 3.56, meaning that the estimated sensor correction noise is 3.56 times the noise of
the LVDT. At frequencies higher than the microseism, the estimation is incorrect since
the modified noise model has a higher amplitude compared to the real seismic noise. At
those frequencies, the noise of the corrected LVDT is dominated by the the LVDT noise,
instead of the sensor correction noise, as shown in Fig. 8.25. But, the sensor correction
noise has just a slight offset of from the LVDT noise. Therefore, for simplicity, it is used

as an conservative approximation of the sensing noise of the corrected LVDT.

SRM pre-isolator longitudinal sensor correction noise models
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Figure 8.26: SRM pre-isolator longitudinal noise models and estimated super sensor noise.
Blue solid: Sensor corrected LVDT (model). Orange dashed: Geophone (model). Green
dash-dot: H., super sensor with sensor correction (estimation).

The noise models of the sensor corrected LVDT and the geophone are shown as blue
solid curve and orange dashed curve, respectively, in Fig. 8.26. As can be seen, this sensor
fusion configuration is almost identical to the example shown in Sec. 8.2.1 as the noise
model of the sensor corrected LVDT takes the shape of the LVDT noise. The procedure
for H., optimization for sensor fusion is therefore the same as in the example and the
Ho complementary filters are shown in Fig. 8.27. The H., norm is this case is v = 4.65.
As shown in the figure, the complementary filters look very similar to those in Fig. 8.5
except with a higher blending frequency of ~ 0.12 Hz. The estimated super sensor noise
is shown as green dash-dot line in Fig. 8.26, which is expectedly close to the lower limit
at all frequencies. Again, note that the noise estimation at frequencies higher than the
microseism is overestimated as the sensor corrected LVDT has a sensing noise slightly
lower than that shown in Fig. 8.26.

Fig. 8.28 shows the open-loop longitudinal displacement of the SRM pre-isolator table
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Figure 8.27: H., complementary filters for the sensor fusion of the sensor corrected LVDT
and the geophone of the SRM pre-isolator in the longitudinal direction. Blue solid: H
low-pass filter for the sensor corrected LVDT. Orange dashed: H., high-pass filter for the
goephone.

using different sensing readouts. As can be seen from subplot (a), the low frequency
noise performance of the H., super sensor with sensor correction (H, super sensor from
hereafter) (lilac dash-dot-dot) is similar to that of the sensor corrected LVDT (red dotted).
They are both close the LVDT noise (blue solid). Also, The H., super sensor offers a
slightly better noise performance at the microseismic peak. This is also indicated by the
lower integrated RMS between ~ 0.12 Hz and ~ 0.3 Hz. However, when the RMS value is
integrated down to 0.1 Hz, the value becomes 0.0573 pm for the H., super sensor, which
is slightly higher than that of the H., sensor correction (0.0483 um). This is due to the
noise amplification around the blending frequency of the complementary filters. At high
frequencies, the H ., super sensor noise is close to the geophone sensing noise, which might
be desirable for a low-noise operation. The overall RMS value of the H., super sensor
readout is 0.359 pm, which is comparable to the RMS value of the H,, sensor correction
readout (0.351pum). Both H., readouts have lower RMS values than those of the LVDT
(0.412um) and the KAGRA super sensor (0.552 pm). In short, compared to the H, sensor
correction, the H., super sensor provides a slightly better seismic noise attenuation at
the microseism and has lower noise at high frequencies with a cost of slightly higher RMS

value due to the noise amplification around 0.12 Hz.
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Figure 8.28: SRM pre-isolator longitudinal open-loop readout. (a) Amplitude spectral
density. (b) RMS. Blue solid: LVDT. Orange dashed: Geophone. Green dash-dot: KA-
GRA super sensor. Red dotted: H., sensor correction. Lilac dash-dot-dot: H., sensor
sensor with H., sensor correction.

8.3.5 H. sensors closed-loop performance and summary

As a verification, the H, sensor correction and complementary filters obtained in Sec. 8.3.3
and 8.3.4 were implemented to the SRM pre-isolator. The pre-isolator is controlled with
the PID controller in Fig. 8.14 with 5 different sensors,

1. LVDT (seismic coupled),
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2. KAGRA sensor corrected LVDT,

3. KAGRA super sensor,

4. H sensor correction, and

5. Hso super sensor with sensor correction.

The optical lever at the test mass stage is used as an out-of-loop sensor to monitor the
longitudinal displacement of the SRM optics when the pre-isolator is controlled. Here,
all measurements were done consecutively within a short period and they were all done
under a similar seismic environment. This is to ensure that the closed-loop displacement
levels are comparable. The seismic noise levels measured by the IXV sesimometer during

the closed-loop measurements of the SRM are shown Fig. 8.29 as a reference. As can

Seismic noise level during closed-loop measurements

103 T Ery
102 4
Z
E 100 4
[
<
E 107+
3
Z -2
o 1077
< —— Open loop
2 1073 LVDT
;CE —-— KAGRA sensor correction
1044 e KAGRA super sensor
—--=+ H sensor correction
10724 === Ho super sensor with sensor correction
1073 1072 107! 10° 10!

Frequency (Hz)

Figure 8.29: Seismic noise levels during closed-loop measurements. Blue solid: Open-
loop. Orange dashed: Control with LVDT. Green dash-dot: Control with KAGRA sensor
correction. Red dotted: KAGRA super sensor. Lilac dash-dot-dot: H., sensor correction.
Brown dash-dot-dot-dot: H., sensor fusion with sensor correction.

be seen, the seismic noise levels between during each closed-loop measurements overlaps
well.

The SRM longitudinal displacements measured by the optical lever are shown in
Fig. 8.30. As shown in Fig. 8.30, the optical lever readout is unfortunately dominated by
its self-noise. Nonetheless, some differences can be observed between closed-loop configu-
ration using different sensors. Firstly, it is clear that the KAGRA sensor correction setup

has introduced a significant drift to the optics at low frequency, which has increased the
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SRM optics displacement with pre-isolator control
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Figure 8.30: Longitudinal displacement of the SRM optics with pre-isolator control. (a)
Amplitude spectral density. (b) RMS. Blue solid: Open-loop. Orange dashed: Control
with LVDT. Green dash-dot: Control with KAGRA sensor correction. Red dotted: KA-
GRA super sensor. Lilac dash-dot-dot: H., sensor correction. Brown dash-dot-dot-dot:
Ho sensor fusion with sensor correction.

RMS value of the displacement to 1.8 um. This is significantly higher than those of other
configurations and should not be considered as a configuration for feedback control.

At the first resonance frequency of the pre-isolator, 0.06 Hz, a peak is clearly observable
from the displacement spectrum under and open-loop condition. From the RMS plot, the

resonance peak contributes an RMS of around 0.1 pm (an increase from ~ 0.2 pm to ~
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0.3pm). And clearly, the peak is not observable in all closed-loop condition. This indicates
that all sensor configruations are working properly under the closed-loop condition.

At 0.4 Hz, the second resonance peak, a difference between the LVDT control and
others can be seen. The peak level is around 1pm/ vHz under the open-loop condition,
and is around 0.8 pm/ VHz. Despite having an open-loop gain of ~ 10 as shown in
Fig. 8.14, the suppression ratio with the closed-loop configuration using the LVDT is only
~ 1/0.8 = 1.25, which is way less than the open-loop gain of 10. This is due to the
fact that the seismic noise level around the microseism is similar to that of the second
resonance, as is also indicated in subplots (a) in Fig. 8.25 and 8.28. This means that the
uncorrected LVDT measures the second resonance with a low signal-to-noise ratio and
hence cannot be used to damp the peak effectively. Instead, the microseism is injected at
that freuqency where the open-loop gain is high, which explains the widened shape of the
peak. In comparison, the peak is not observable under other closed-loop configurations.
From the RMS plot, under the open-loop condition, the second peak contributes a step
of RMS value of around 0.036 pm (increased from ~ 0.111 pm to ~ 0.147 pm from 0.42 Hz
to 0.38 Hz). This step in the RMS plot is not obvious from all closed-loop configurations
with sensor correction and sensor fusion. And, this indicates that the sensor correction
and sensor fusion configurations can indeed be used to improve the damping performance
of the suspensions.

As for the resonance peak at 0.67 Hz, the suppression ratio is low for all closed-loop
configuration. This may be due to the fact that the control has a low open-loop gain and
a low signal-to-noise ratio for all configurations. Also, there is a degenerating pendulum
mode, that involves the longitudinal and pitch motion of the payload but not the pre-
isolator, at this frequency. From the open-loop readouts in Fig. 8.25 and 8.28, the peak
at 0.67 Hz appears to be lower than the peak at 0.4 Hz. Whereas in the optics open-loop
readout in Fig. 8.30, this is reversed. Therefore, the observed peak at 0.67 Hz may not be

entirely due to the motion of the pre-isolator, but rather, the motion of the aforementioned

pendulum.
Pre-isolator control configuration Optics displacement readout RMS (pm)
Open loop 0.587
LVDT 0.589
KAGRA sensor correction 1.8
KAGRA super sensor 0.667
H oo sensor correction 0.446
Hoo super sensor with sensor correction 0.465

Table 8.1: RMS value of the SRM optics displacement readout under different pre-isolator
control configuration.

The RMS values of the SRM optics displacement measured by the optical lever under

different pre-isolator control configurations are summarized in Table 8.1. The values for
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the open-loop, LVDT, KAGRA sensor correction, KAGRA super sensor, H,, sensor cor-
rection, and H., super sensor configurations are 0.587 pm, 0.589 pm, 0.667 pm, 0.446 pm,
and 0.465 pm, respectively. Again, note that the spectrum of the displacement readout
of the optics is dominated by the self-noise of the optical lever. Therefore, the values in
Table 8.1 do not represent the actual RMS values of the optics displacement. But, the
differences can be used to evaluate the relative performance between different configura-
tions. And, as can be seen, both H., configurations offer better closed-loop performance
compared to the LVDT, and the original KAGRA sensor correction and sensor fusion
configurations. Between the two H., configurations, the H., sensor correction configu-
ration has a slightly lower closed-loop RMS value. This is because the use of geophones
in the sensor fusion configuration introduces a slight addition of noise at low frequency,
which eventually contributes to the subtle increase in RMS value. Nevertheless, the H
super sensor configuration offers ~ 3 orders of magnitude reduction in noise level at 10 Hz

compared to the sensor correction configuration, as shown in Fig. 8.28 in Sec. 8.3.4.

Pre-isolator sensors Sensor readout RMS (pm)
LVDT 0.412
KAGRA sensor correction 1.417
KAGRA super sensor 0.552
H . sensor correction 0.351
Hoso super sensor with sensor correction 0.359

Table 8.2: RMS values of the SRM pre-isolator displacement readouts under different
sensing configuration (pre-isolator open loop).

Table. 8.2 shows a summary of the RMS values of different sensing configurations of
the pre-isolator under the open-loop condition. These values are reiterated from Sec. 8.3.3
and 8.3.4. As can be seen, the open-loop results agree with those measured in closed-loop
condition in Table 8.1, with the original KAGRA configurations being worse than the
LVDT and the H. sensors being superior. In summary, the H., sensor correction and
sensor fusion configurations show improvements in noise performance compared to the
LVDT, the original KAGRA sensor correction, and the original sensor fusion configura-
tions. The H, sensor correction and the Ho, super sensor (with sensor correction) have
similar noise performance in terms of RMS value, with the sensor fusion being slightly
worse. However, the H., sensor fusion offers significantly lower noise at high frequency
and should be considered when the pre-isolator control noise becomes significant to the

detector sensitivity.

8.3.6 H, control

In this section, the H., control of the pre-isolator is discussed. Two types of controllers

are presented here. The first problem is the active isolation control that seeks optimal
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trade-off between seismic isolation and noise attenuation. And, the second problem is
damping control similar to the example in Sec. 8.2.3. The former control system was
unfortunately not realizable due to the impracticality and complexity of H., controllers.
To compensate for this, the latter control serves as a simplified example of H., control

but is not a realistic control problem in active isolation systems.

Active isolation control

For active isolation control at the pre-isolator stage, the goal is to attenuate the seis-
mically induced motion without injecting too much control noise (Including actuation
noise and sensor noise, although only sensor noise have been discussed so far.). The
seismically induced motion is the corresponding disturbance under the feedback control
framework shown in Fig. 5.5. Without control, the pre-isolator table displacement can be
written as X (s) = D(s) = P,(s)X,(s), where D(s) is the disturbance, i.e. the seismically
induced motion, X,(s) is the ground displacement, and F,(s) is the transfer function
from ground displacement to the pre-isolator table displacement, i.e. the passive atten-
uation. Both transfer functions, from ground displacement or from actuation, refer to
a similar same dynamics of the inverted pendulum. Therefore, assuming that the pre-
isolator follows the ground motion perfectly below the main resonance frequency, the
ground transfer function P,(s) can be approximated as the normalized actuation transfer
function P,(s) = P(s)/|P(0)|, where P(s) is the transfer function from actuation to the
pre-isolator displacement. Hence, the disturbance is D(s) = P(s)X,(s)/|P(0)|, which
is already obtainable based on transfer function models in previous sections (P(s) from
Sec. 8.3.1 and X,(s) from Sec. 8.3.3).

Suppose the H, sensor correction configuration is used (so the geophone can be used as
an out-of-loop sensor to monitor the control performance), the corresponding sensing noise
of the feedback control problem, like how it is done in Sec. 8.3.4, can then be approximated
as the LVDT noise multiplied by the H,, norm of the sensor correction configuration,
which is v = 3.56. In principle, the sensing noise should be re-measured with the sensor
correction scheme implemented but the estimated noise is used here for simplicity. For
the purpose of position control of the pre-isolator table, the disturbance is multiplied by a
factor of [(s+wg)/(s+€)]? with wy = 27 x 0.01 rad/sec and € = 27 x 0.001 rad/sec, which
are arbitrarily chosen for illustration purpose. As opposed to first-order one described
in Sec. 8.2.3, the second-order transfer function is chosen such that the relative order
between the disturbance and the noise is at least one, which is required for H., synthesis
to generate an integrator-like structure at low frequency. The disturbance (blue solid)
and sensing noise model (orange dashed) are shown in Fig. 8.31.

With the disturbance, sensing noise, and actuation plant obtained, the weights and
the transfer function models in the generalized plant for feedback control in Fig. 8.8 are
all defined assuming the optimal weightings Wp(s) = 1/N(s) and Wy(s) = 1/D(s). The
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SRM pre-isolator longitudinal noise models and displacement
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Figure 8.31: SRM pre-isolator longituidinal noise models and displacement. Blue solid:
Disturbance (model), i.e. The seismically induced displacement. Orange dashed: Noise
(model), i.e. the sensing noise of the H, sensor corrected LVDT. Green dash-dot: The
closed-loop displacement with H., controller.

feedback controller is optimized using H., synthesis according to Sec. 8.2.3. In Fig. 8.31,
the estimated closed-loop displacement (green dash-dot) plotted. As can be seen, the
main resonance peaks at 0.06 Hz and 0.067 Hz are suppressed to a level close to the
sensing noise. The peaks at higher frequencies are not suppressed since they are below
the noise level of the sensor, and in fact, they are amplified roughly by a factor of the H
norm, which is v = 1.9 in this case. At high frequencies, the pre-isolator displacement
rolls off towards the natural attenuation of the suspension. Again, this shows how H
control can suppress control noise such that the feedback control does not ruin the passive

isolation performance at high frequency.

The frequency responses of the open-loop transfer function ((a) and (c)) and the
Hoo controller ((b) and (d)) for SRM pre-isolator longitduinal direction is shown as blue
solid lines in Fig. 8.32. The H., controller for the SRM pre-isolator was implemented
to the KAGRA digital system using the Foton utility. To achieve this, the 46'"-order
H . controller was split into 3 transfer functions, which is equivalent to the H, controller
when connected in series. This is necessary in practice since the Foton utility only accepts
filters up to 20" order. The controller, as interpreted by Foton, is shown as orange dashed
line in Fig. 8.32. As can be seen, the Foton utility unfortunately did not interpret the
controller correctly. This resulted in an unexpected controller, which has unwanted peaks

around the resonance frequencies.

Fig. 8.33 shows the Nyquist plot of the expected H., control (subplot (a)) and that of
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Figure 8.32: SRM pre-isolator open-loop transfer function and H, controller. (a) and
(c) Open-loop transfer function (magnitude and phase). (b) and (d) Ho, controller. Blue
solid: Expected H, controller. Orange dash-dot: Foton interpreted H., controller.

the Foton interpreted control (subplot (b)) for the SRM pre-isolator. While it is unclear
from the Bode plot in Fig. 8.32 that the H,, control is stable, the Nyquist plot shown in
subplot (a) in Fig. 8.33 clearly indicates the H., control of the SRM pre-isolator is stable
as there is no encirclement around the —1 point. However, the same cannot be said for
the Foton interpreted H, controller. In subplot (b), it is clear that the Foton interpreted
H ., controller resulted in an unstable system since there are multiple encirclement around
the —1 point while the plant is open-loop stable. This means that the implementation of
Ho is unsuccessful and the system was tested to be closed-loop unstable in reality.
Nevertheless, there are certain implications that can be drawn from the the H,, con-
troller. First of all, the H ., controller is a broadband controller, if not like a PID controller
in Fig. 8.14. The V-shape magnitude response at low frequency is very similar to that
created by the integral and derivative controller. This means that the PID controller is

actually not that far from optimal. However, the H., controller clearly has lower loop-
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Nyquist plot
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Figure 8.33: Nyquist plot of the SRM pre-isolator longitudinal control. (a) Expected H
control. (b) Foton interpreted H., control.

gain at the main resonances, which indicates that the critical damping gain is, in fact,
too high for this configuration. At the microseism, the open-loop gain is lower than 1,
meaning that there is effectively no feedback action that actively attenuates the seismic
noise. Therefore, active vibration isolation, at least for the SRM suspension, is more like
“not injecting seismic noise” rather than suppressing seismic noise at the microseism. At
high frequencies, the roll-off is 4" to 5*"-order and the corner frequency, judging from the
controller response, is around 0.3 Hz, which is roughly one decade lower than that in the
PID controller. While the H., controller may not be implementable, a PID controller can
be re-designed according to these features, either via manual shaping or H., loop-shaping

with fixed controller structure, in the future if low-noise operation is desirable.

Example damping control

To exemplify the H., control, the yaw degree of freedom of the SRM pre-isolator is
considered instead. The pre-isolator yaw only has one resonance and hence the plant is
much simpler than that of the longitudinal direction. This hopefully would result in an
H controller that can be implemented. For the yaw degree of freedom, the disturbance in
this direction cannot be easily characterized. Firstly, there is no natural yaw disturbance,
i.e. shear on the ground. Secondly, the disturbance of the yaw degree of freedom comes
from cross-coupling from other degrees of freedom, which cannot be easily estimated.
Therefore, for simplicity, the disturbance here is assumed to be the actuation plant P(s).
And, during the actual test, the disturbance is injected via the actuators. As for the
sensing noise, there is no sensor correction and the geophone is intended to be used as
an out-of-loop sensor to measure the control performance. Therefore, the sensing noise is
simply the LVDT noise.

220 Optimizing Active Isolation Systems in Gravitational-wave Detectors



8.3. Ho OPTIMIZATION OF THE SRM PRE-ISOLATOR CONTROL FILTERS

SRM pre-isolator yaw noise models and displacement
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Figure 8.34: SRM pre-isolator yaw noise models and displacement. Blue solid: Distur-
bance (model). Orange dashed: Noise (model). Green dash-dot: Closed-loop displace-
ment with derivative control. Red dotted: Closed-loop displacement with H., control.

The disturbance (blue solid) and the noise (orange dashed) models in the SRM pre-
isolator yaw degree of freedom are shown in Fig. 8.34. The transfer function models are
used in H., synthesis to optimize the feedback controller and the H., norm is v = 1.19.
The H, controller and the corresponding open-loop transfer function are shown as orange
dashed lines in Fig. 8.35. Note that the H., controller has a 4'"-order low-pass post-filter
at 10 Hz. As a comparison, the derivative controller that is optimized for critical damping
is shown as blue solid lines. The derivative controller has a 4"-order low-pass filter

optimized for a 60° phase margin.

The estimated closed-loop displacements for the derivative control and H., control are
shown as green dash-dot and red dotted lines, respectively, in Fig. 8.34. As can be seen,
both derivative control and H,, provide adequate suppression at the resonance frequency,
with the derivative control providing a slightly higher attenuation. However, the derivative
control injects excessive noise at higher frequency compared to the H,, control. On the
other hand, the H., closed-loop displacement follows the lower limit at all frequencies as
expected. This shows that the H,, method can be used to design controllers to suppress

resonance peaks with low-noise injection, assuming that the disturbance can be modeled.

The Ho controller was implemented to the actual SRM suspension and it is tested
by injected the corresponding disturbance using the actuators. The derivative controller
was also tested as a comparison. Fig. 8.36 shows the open-loop and closed-loop displace-
ments of the SRM pre-isolator with the disturbance injection. Note that the closed-loop

displacements were measured by the geophone and the feedback controller uses readout
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Figure 8.35: SRM pre-isolator yaw open-loop transfer function and controller. (a) and (c):
Open-loop transfer function (magnitude and phase). (b) and (d): Controller (magnitude
and phase). Blue solid: Derivative control. Orange dashed: H, control.

from the LVDT. Also, the geophone readout is not useful at low frequency, especially be-
low ~ 0.1 Hz, due to the geophone noise. As shown in the figure, the results agrees with
the conclusion in the simulated cases in Fig. 8.34. Both controllers suppress the yaw res-
onances well but the derivative controller resulted in a noise pump at higher frequencies.

Again, this shows how H., method can be used to optimize controllers that attenuates

control noise properly.
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Figure 8.36: SRM pre-isolator yaw displacement. Blue solid: Open-loop displacement
measured by LVDT. Orange dashed: Open-loop displacement measured by geophone.
Green dashed: PID closed-loop displacement measured by geophone. Red dotted: H.,
closed-loop displacement measured by geophone.
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Chapter 9

Concluding Remarks

9.1 Discussions

9.1.1 On H, methods

Undoubtedly, the H., method has provided a new way of optimizing control filters for ac-
tive isolation systems in gravitational-wave detectors. And, the method has been verified
experimentally with the KAGRA SRM suspension as shown in Sec. 8.3.3, 8.3.4, and 8.3.6.
While the control schemes, such as sensor fusion, sensor correction, and feedback control,
are not exclusive to KAGRA detector, the H,, method can eventually be useful for other
gravitational-wave detectors including LIGO, Virgo, and in the future, LIGO-India and
the Einstein Telescope. However, in reality, there are some practical problems regarding
H~. methods that need to be addressed.

As mentioned in Sec. 8.1.2, the central controller of the H., problem has the same
states of the generalized plant. With the weighting functions, often times, the H., syn-
thesis gives high-order controllers, especially in the case of the feedback control setup
discussed in Sec. 8.2.3. High-order controllers may be fine in simulation but could face
problems related to numerical accuracy in reality. This is because the coefficients of the
polynomial could span a huge dynamic range. For example, the lowest polynomial co-
efficient in the H., controller for active isolation in Sec. 8.3.6 is 1.549 x 1071° whereas
the highest coefficient is 3.018 x 1037. Also, the value 1.549 x 107!° is possibly an out-
lier /residual as the second lowest coefficient in the same polynomial is 1.104 x 10®, which
is 18 order of magnitude higher. In fact, the simulation of time response with H., po-
sition control in Sec. 8.2.3 was unsuccessful and resulted in a “Badly conditioned filter
coefficients (numerator)” error using control.forced_response () from the Python Con-
trol package. The solution is to remove such an outlier coefficient. And, it is suspected
that the implementation failure of the H., controller in Sec. 8.3.6 might have be due
to this issue. To resolve this problem in the future, one might need to consider model

reduction methods for simplifying the high-order controllers or weights using lower-order
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approximations [63].

In Sec. 8.2, the complementary filter shaping problem, sensor correction problem, and
feedback control problem are treated as separate problems. And, indeed, the H,, method
solves the problems well individually. But in reality, they are really small problems of
the active isolation problem, which ultimately seeks the minimization of the displacement
of the suspended optics. The H, method solves each subproblem and the solution is
assigned with an H., norm. And, by the way the problem is set up, the H., represents
how much the error signal is offsetted from a frequency-dependent lower limit. By treating
the subproblems as individual problems, the offsets become accumulative, and the sensor
correction noise in the sensor fusion configuration in Sec. 8.3.4 is a good example of this
phenomenon. The H,, method is generally capable of synthesizing regulators for multiple-
input and multiple-output systems. This means that all control filters in an active isolation
system could be synthesized in one design process in principle, seeking the minimization
of the motion suspended optics and other degrees of freedom of the suspension. The hope
is to look for an overall lower H ., norm compared to the accumulative one. However, this
calls for a much sophisticated modeling of the suspension, including the characterization
of transfer functions between different degrees of freedom, and this remains to be a future

work.

9.1.2 On inertial sensor pre-filtering

The inertial sensors are intrinsically AC coupled and they have poor noise performance at
low frequencies. In practice, the inertial sensors need to be pre-filtered with high-pass fil-
ters or else the low-frequency error in the inertial signals could accumulate and eventually
saturate the process variables in the digital system, making them unusable. However, the
high-pass pre-filters add non-unity response to the inertial sensors and this distorts the
displacement measurements. As a result, this causes inter-calibration mismatch between
the relative sensors and the inertial sensors, in the context of sensor fusion. Even if the
complementary filters meet the complementary condition, the super sensor would have
a non-unity response around the blending frequency, which could eventually deteriorate
the control performance or even cause problems such as instability. This is especially
important when the cutoff frequency of the high-pass filter is close to the blending fre-
quency. Hence, one simple way of solving the problem is to lower the cutoff frequency of
the pre-filter. However, this could be challenging due to the poor noise performance of
the geophones.

In the case of KAGRA, the effect of pre-filtering is not negligible. Fig. 9.1 subplot (a)
shows the ratio between the H., super sensor (the one in Sec. 8.3.4) readout and the LVDT
readout during a transfer function measurement of the SRM pre-isolator longitudinal

degree of freedom. Two H,, super sensors are shown here. Both H., super sensors use
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Figure 9.1: (a): Ratio between the H., super sensor readout and the LVDT readout.
Blue solid: Pre-filter uncompensated. Orange dashed: Pre-filter compensated. (b): Super
sensor response with prefilter uncompensated.

a pre-filtered geophone signal. The first one uses the H., complementary filters directly
without compensating the effect from pre-filtering (blue solid). And the other uses post-
processed complementary filters that takes into account the effect of pre-filtering (Orange
dashed).

In principle, the LVDT readout and the H ., super sensor readouts should measure the
same signal and hence their ratio should be unity. However, as shown in subplot (a) of
Fig. 9.1, this is not the case. First of all, the difference at high frequency above 10 Hz is
due to the difference between the noise level of the LVDT and the super sensor, which is
expected. At ~ 0.35 Hz, there is antiresonance in the transfer function of the pre-isolator
so the signals are noise dominated, which explains the huge difference again. The same
can be said for the peaks and notches around 0.06 Hz and 0.6 Hz. However, with the
geophone pre-filter not compensated, there is a notch around 0.1 Hz that is not accounted
by any physical response. Subplot (b) in Fig. 9.1 shows the sum of the H,, LVDT filter
and the H., geophone filter with the pre-filter, which corresponds to the super sensor
response. As can be seen, the super sensor response is not unity as the complementary
condition is not met. Also, there exists a notch around 0.1 Hz and this well explains the
differences between the H., super sensor and the LVDT shown as blue solid curve in
subplot (a).

The non-unity response of the super sensor is an uncertainty in the control system and
should be eliminated if possible. To achieve this, three post-processing methods for the
complementary filters are proposed here to compensate for the pre-filter. Two of them
are not exclusive to the H,, method and can be used for any complementary filters. Each
method have their own pros and cons and hence they are simply suggested here without

a definitive choice. It should be note that the deteriorating effect from the pre-filter is
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not an H., problem but is a general problem for any design of complementary filters. In
fact, the KAGRA complementary filters currently implemented in the suspensions do not

take into account the effect of the pre-filter.

Complementary filters with pre-filter
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Figure 9.2: H,, complementary filters in Sec. 8.3.4. (a): Blue solid: H., low-pass filter.
Orange dashed: H, high-pass filter. Green dash-dot: H., low-pass filter redefined from
the complementary condition. Red dotted: H., with high-pass pre-filter. (b): Blue solid:
Hoo low-pass filter. Orange dashed: H., high-pass filter. Green dash-dot: H., low-pass
filter normalized using super sensor response. Red dotted: H., high-pass filter normalized
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Consider a pair of complementary filters Hy(s) and Hs(s) = 1 — Hy(s) for a sensor
fusion of two sensors, sensor 1 and sensor 2, respectively. And, suppose a pre-filter
H,e(s) is required for attenuating the excessive noise from the sensor 2, this redefines
the complementary filter H;(s) = Ha(s)Hpre(s) for sensor 2. The super sensor then has a

frequency-dependent response of
Rauper(8) = H1(s) + Hy(s) = Hi(s) + Ha(s)Hppe(s) # 1. (9.1)

One simple way to restore the unity response of the super sensor is to simply redefine the

complementary filter for the sensor 1 using the complementary condition, i.e.
Hi(s)=1—Hj(s) =1— Hy(s)Hpe(s). (9.2)

In this case, the complementary filters actually implemented to the control system are
H{(s) and Hs(s). But effectively, the complementary filters are H;(s) and Hj(s), which
are complementary, when the pre-filter H,.(s) is also implemented. This method is used
in the implementation of the H., complementary filters in Sec. 8.3.2 and 8.3.4 due to its
simplicity and it does not ruin the noise performance around the blending frequency, which

the next method would. Subplot (a) Fig. 9.2 compares the original H,, complementary
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filters (blue soild and orange dashed) and the redefined ones H;(s) and Hj(s) (green
dash-dot and red dotted). As can be seen, the magnitude responses of the filters are
similar except at low and high frequency, which is due to the pre-filter and redefinition.
In Fig. 9.1, the ratio between H,, super sensor (with the low-pass filter redefined using
Eqn. (9.2)) and the LVDT. The notch around 0.1 Hz corresponding to a non-unity super
sensor response is clearly eliminated.
The second method to restore a unity super sensor response is described in Refs. [28,
|. But, the significance is not well discussed in the references and the method is simply
provided as a procedure. Here, the method is given as a re-elaboration and the significance
is also given. The introduction of the pre-filter H . (s) resulted in a non-unity super sensor
response as described in Eqn. (9.1). It is obvious that when the super sensor signal is
filtered by 1/Rguper($), 1. the inverse dynamics of the original super sensor signal with
a pre-filtered signal, the unity response is restored. It is equivalent to modifying the

originally designed complementary filters as

oo Hi(s) H(s)

Hi) = els) ~ () + Ha() () (9:3)
and

Hy(s) = 2) Hals) (9.4)

Ryuper(s)  Hi(s) + Ha(s) Hpre(s)
where H;(s) and Hs(s) are the originally designed complementary filters, Roper(s) is the

super sensor response in Eqn. (9.1), and H{(s) and H;(s) are the normalized complemen-

tary filters to be implemented. It is obvious that
HE(5) + H3 () Hyels) = 1, (9.5)

is complementary, i.e. the super sensor response is unity when sensor 2 is pre-filtered
with Hp.e(s) and the complementary filters installed are Hj(s) and Hj(s). The new
complementary filters (with the pre filter) normalized using this method (green dashed
and red dotted) are shown in subplot (b) in Fig. 9.2. As can be seen, the magnitude
responses of the the low-pass filter retains as the original one, unlike the first method.
However, as a trade-off, the magnitudes of both filters around the blending frequency
increase, which can be seen as anti-notching the original super sensor response. This
could result in excess noise amplification around the blending frequency, which could ruin
the RMS performance of the super sensor. In such case, the other two alternatives should
be used.

The third method is only applicable to the H,, method and is perhaps a more elegant
way of treating the pre-filter effect. However, this does not always work as the H
synthesis may yield no solution and hence is only given here as an alternative to the first

two methods. The idea is to include the pre-filter information in the generalized plant in

Optimizing Active Isolation Systems in Gravitational-wave Detectors 229



CHAPTER 9. CONCLUDING REMARKS

Fig. 8.3 by modifying the noise model. The noise model Ny(s) of the sensor that needs
to be pre-filtered is replaced by Ny(s)/Hyre(s), where Hyo(s) is a stable transfer function
that has a frequency response representing that of the pre-filter H.(s), i.e. having
components like 1/s replaced by 1/(s + €) as discussed in Sec. 8.2.3. This way, the noise
model is amplified by the inverse of the pre-filter and the H., optimization will naturally
generate a complementary filter containing the pre-filter to counteract that amplification.
For the complementary filter H(s), it needs to be multiplied by the inverse of the pre-
filter before implementation, so Hj (s) = Hy(s)/Hpe(s) is the one that gets implemented.
In such a way, the effective complementary filter, Hj(s)Hpe(s), becomes the H, filter,
as the pre-filter is applied. For the other complementary filter Hi(s), i.e. the one for
the sensor without pre-filter, it can be implemented as is since it is complementary to
the effective complementary filter Hj(s)Hpe(s). Unfortunately, a solution for the SRM

pre-isolator sensor fusion does not exists and hence the method is not demonstrated here.

9.1.3 On the implementation of inertial sensors

The implementation of inertial sensors for sensor fusion is a daunting task yet not so
rewarding in terms of active vibration isolation. There are many things that need to be
done properly in order for the inertial sensors to work. This includes obtaining the cali-
bration filters for the geophones, aligning the geophone sensing basis to the LVDT sensing
basis, inter-calibrating the geophones and the LVDTs, and hoping that the geophones do
not degrade so the parameters in the calibration filters remain unchanged (The L-4C geo-
phones are known to degrade [18]). Error in any of the tasks could accumulate and lead
to a super sensor with non-unity response, which is an uncertainty in the control systems
that could lead to control limitations or instability that are hard to trace. In exchange, as
shown in Sec. 8.3.4, only high-frequency noise performance is improved significantly but
with the cost of a slight increase in RMS, compared the sensor correction method. With
the current sensitivity target for KAGRA (similar to that achieved in O3GK), the high-
frequency performance at the pre-isolator may not be required because the sensitivity is
not limited by the control noise at the pre-isolator. While using the inertial sensors do not
lead to massive improvements in active isolation but could lead to potential problems, it is

not recommended to use the inertial sensors for inertial damping under the tight schedule

of KAGRA.

In comparison, sensor correction is inarguably a simpler and effective way of attenuat-
ing the microseism in the relative readout, if implemented correctly as in Sec. 8.3.3. The
H, sensor correction readout has the lowest noise RMS value compared to all sensors
presented and the sensor fusion with sensor correction scheme resulted in a slightly higher
RMS. Since many suspensions can share the same seismometer for sensor correction, the

same sensor correction filter can be replicated for all suspensions at close proximity, as-
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suming that the noise levels of the LVDTs in the suspensions are similar. The only task
that needs to be done individually for each suspension is the inter-calibration between the
LVDT readout and the seismometer readout, which is easy to achieve. Even if the task is
not done, the sole implementation of the sensor correction filter could lead to sub-optimal
seismic noise suppression, which is also undoubtedly useful. Therefore, the sensor cor-
rection scheme is a recommended way of achieving inertial damping, rather than using

sensor fusion.

9.1.4 On the results

The results of the H,, method shown in Sec. 8.3 has undoubtedly show improvements
over the original KAGRA control filters. But, there is a caveat. The measurements in
the results are not direct confirmations of the improvement of the interferometer stabil-
ity, which is the quality that this research ultimately aims to achieve. This is because
the measurements are local readouts of only one suspension whereas the interferometer
stability is determined by the relative displacement between the suspended optics. In
principle, the improvements achieved by this research can be confirmed by measuring the
control signals of the interferometer, such as the differential arm length signal (DARM),
when the interferometer is locked. However, the interferometer of KAGRA, including the
signal-recycling cavity that involves the SRM suspension, was not available during the the
period that this research was conducted. Therefore, the results in this thesis only serve
as an indirect confirmation of stability improvements of the interferometer. The results

must be further confirmed in the future.

9.2 Future prospects

Besides some possible improvements regarding the H,, method that are already discussed
in Sec. 9.1, there are more future works that can be done for active isolation systems in
gravitational-wave detectors in general. Here, a few possible future works are given.

The RMS value of a signal is often used as a figure of merit for quantifying active
isolation performance. However, the RMS value is typically dominated by low frequency
signals. Therefore, high frequency signals that have much lower order of magnitude are
typically not well informed. For this reason, instead of the H, method that minimizes
the RMS value, the H., method is chosen to be used due to its capability of specifying
frequency-dependent upper bounds requirements. With that said, H, and H., methods
are not mutually exclusive and there exists methods can be used to solve a mixed-Hs/H
problem [77]. While the RMS value of signals, such as the test mass displacement, is
often capable of indicating the stability of the interferometer, it is worth developing a

mixed-Hy/H~, method for active isolation systems in gravitational-wave detectors. The
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aim is to achieve a minimization of the RMS value while achieving good noise attenuation

performance at high frequency.

As shown in Fig. 2.5, the seismic noise in at KAGRA can vary significantly within a
year. This would mean that the ideal controllers and control filters for active isolation may
vary accordingly. The H ., methods provided in Sec. 8.1 can only lead to static controllers,
which are only optimal in one particular situation. At other times, the controllers are

rendered sub-optimal. This calls for an adaptive control approach in seismic isolation.

The LIGO detectors suffer from lock-loss due to distant earthquakes, which generate
seismic waves between 50 mHz - 60 mHz [78]. When the seismic waves hits the detectors,
the seismic waves are measured by the local seismometers, which are used for the sensor
correction of the relative sensors at LIGO. The sensor correction filters, like the ones in
Fig. 7.7 and 8.24, have noise simplification around the frequency of the seismic wave.
This means that the motions of the seismic waves are amplified and transmitted into
the motion of the suspensions via the sensor correction scheme. As a result, when this
happens, it results in a lock-loss of the interferometer, which ultimately leads to a reduced
in duty cycle. As a solution, a control scheme called “earthquake mode” is developed to
avoid such situation. In such scheme, two sensor correction configurations are prepared,
with one optimized for nominal condition focusing on the suppression of the secondary
microseism, and the other optimized for the earthquake mode which has a pass band at
lower frequency allowing the sensor correction for the increase seismic noise at 50 mHz.
The latter is engaged when a seismic disruption is foreseen that could cause the seismic
noise to increase to a certain threshold. While this control scheme has successfully increase
the chances of keeping the interferometer lock during earthquakes, there is a drawback.
That is, the amplification of the seismometer noise at even lower frequencies and the
amount of amplification is the regardless of the magnitude of the earthquakes. This is not
ideal for smaller earthquakes as the seismometer noise amplification could theoretically be
reduced. With the H., method, it is possible to optimize the sensor correction according
to the detected seismic wave in real-time. In such case, the sensor correction filter is
optimal at all times. Therefore, the H,, method could complement the earthquake mode

approach and combining the two would be an interesting research topic .

The static architecture of the control system has undoubtedly limited the control
performance due to the lack of adaptivity. Also, the classical filter-based control sys-
tem restricts the conversion from sensor signals to actuation signals to a certain way,
which ultimately limits the control performance of the active isolation. All of this is due
to the under-developed real-time control software used in current gravitational-wave de-
tectors, which limits control systems to be implemented in a certain way. The lack of
software development may be attributed to the fact that they have been working sta-
bly for gravitational-wave detectors. However, this is inevitably a burden for developing

advanced control methods for active isolation and interferometer control, which could
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potentially improve the interferometer stability. This may not be currently important for
current gravitational-wave detectors, but is important for future detectors such as the Ein-
stein Telescope and LIGO-india, which are detectors with higher sensitivities and hence
much tighter noise requirements. The earthquake mode may have provided an improve-
ment in interferometer stability but it is not perfect and there is always a risk of lock-loss
during the switching of operation modes due to the complicated procedures. In contrast,
modern control methods may not have this problem. For example, in a model predictive
control scheme [79], the control signals are optimized on-the-fly from the sensor signals
for a receding time horizon. If a seismic wave is foreseen, the model predictive controller
would autonomously take the seismic wave into account and optimize the control signals
according to the objective function. This provides the adaptivity that is required for
active isolation in gravitational-wave detectors and could, in principle, completely replace
the earthquake mode control scheme. And, because the model predictive control scheme
optimizes the control signals directly without subjected to limitations of control filters, it
could potentially achieve better control performance compared to a filter-based approach.
However, such advanced control methods cannot be implemented due to the limitation of
the software used in current gravitational-wave detectors. Therefore, the control software
used in gravitational-wave detectors need to be continually developed to accommodate

advanced control strategies in the future.
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