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Abstract

High precision measurements in various applications rely on active seismic
isolation to decouple the experiment from seismic motion; therefore, closed
feed-back control techniques such as sensor blending and sensor correction
are commonly implemented. This paper reviews the active isolation techniques
of the Albert Einstein Institute seismic attenuation system (AEI-SAS). Two
approaches to improve the well known techniques are presented. First, the influ-
ence of the sensor basis for the signal-to-noise ratio in the chosen coordinate
system is calculated and second, a procedural optimization of blending filters
to minimize the optical table velocity is performed. Active isolation techniques
are adapted to the mechanical properties and the available sensors and actuators
of the AEI-SAS. The performance of the final isolation is presented and limita-
tions to the isolation are analyzed in comparison to a noise model. The optical
table motion reaches approximately 8 x 10~'°m/v/Hz at 1 Hz, reducing the
ground motion by a factor of approximately 100.
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1. Motivation

Gravitational wave (GW) detectors rely on the development and implementation of sophis-
ticated technologies to suppress noise sources to achieve unprecedented sensitivity [1]. Pro-
totyping facilities such as the Glasgow 10 m prototype [2], the MIT LIGO advanced system
test interferometer [3] and the Caltech 40 m prototype interferometer [4] play a vital role in
the development of these technologies by providing environments similar to a GW detector.
The Albert Einstein Institute (AEI) 10 m prototype facility is currently under construction and
will include a Fabry—Perot Michelson interferometer with ultra-low displacement noise using
sophisticated seismic isolation systems. It will be housed in an L-shaped vacuum system with
an arm length of approximately 10 m. The aim of the experiment is to reach and surpass the
standard quantum limit (SQL) with macroscopic 100 g test masses. This requires classical
noise to be reduced significantly below the SQL in a frequency band from 50-500 Hz [5]. The
AEI 10 m prototype will be a valuable tool for investigating techniques to suppress quantum
noise, which is already currently limiting the sensitivity of the Advanced LIGO detectors at
frequencies above 50 Hz [1] and the Advanced Virgo detector above 100 Hz [6].

The isolation of seismic disturbances for the AEI 10 m prototype is essential to achieve
its target sensitivity. This is realized using two different isolation systems. The AEI seismic
attenuation system (AEI-SAS) [7, 8] provides seismically isolated optical tables with a focus
on isolation in the frequency band from 0.1-10 Hz. Pendulum systems are placed on these
optical tables and suspend the optics as shown in figure 1 to provide strong passive isolation in
the measurement band [9]. The core optics of the interferometer, such as the test mass mirrors
and the beam splitter, are suspended by three-stage suspensions to isolate them from seismic
disturbances and actuation noise from actuators located above the final stage. The less crit-
ical auxiliary optics, such as beam steering mirrors, are suspended using one- or two-stage
suspensions.

The passive isolation of the AEI-SAS is provided by two cascaded isolation stages, one for
the horizontal and one for the vertical degrees of freedom, as shown in figure 1. The first stage
provides the horizontal isolation using three inverted pendulum legs [10, 11]. This supports
the vertical isolation stage which consists of three geometric anti-spring (GAS) filters [12].
Anti-spring techniques are used to tune the fundamental horizontal and vertical translational
resonance frequencies down to 0.1 Hz and 0.3 Hz respectively. A Viton® stage is also imple-
mented to damp internal resonances and support the optical table. Active isolation, which is
the focus of this article, is provided by using coil-magnet actuators and a range of both inertial
and relative motion sensors.

The AEI-SAS differs from other pre-isolation systems used in GW detectors in its mechan-
ics, the set of installed sensors, and the methods implemented for active seismic isolation. The
other systems can be divided into categories based on their similarity with the AEI-SAS:

e The TAMA-SAS [13], Virgo Superattenuator [14—16] and KAGRA-SAS [17] combine the
pre-isolation system with the suspensions of the test masses without providing an optical
table for auxiliary interferometer components.

e The HAM-ISI and BSC-ISI [18, 19] used for the Advanced LIGO detectors prioritize
active isolation and are mechanically stiffer than the AEI-SAS.

e The MultiSAS of Advanced Virgo [20] uses similar techniques as the AEI-SAS but has
the optical table suspended from above from a single wire. Its maximum payload mass is
lower and it is less robust against payload dynamics.
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Figure 1. Diagram of a simplified AEI-SAS, a three-stage suspension, and a single-stage
auxiliary suspension. Only a single inverted pendulum leg and GAS filter are shown.

e The EIB-SAS [21] of Advanced Virgo is similar to the AEI-SAS, but it does not operate in
a vacuum system or support suspended optics. This relaxes the requirements on materials
and on the isolation performance below 10 Hz.

e The HAM-SAS [22, 23], developed for Advanced LIGO, is the conceptual predecessor to
the AEI-SAS and it has many similarities. It was, however, designed with 4 inverted pen-
dulum legs and GAS filters. In the initial control strategy the HAM-SAS only employed
relative motion sensors in feedback, the inertial isolation was derived from the passive
response of the mirror suspension.

This article aims to provide detailed insight into the implementation of well known active
control techniques like sensor blending and sensor correction [19] based on the noise of the
utilized sensors and internal resonances of the mechanical system. This article also introduces
novel approaches to improve well known active isolation techniques by considering the influ-
ence of the sensor alignment on the signal-to-noise ratio in different degrees of freedom (see
section 4.3) and by minimizing the optical table velocity by optimizing the sensor blending
(see section 4.4). The active control techniques discussed here are similar to those used for
other pre-isolation systems and the presented techniques could be applied to those systems.
The performance of the AEI-SAS is characterized through measurements of the optical table
motion in section 5. The translational ground motion was attenuated by a factor of approxi-
mately 100 at 1 Hz reducing the optical table motion to 8 x 10~1"m/ vHz. Additionally, the
performance of the vertical translational isolation is compared to a detailed noise model to
analyze the limitations of the active control system.

2. Objectives of the active seismic isolation

The aim of the active control system of the AEI-SAS is to stabilize the SQL interferometer by
reducing the differential arm velocity, rather than the inertial displacement of the individual
optical tables. This approach led to the decision to minimize the velocity of the optical tables.
Velocity increases proportionally with frequency compared to displacement. This results in an
increased weighting of the frequency band containing the resonances of the optics suspensions
(0.6—10 Hz), which have a stronger impact on the differential arm length than lower frequen-
cies. Additionally, frequency up-conversion of scattered light can enter the interferometer and
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contaminate the interferometer readout in the measurement band [24]. This effect increases
non-linearly with the velocity of the scatter source. Laser light scattered from components
mounted on the AEI-SAS is expected to be a major noise source of the SQL interferometer
and hence emphasis is placed on minimizing the velocity.

The reduction of the differential arm velocity of the SQL interferometer can be optimized
by introducing common motion in the low frequency band. The three AEI-SASs respond
similarly to ground motion below their lowest fundamental resonance frequency at 0.1 Hz.
Consequently, the ground motion is similar for all three AEI-SAS at this frequency band as
the corresponding coherence length of the seismic waves is significantly longer than the dis-
tance between the AEI-SAS. An active control scheme which forces the AEI-SAS to follow
the ground motion at these frequencies could be optimal as the sensor noise for inertial sensors
is relatively high at these frequencies. At frequencies above 0.1 Hz the AEI-SASs respond dif-
ferently from one another to ground motion due to small mechanical differences in the tuning
of the inverted pendulum legs and GAS filters, as well as manufacturing tolerances in the AEI-
SAS components. This requires a minimization of the inertial motion of the individual optical
tables at these frequencies.

3. Control scheme

The active isolation of the AEI-SAS is based on the combination of relative and inertial sensors
into a ‘super sensor’ for each degree of freedom. A conceptual overview is provided in this
section. The AEI-SAS control scheme is adapted from the Advanced LIGO control scheme
for the mechanically soft HAM-SAS [23] and the HAM-ISI [19].

A block diagram of the overall local active control scheme of the AEI-SAS for a single
Cartesian degree of freedom is given in figure 2. The ground motion, x,, acts on the AEI-SAS
labeled with ‘plant’. The resulting plant motion, x,, is measured by two different sensor types,
the relative sensors, Sg, and the inertial sensors, Si.

Relative sensors measure the differential position between the optical table of the AEI-SAS
and the ground. They typically have lower noise at low frequencies than inertial sensors; hence,
they are well suited for actively controlling the AEI-SAS below 0.1 Hz. Inertial signals can be
approximated by sensor correction which is a feed-forward technique to subtract the ground
motion from the signal of the relative sensors:

XR = Xp — Xg + IR, ey
XG = Xg + ng, (2
AR =R +XG = Xp + 1R + ng, 3)

where X" is the sensor corrected relative sensor signal, xg is the signal of the ground motion

sensor and ng and ng are the sensor noise contributions of the relative and the ground sensor
respectively. xg is filtered by a high-pass filter H., to attenuate its noise at frequencies below
0.04 Hz.

The inertial sensors used have a low noise at frequencies above 0.1 Hz, but cannot provide
a DC position signal. They are combined with the relative sensors by frequency-dependent
filtering and summation and form the super sensor S. The signal from the super sensor is pro-
cessed by the controller, C, and sent to the actuators to correct the effect of ground motion.
The following section discusses the implementation of this control scheme for the AEI-SAS.

4



Class. Quantum Grav. 37 (2020) 115004 R Kirchhoff et al

= lant i

-
actuation L
signal
g a sensor e
super blending
sensor S xR X
B—{ 5« |

sensor
correction

Figure 2. Block diagram of the local active control system for the AEI-SAS in a single
degree of freedom. Sy labels the inertial sensors, Sg the relative sensors and Sg the ground
motion sensor. xi, xg and xg are the signals of the corresponding sensors. X, is the ground

motion, x, the plant motion and x" the sensor corrected signal of the relative sensors.

L and H are the low- and high-pass filters of the sensor blending, H,q is the high pass
filter for the sensor correction, C is the controller, A represents the actuators and n the
sensor noise contributions.

4. Signal preparation

4.1. Sensors and actuators

The AEI-SAS is equipped with several sensors and actuators to realize the active control
scheme. Linear variable differential transformers (LVDTs) [25] measure the relative position
between the ground and the isolated stages. They are co-located with the inverted pendulum
legs for the horizontal degrees of freedom and with the GAS filters for the vertical degrees of
freedom. Each LVDT assembly contains a voice-coil actuator [26] capable of exerting force on
the isolated stage; these are the actuators used in the active control. Three horizontal inertial
sensors, the accelerometers [27], are positioned in an equilateral triangle in the spring box.
Three vertical Sercel L-4C geophones are installed inside the optical table. In addition, there
are three horizontal and four vertical motorized blade springs [7] which are used for coarse
positioning of the optical table within 0.1 mm displacement of the desired operating point.
They were not included into the control loops because of their high noise during use. A sin-
gle Streckeisen STS-2 seismometer on the ground provides signals for feed-forward sensor
correction (see section 4.5).

Figure 3 shows three different schematic representations of the AEI-SAS. Perspective (a)
shows a top view of the simplified L-shaped vacuum system including the three AEI-SAS and
their global coordinate system. The cross section view in (b) shows a simplified single AEI-
SAS to show the vertical positioning of the various types of sensors and actuators. The top
views of each stage of the AEI-SAS in (c) show the horizontal positioning of the sensors and
actuators; however, the vertical geophones differed for each AEI-SAS due to the individual
space constraints.

4.2. Active control noise

The main objective of the AEI-SAS is to stabilize the suspended optics of the SQL interferom-
eter and can be optimized, as discussed in section 2, by forcing the tables to follow the ground
motion at frequencies below 0.1 Hz. This is accomplished using the LVDTs which measure
the relative displacement between the ground and the AEI-SAS. The residual relative motion
between the AEI-SAS and the ground will be ultimately limited by electronic sensor noise of
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Figure 3. Diagrams of the AEI-SAS illustrating: (a) their positions in the vacuum sys-
tem; (b) a side view (Z—X plane) to show the vertical position of the sensors and actua-
tors; (c) top views of each stage to show position of all sensors and actuators in the X—Y
plane. The vertical geophone positions differ for each AEI-SAS and are shown here as
an example.

the LVDT, provided the loop has sufficient gain. Above 0.1 Hz, inertial isolation of the table is
preferred and hence the LVDT signal is considered ‘unwanted’ as it will be predominantly a
measurement of the ground motion. We define the unwanted LVDT signal as the sensor noise at
frequencies below 0.1 Hz, and as the sum of the residual measured ground motion after sensor
correction and sensor noise above 0.1 Hz. It is shown in units of translation amplitude spec-
tral densities (ASD) in figure 4. This could be considered as the effective noise of the LVDTs,
despite not being strictly noise, as its use in a control loop degrades the AEI-SAS performance.

An overview of the predominant active control noise sources is shown in figure 5, which
consists of the accelerometer noise, L-4C noise, and the unwanted LVDT signal. Appendix
A provides details on all sensors implemented in the AEI-SASs and their noise. The noise
of the accelerometers and L-4Cs were measured in huddle tests [28]. The voice-coil actuator
noise below approximately 1 Hz is suppressed by the control loop, and at higher frequencies
it is negligibly low compared to sensor noise. The actuator noise was therefore not included in
figure 5.

4.3. Coordinate system transformation

The sensors used for the AEI-SAS measure translational motion along a single axis defined
by their orientation. With linear combinations of multiple sensors it is possible to completely
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Figure 4. Unwanted signal of an LVDT. The ground motion is shown in black and has
a typical amplitude for Hanover. The LVDT electrical noise floor is pictured in yellow
and the unwanted LVDT signal is shown in green. The unwanted LVDT signal consists
of the electrical noise below 0.1 Hz and of a combination of electrical noise and ground
motion coupling to the LVDT above 0.1 Hz.
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Figure 5. Sensor noise of the accelerometers and the L-4C geophones and unwanted
LVDT signal, all calibrated to a displacement-equivalent spectral density. The unwanted
LVDT signal is predominantly electrical noise below 0.1 Hz and a combination of
electrical noise and ground motion coupling to the LVDT above 0.1 Hz.

describe the AEI-SAS motion. The global Cartesian coordinate system shown in figure 3 was
chosen as the reference frame for the sensor orthogonalization, allowing for intuitive opera-
tion of the experiments at the AEI 10 m prototype. In the horizontal degrees of freedom, the
coordinate transformation from the local sensor basis to the Cartesian basis is

X H,
Y| =M-|H |, )
RZ Hs
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Figure 6. Alignment of horizontal sensors in the AEI-SAS. The figure shows the
accelerometers, horizontal LVDTs and horizontal L-4Cs. Sensors of the same type lie
on the same horizontal (X-Y) plane.

with

Hix Hyx Hsyx
M= | Hy Hy Hy|, 5
Hirz; Horz Higz

where X, Y and RZ are the components of the Cartesian coordinate system and, H;, H, and H3
is the measured motion of the individual sensors. The entries H;; of the transformation matrix
M describe how the output of sensor i contributes to degree of freedom j. The vertical degrees
of freedom are calculated using the same procedure.

The contribution of signal from a sensor for a certain Cartesian degree of freedom depends
on its alignment to this degree of freedom. In contrast, the noise contribution is independent
of the alignment and fully couples to the sensor output. The effects of this can be understood
intuitively with the following thought experiment using figure 6, which shows the positioning
of the horizontal sensors for the AEI-SAS. Consider motion of the AEI-SAS in the Y direction
and that only the horizontal L-4C geophones, which are a planned future upgrade, are to be used
to measure this. H is the only sensor which is aligned along the Y-axis and hence contributes
to the Y signal with H,y # 0. H; and H3 also contribute to the Y signal with H, y, H3y # 0
as they are required to subtract a possible RZ motion which would also be measured by H,.
The noise from these sensors however is uncorrelated and does not subtract. Therefore, the
noise from all three sensors contribute to the ¥ measurement, despite only H, contributing the
desired signal.

The signal-to-noise ratio (SNR) for the degree of freedom j = {X, ¥, RZ} can be calculated
as:

LT, (6)
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Table 1. 7 for the accelerometers, the horizontal LVDTSs and the horizontal L-4Cs. The
calculations refer to figure 6.

Sensor type Tx Ty Trz

Accelerometers 1.2247 1.2247 1.5606
LVDTs 1.2247 1.2247 1.3631
L-4Cs 1.4142 0.8117 1.1314

where X; represents the signal in j, ngensor 18 the noise of a single sensor under investigation and
T; is the multiplication factor depending on the alignment of the sensors to j. 7} is calculated
as

3 ~
Hix - (x-h)
Tx = E - 7
. — \/(H1x)* + (Hyx)* + (H3x)? @

X )
Hiy- (- h)

Ty =) ’ 8

YT JHi ) + (Hoy P+ (Hay ®

3 N
Higz - ((F; X 2) - hy)
Trz = ) ’ ?
M 2 [ + (Horo) + (o) ?

where i = {1,2,3} labels the sensors, H; ;j describes the entries of M, X, ¥ and Z define unit
vectors in X, Y and Z. k; is the unit vector pointing into the sensitive direction of sensor i and
7 is the position vector of the sensor i in the X—Y plane from the Z-axis. The quantities X - hi,
9 hyand (7 x 2) - h; are projections of the sensitive direction of the sensors onto the degree of
freedom under investigation.

Table 1 provides the values of T for the different sets of horizontal sensors corresponding to
the positions in figure 6. The accelerometers and LVDTs are positioned on circles with different
radii from the Z-axis but with the same orientations. This results in an equal Tx and Ty, but a
larger Tg; for the accelerometers due to the larger |F|. The position of the L-4Cs results in a
larger Ty than the other sensor sets, but at the cost of smaller 7y and Tgz.

These calculations show that the geometry of the sensors can be adapted to the needs of the
active control system in order to optimize the SNR. In GW interferometers, for example, the
longitudinal motion of the optics is more important than the lateral motion because it couples
stronger to the interferometer readout. Choosing a beneficial sensor basis for the longitudinal
motion can therefore increase the interferometer sensitivity. In cases where all degrees of free-
dom are equally important, such as the central AEI-SAS, the equilateral triangle is the best
choice for three sensors.

The sensor alignment for the AEI-SASs is fixed and can not be optimized due to space
constrains on the optical tables. For the AEI-SAS, the calculation of 7} is solely utilized for a
precise estimation of limitations for the active isolation performance demonstrated in section 5.
The sensor alignment should be taken into account when designing new pre-isolation systems.
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Figure 7. Super sensor velocity rms in Z for combinations of low- and high-pass filters
of order 2, 3 and 4. The optimal blending parameters for vertical LVDTs and L-4C geo-
phones are a 2nd order low-pass and a 3rd order high-pass filter (black) with a blending
frequency of 0.1 Hz.

4.4. Sensor blending

LVDTs and inertial sensors are blended together to form the super sensor, S [19]. The super
sensor features low noise of the inertial sensors at high frequencies while replacing the high
noise of the same by the lower effective noise of the LVDTs at low frequencies as demonstrated
in figure 5. The method for calculating blending filters is provided in appendix B.

Optimal sensor blending for the control system of the AEI-SAS requires the optimization of
three parameters: the blending frequency, the low-pass order and the high-pass order. The cal-
culation of these parameters is explained here for the specific case of blending sensor-corrected
LVDTs and L-4Cs in the Z degree of freedom, but it is also applicable to the other cases of
sensor blending in the AEI-SAS as well as in other seismic pre-isolation systems.

Multiple sets of blending filters L, and H;, for blending frequencies f;, between 0.01-1 Hz
and filter orders of 2, 3 and 4 were calculated. The goal of the blending filters is to strongly
attenuate the signal from a particular sensor at the frequencies where noise or unwanted signal
is dominant. A maximum order of 4 was chosen as the magnitude of the ripple around the
blending frequency increases for higher order filters (see figure B1). This ripple amplifies the
uncorrelated noise of the two blended signals. The subscripts / and 4 refer to the order of the
low-pass and high-pass filters, respectively. The amplitude spectral density of the unwanted
LVDT signal (npypr) and the L-4C noise (np4c) were converted to velocity and multiplied with
the low- and high-pass filters. The two contributions can be combined into the super sensor,
and its rms velocity [Si,(fb)|mms can be calculated as:

f=fmax
[SinCfolms = /f " 27 f [y (L (f> fo) + nac(OHRS S )] 2 df

(10)

The symbols fii, and fiax define the frequency band of interest and correspond to 0 Hz and
100 Hz for the calculations in this paper. The velocity rms was calculated and used as the cost
function for optimization. Figure 7 shows the resulting rms over the different blending frequen-
cies for several blending filter combinations. The optimal combination of blending frequency
and filter order with the minimum velocity rms was given by a 2nd order low- and 3rd order

10
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Figure 8. Measurements of the inertial west optical table motion with and without sensor
correction in X on the left hand side and Z on the right hand side. Below 0.1 Hz in X and
0.04 Hz in Z, the sensor noise was limiting the measurement. Effects from the sensor
correction are not visible below these frequencies.

high-pass filter with a blending frequency of 0.1 Hz. The resulting velocity rms disturbance
for the LVDT/L-4C vertical super sensor was 4.06 x 107" m s~

4.5. Sensor correction

The unwanted LVDT contribution to the super sensors above the blending frequency will still
be significantly larger than the noise of the inertial sensors, despite the low-pass filtering.
The unwanted LVDT signal is dominated by ground motion relative to the isolated platform
above the lowest fundamental resonance frequency of 0.1 Hz. The ground motion can be inde-
pendently measured using a seismometer placed on the ground and removed from the LVDT
measurement to approximate an inertial sensor [19] (see equation (3)). This technique is called
sensor correction and is applied to all AEI-SAS LVDTs using the measured ground motion
from a single common STS-2. The effectiveness of sensor correction depends on the coher-
ence between the STS-2 and the LVDTs and their relative calibration. At frequencies below
approximately 0.04 Hz this is limited by the STS-2 noise rising with 1/f? in the vertical and
1/f° in the horizontal degrees of freedom due to the presence of tilt-to-horizontal coupling
[29]. The sensor correction signal is therefore filtered by a high-pass filter in order to attenuate
this noise. At frequencies above approximately 3 Hz the distance between the STS-2 and the
LVDTs results in a loss of coherence between the sensors. The sensor correction is therefore
effective for the frequency range from 0.04-3 Hz.

Figure 8 shows the results of the sensor correction in X and Z for the inertial displacement by
measuring the inertial table motion with out-of-loop geophones. The improvement was up to a
factor 10 and was achieved between 0.1-4 Hz in X and between 0.04—1 Hz in Z. At frequencies
below 0.1 Hz in X and 0.04 Hz in Z the measurement was limited by the noise of the witness
geophones and hence does not correspond to real table motion.

4.6. Controller

The signal conditioning discussed in sections 4.3—4.5 normalizes and blends the sensor signals
to generate an error signal for each degree of freedom with the lowest possible noise given the
available sensors. The controller processes the error signal to generate a feedback signal for
the actuators which minimizes the optical table motion.

At frequencies above approximately 5 Hz, internal structural resonances of the AEI-SAS
couple to the optical table motion. These resonances enhance the open loop gain at those
frequencies while simultaneously adding a phase shift. If the gain is enhanced above unity

1
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Figure 9. Bode plot for the open loop gain of the west AEI-SAS in X and Z. The unity
gain frequencies of both degrees of freedom are marked and the phase margin is noted.
The peaks at roughly 0.1 Hz and 0.3 Hz result from the mechanical resonances of the
AEI-SAS. Above 50 Hz the coherence between the excitation and the measurement is
low and the measurements lose their significance.

gain, this can result in instability. The controller gain was therefore rolled off with increasing
frequency to prevent these internal resonances from crossing unity gain.

As the last to be built, the west AEI-SAS received various improvements compared to the
other two AEI-SAS [8]. The internal structure was stiffened to increase the frequencies of the
internal resonances, and additional damping was implemented to reduce the Q-factor of these
resonances. These improvements enabled higher control bandwidths to be used and thus a
better suppression of ground motion on the west AEI-SAS compared to the other two AEI-SAS.

Figure 9 shows measurements of the open loop gain of the west AEI-SAS for X and Z. The
measurements include mechanical transfer functions and internal resonances. To allow for sta-
bility in the presence of changing seismic motion and temperature, the unity gain frequency
was set to 1.4 Hz in X and to 22.4 Hz in Z to give a conservative phase margin in the loops. The
discrepancy between the unity gain frequencies in X and Z results mainly from the horizontal
accelerometers being located inside the mechanically soft spring box, while the vertical geo-
phones are located on the comparably stiff optical table. Internal resonances inside the spring
box couple directly to the accelerometers, whereas they are filtered by the GAS filters and the
Viton® stage for the geophones. In a future upgrade, horizontal L-4C geophones placed on the
optical table will replace the accelerometers. This will enable a higher control bandwidth in
the horizontal degrees of freedom.

5. Characterization of the control scheme

The performance of the active isolation of the west AEI-SAS was characterized by measur-
ing the inertial motion of the optical table and comparing it against the ground motion. The
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Figure 10. Horizontal inertial motion of the actively controlled optical table and hori-
zontal ground motion. The tilt-to-horizontal coupling is calibrated in units of m/+/Hz.
The X and Y measurements are dominated by tilt-to-horizontal coupling below 0.13 Hz.
For the in-loop geophones the signal is attenuated by the blending filter below the blend-
ing frequency but still limits the low frequency performance. The peak at 0.18 Hz is
believed to be caused by the active control signal of the accelerometers and will be
investigated when the accelerometers are replaced with horizontal L-4C geophones.

table motion was measured by using horizontal and vertical L-4C geophones, while the ground
motion was measured using the STS-2 located 11 m away from the measured AEI-SAS. The
horizontal L-4Cs were out-of-loop witness sensors, while the vertical geophones were the
in-loop sensors. We are confident that the vertical in-loop measurements correspond to the
residual table motion as the signals were significantly higher than the sensor noise [28]. The
measurements were performed on a day with typical seismic activity.

The inertial optical table motion is shown in figures 10 and 11 for the horizontal and verti-
cal degrees of freedom respectively. The tilt-to-horizontal coupling of the witness geophones
[29] limited the measurements in X and Y below 0.13 Hz. The tilt-to-horizontal coupling is
calculated using optical lever measurements of the optical table tilt motion [30]. The blending
filters attenuate this coupling for the in-loop geophones below the blending frequency but it
still limits the active isolation performance. The peaks at 0.18 Hz were believed to result from
the active isolation signal of the accelerometers and will be investigated when the accelerom-
eters are replaced by horizontal L-4C geophones located on the optical table in a future
upgrade.

The measurements for all three vertical degrees of freedom below 0.03 Hz were dominated
by the L-4C noise. This noise is not expected to imprint additional motion onto the optical
table motion, despite being in-loop sensors, due to the sensor blending. The 11 Hz peak was
likely due to a resonance of mechanical parts or cables on the optical table which bypass the
isolation of the AEI-SAS between table and ground.

The measurement for the Z degree of freedom was additionally compared against a mea-
surement of the uncontrolled AEI-SAS in figure 12. This shows the additional ground motion
suppression achieved by the active system between approximately 0.1 Hz and 10 Hz compared
to the purely passive isolation. In particular, it shows strong suppression of the enhanced table
motion due to the GAS filter resonance at 0.3 Hz.
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Figure 11. Vertical inertial motion of the actively controlled optical table and vertical
ground motion. The L-4C sensor noise is calibrated in units of m/v/Hz. Below 0.3 Hz
the sensor signals are sensor noise limited and hence do not show real table motion.
This does not influence the isolation as the L-4C signal is attenuated by the blend-
ing filters. At 11 Hz the measurements show a resonance which is subject of future
investigations.
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Figure 12. Measurement of the inertial optical table motion and noise contributions in
Z. The red curve shows a measurement of the inertial motion using all the active control
techniques explained in this article. The AEI-SAS performance in Z was also simulated
and the relevant noise sources are included. Below approximately 0.35 Hz ground motion
coupling to the LVDTs limits the isolation. Above 0.35 Hz it is the unsuppressed ground
motion and the ground motion coupling to the LVDTs. Above 10 Hz the simulation does
not reproduce the measured data.
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The measurement was additionally compared against a model of the AEI-SAS to under-
stand the limiting factors for the active system. The model included the sensors, controllers,
actuators and the mechanical response of the AEI-SAS (the plant). The expected performance
was simulated using SimulinkNb [31] by injecting measurements of the ground motion and
sensor noise into the model. The blue trace in figure 12 shows the sum of all modeled contri-
butions and thus represents the predicted inertial optical table motion. The model shows that
the performance was limited by ground motion coupling to the LVDT output below 0.35 Hz.
The optical table follows the ground below 0.1 Hz which was desired as motion at low fre-
quencies is expected to be common motion for all the AEI-SAS, as discussed in section 2.
Above 0.35 Hz, the performance was limited by a combination of residual ground motion
due to insufficient loop gain, which was set for stability robustness; and by ground motion
coupling to the LVDTs, which was already optimized by the choice of blending filters and
by sensor correction. The discrepancy between the model and measurement above 10 Hz is
believed to be due to the internal resonances of the AEI-SAS, which were not included in the
model.

6. Conclusion

Two approaches to optimize the local active isolation of the AEI-SAS using standard control
techniques were presented. First, the influence of the local sensor basis due to the positioning
and orientation of the individual sensors on the signal-to-noise ratio in the Cartesian degrees
of freedom was discussed. Second, the calculation of the optimal blending filters based on the
minimization of velocity noise was demonstrated.

The overall performance of the west AEI-SAS active isolation was measured. The optical
table motion was attenuated by a factor of approximately 100 to reduce the optical table motion
to a maximum displacement of 8 x 10~'°m/v/Hz at 1 Hz in every translational degree of
freedom. This provides effective pre-isolation for the mirror suspensions and auxiliary optics.
In the vertical degree of freedom, Z, the performance was further analyzed by comparing it
against a noise model. The measurement and prediction had good agreement at frequencies
below 10 Hz. This showed that the residual motion is limited by both the loop gain and the
coupling of ground motion to the LVDTs, both of which were already optimized for stability
and performance.

In the current configuration the AEI-SASs fulfill their goal in providing a quiet environ-
ment for the interferometer suspensions, the auxiliary interferometer optics, and the other
sub-systems. More detailed isolation requirements were never set. Future improvements like
the global control scheme with optical levers and suspension platform interferometers [30]
will provide further advantages such as reducing the required forces applied by the suspension
actuators and lowering scattering noise.
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Appendix A. Active control noise sources

This appendix discusses the various noise sources to the active isolation of the AEI-SAS.

The various sensors utilized in the AEI-SAS have different operating principles but share
similar noise sources. The readout electronics for the sensors use various amplifiers which
contribute voltage and current noise, ny(w) and n.(w) respectively. Wire coils are utilized to
sense the motion and contribute non-negligible Johnson noise, nj(w). The inertial sensors use
suspended masses as harmonic oscillators which additionally adds a thermal suspension noise
contribution, ns(w). A detailed noise model for geophones is presented in [32] and a simi-
lar approach can be used to model the noise for every sensor used in the AEI-SAS. These
noise contributions can be expressed in units of equivalent displacement noise, m/v/Hz, by
multiplying the noise with the appropriate response functions for the sensors:

4kaOJ0 1/2 1
nb(w) = mQ : E?

(ko TR(Z))!/?
X(w)
Ny(w)
Xw)’
NA(W)R(2Z)
X(w)

my(w) =
(A.1)

ny(w) =

l’lC(OJ) =

where w is the angular frequency. Each noise contribution is uncorrelated and hence the total
noise of a sensor or actuator is given by the incoherent sum of the various contributions.

T Temperature (K)

wo = 27fy Angular resonance frequency of the mechanical spring (Hz)
m Suspended mass (kg)

0 Quality factor

X(w) Response of the sensor (m V')

RZ) Real part of the coil impedance (£2)

Ny(w) Input referred voltage noise (V/v/Hz]

Na(w) Input referred current noise (A/ VHz]

A.1 LVDT

Linear variable differential transformers (LVDTs) [25] measure the relative displacement
between two stages of the AEI-SAS. The LVDT emitter coil is mounted onto the isolated
stage of the AEI-SAS and is driven with a sine wave at 15 kHz using a Texas Instru-
ments DRV134. Two larger counter-wound receiver coils connected together in series are
mounted to the ground coaxially and equidistant from the emitter coil. Any relative displace-
ment between the receiver coils and emitter coil will excite a sine wave in the receiver coils
which is proportional to the displacement. This signal is amplified using Texas Instruments
INA128 differential amplifiers and demodulated using Analog Devices AD630. The rele-
vant noise sources of the LVDTs are the Johnson noise of the excitation and sensing coils
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Figure A1. Noise of the voice-coil actuators. The noise of the data acquisition system
(see appendix A.5) dominates the total noise over the whole frequency range of interest
from 1072 to 10% Hz. The curves labeled with ‘Johnson noise’ refer to the Johnson noise
of the actuator coils.

and the voltage and current noise of the listed differential amplifier, the demodulator and the
driver. As relative sensors, the LVDTs also contribute unwanted signal above 0.1 Hz which,
although is not noise, is detrimental to the active isolation of the AEI-SAS as discussed in
section 4.2.

A.2. Voice-coil actuator

The voice-coil actuators are based on the magnetic interaction of a solenoid and permanent
magnets. The design of the voice-coil actuators used in the AEI-SAS is the same as the design
in [26].

Figure Al shows the different noise contributions of the horizontal and vertical voice-coil
actuators as equivalent optical table displacement. The noise of the digital-to-analog converter
is the dominant noise source. The feed-back loop suppresses the actuator noise below unity
gain and above unity gain the actuator noise is sufficiently low. The actuator noise therefore
does not limit the active isolation at any frequency.

A.3. Accelerometer

The accelerometers used in the AEI-SAS are custom-built monolithic Watt’s linkages. They are
based on the design in [27] and measure horizontal inertial motion. A miniature LVDT reads
out the position of the reference mass suspended as a fold pendulum. This signal is utilized as
an error signal for a feed-back loop which holds the position of the mass with a small voice-coil
actuator. This control loop has a bandwidth of approximately 3 Hz. The readout electronics and
coil-driver electronics are the same as for the LVDTs.

The accelerometer read out signal is a combination of the feed-back signal that is used to
keep the reference mass in place, and the residual error signal. The feed-back signal, which is
proportional to force applied to the mass and hence its acceleration, is the dominant accelerom-
eter signal up to 3 Hz. Above 3 Hz, the residual error signal is dominant, which is proportional
to inertial displacement of the accelerometer housing.

17



Class. Quantum Grav. 37 (2020) 115004 R Kirchhoff et al

5 \\ ——Measured noise i
— 107 ——SSM2141 noise
T Y ——Thermal suspension noise 3
=2 107 M ——DAC noise act i
1= \ ADC noise sense
a ——Total calculated noise
N
c
2 10" \\\w
®© \
2 T
€401 >~
[ \
-15
10
102 107 10° 10 10?

Frequency [Hz]

Figure A2. Calculated and measured noise of the monolithic accelerometers. The noise
of the data acquisition system contributes to the total noise on two paths. Firstly by
influencing the actuation signal that keeps the reference mass in place (‘DAC noise act’).
Secondly it contributes by influencing the residual motion signal dominating above 3
Hz (‘ADC noise sense’). The Johnson noise of the readout coils and actuation coil is
negligible. The measured noise in black is the result of a huddle test. It matches around
0.4 Hz and deviates below and above this frequency.

Figure A2 shows the noise measurement of an accelerometer using a technique known as a
huddle test [28], and is compared against the calculated noise contributions. The noise contribu-
tions considered were the voltage noise of the differential amplifier Analog Devices SSM2141,
the thermal suspension noise of the Watt’s linkage, and the noise of the data acquisition device
(see appendix A.5). The data acquisition noise could be mitigated by pre-amplifying signals
prior to digitization at the frequencies limited by noise to increase the dynamic range. The
implementation of this for the accelerometers will be unlikely due to the impending upgrade
to horizontal geophones. The calculations agree with the measurement only at around 0.4 Hz.
The discrepancy is likely a result of the huddle test not being performed under vacuum as the
accelerometers are very sensitive to air currents.

A.4. Geophone

Geophones are inertial sensors which measure the motion of a reference mass suspended using
a spring. In the AEI-SAS, vertical L-4C geophones are used. A magnet is attached to the ref-
erence mass and is positioned within a coil mounted to the housing. Relative motion between
the mass and the housing induces a current in the coil. The signal is amplified by a configura-
tion of three operational amplifiers Texas Instruments OPA 188, which have low noise at low
frequencies.

The response of a geophone is dependent on the relative motion between the mass and
its surroundings. This gives a 1/f? slope below the resonance frequency of 1 Hz and a
flat slope above. The inductive readout is sensitive to velocity and hence adds another 1/f
over the whole frequency range when projected into displacement. Overall, the geophone
response to displacement has a 1/f> slope below and a 1/f slope above the resonance fre-
quency. The relevant noise contributions for the L-4C geophones are the thermal suspen-
sion noise of the spring, the Johnson noise of the readout coil and the voltage noise of the
OPA188. Figure A3 shows the results of the noise calculation and the huddle test measurements
[28].
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Figure A3. Calculated and measured noise of the L-4C geophones. The OPA188 noise
and the Johnson noise of the geophone coil equally dominate the total noise over the
whole frequency range of interest. The thermal suspension noise of the spring contributes
only around the resonance frequency of 1 Hz.
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Figure A4. Noise of the ADCs and the DACs of the AEI 10 m prototype. The DAC noise
measurement is stitched together from a low and a high frequency measurement.

A.5. Data acquisition device

The sensor signals are digitized by analog-to-digital (ADC) converters. The ADCs have a
resolution of 16 bits and a sampling rate of 1 kHz down sampled from 64 kHz. In addition,
anti-aliasing filters, consisting of two Sallen—Key low-pass filters with corner frequencies of
10 kHz, are used. The data is processed and analyzed with the ‘Control and Data System’ [33]
developed for the LIGO detectors. Output signals are generated by digital-to-analog converters
(DACs). The measured ADC and DAC noise is shown in figure A4.
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Figure B1. Bode diagram of three combinations of low-pass (L) and high-pass (H)
filters. The indices in the filter names refer to the order of the low- and high-pass
filter.

Appendix B. Blending Filters

The blending filters used to combine the signals from a pair of sensors consist of a low-pass
(L) and a high-pass (H) filter which are complementary, such that their transfer functions
satisfy

L(s) +H(s) =1 B1)

where s is the Laplace variable. The blending frequency wy, is defined as the crossover fre-
quency between the filters where their frequency responses have equal magnitude. We define
the filtering order / and 4 as the frequency dependent order of the attenuation in the stop-bands
of the low- and high-pass filters respectively.

The choice of blending filters is influenced by a compromise between stronger atten-
uation of the noise in the stop-bands and the amplification of noise around the blend-
ing frequency due to the filter ripples. Figure B1 shows three different combinations of
low- and high-pass filters to exhibit the different slopes and ripples around the blending
frequency.

The following will provide an example of the generation of a second-order low- and a
second-order high-pass blending filter. Starting with equation (B1), we can substitute the right
hand side with a fraction consisting of an equal binomial expression for the numerator and
denominator, (a + s)"*"~!, where « is a real valued variable. The expressions for the low- and
high-pass filters are found by taking the binomial expansion of the numerator and separating
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Table B1. Correction factors for blending frequency.

Cx Cs Coy Cy Cyy Cu

0.6896  (0.6896)~"  0.5329 (0.5329)~! 0.7773  (0.7773)"!

it into the & lowest and / highest s-order terms.

a+s) a? + 3a2s + 3as? + §°
Lns(s) + Hnls) = 29 _ )

(a+s5)3 (s + )’
_ (&® + 3a?s)
Ly(s) = W (B2)
B Bas® + %)
Hy(s) = Grap

The indices of Ly,, Hy, refer to the low-pass and high-pass filtering order.

The value of « is found by looking at the frequency response at the blending frequency
by setting s = iwp. The magnitude of the two filters are equal at the blending frequency, by
definition, and so

|L22(S)‘s:iwb = ‘HZZ(S)‘s:iwb (B3)
The squares of the magnitudes of the numerators in equation (B3) can be equated to give
(@) + Ba’wy)’ = (—3awd)* + (—iwp)? (B4)

Inspection of equation (B4) shows that the non-trivial solution is o = % wy,.

The condition that o = Fwy, is only true for a symmetric pair of blending filters with equal
filtering orders, / = h. The following example considers a 2nd order low-pass and a 3rd order
high-pass filter with:

(a* +4as + 6a%s%) (das® +5Y)
(s + a)t (s + a)*

Again, by equating the squares of the magnitudes of the numerators for the low- and high-pass
filters it is found that the purely real, non-trivial solution is

Ly3(s) + Hp(s) =

(BS)

a = wyp - Coz, (B6)

where Cy, is a correction factor for the blending frequency, which varies for different filter
orders with / # h. Table B1 shows the correction factor values for blending filter combinations
up to an order of 4, which were calculated numerically.

Figure B1 shows the Bode plots of the example blending filters above as well as a pair of
fourth-order filters, all with a blending frequency at 1 Hz. This shows that the ripple around
the blending frequency increases with the filter order. The peak magnitude of the ripple is 1.30
for L,> and H»,, 1.43 for Ly3, 1.61 for H»3 and 3.14 for Ly and Hyy.
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