Compact isolation of a large mirror at low frequency
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Abstract

This study presents a compact isolation system of a large mirror at low frequency. The work is carried
out in the framework of the E-TEST project to investigate a new concept of design for the future Einstein
Telescope (Europe’s next-generation gravitational-wave detector). The isolation system combines an active
inertial platform, a passive inverted pendulum platform, and a multi-cascaded pendulum in one system.
Given that, the study addresses the isolation system design, its dynamics, and the applied control strategy.
For the control strategy, a decoupling method based on a geometric approach is first applied to reduce the
magnitude of the off-diagonal elements of the transfer matrix. Then the controller is applied in the Cartesian
frame based on the loop shaping method. The simulation results show that the seismic noise could be reduced
by about 3 orders of magnitude at 1 Hz in the horizontal and vertical directions when the control is applied.
It is also shown that the control is still performing well despite of the residual coupling of the inertial sensor.

1 Introduction

With the aim of detecting Gravitational Waves (GWs) to discover hidden things in this universe, the re-
searchers and Scientifics came out with an extraordinary sensitive laser interferometer detector [1]. One of
the limitations of this measurement system is the seismic noise which results either from natural phenomena
(such as the waves of the ocean) or from human activities (such as the movement of the vehicles) [2, 3]. The
seismic noise causes a tiny displacement of the mirror, which is one of the main parts of the measurement
system, hence degrading the performance of the measurements. The amount of the resulted displacement
depends on the level of the seismic noise which varies around the world and also during the day. The mirror,
therefore, has to be isolated from such noise in the frequency bandwidth of interest to be able to detect a tiny
displacement for example in the order of 10718 m [3]. Besides, the isolation system provides an essential
mean for the positioning control as well as for the compensation of the swinging angle of the measurement
system [4].

There are currently three main ground-based GW detectors being operated with different isolation systems:
advanced LIGO in USA [5], advanced Virgo in Italy [6] and KAGRA in Japan [7]. Unlike usual isolation
system, the GW isolation system is a set of sub-isolation systems that are combined to improve the over-
all seismic noise suppression. For example, Advanced LIGO has designed two main isolation systems in
its observatory detectors [8]. These isolators are based on a combination of active-passive isolators. The
first isolation system (5.5 m height) contains three cascaded systems with an overall of seven stages of seis-
mic isolation: HEPI (pre-active isolator), two stages of BSC-ISI (main active isolators), and four cascaded
pendulum-masses (passive isolators) that are mounted on HEPI [9]. The second isolation system (2 m height)
consists of three cascaded systems with an overall five stages of seismic isolation: HEPI (pre-active isolator),

3592



STRUCTURAL DYNAMICS: METHODS AND CASE STUDIES 3593

HAM-ISI (main active isolator), and three cascaded pendulum-masses (passive isolators) that are mounted
on HAM-ISI. In addition to their compactness, the LIGO isolation systems provide an extra seismic noise
attenuation below the resonance of the structure due to the inertial active platform [8]. The experimental re-
sult shows that the first isolation system of the LIGO could yield isolation in the amplitude of about a factor
of 300 at 1 Hz and about 3000 at 10 Hz [8]. The performance of this approach however is limited at low-
frequency bandwidth where the seismic noise attenuation is difficult to be obtained. This is due to the sensor
noise, sensor coupling and coupling due to the gravity [2, 8, 10]. Beside, this approach needs additional
means to position the entire isolation system and compensate for the tidal drift [9]. This adds complexity
to the system which is not the case if the Inverted Pendulum Platform (IPP) is used in the isolation system
[11,4].

On the other side, the isolation system of the Advanced Virgo (known as Superattenuator) applies a combina-
tion of only passive isolators that contains one IPP [12], five cascaded pendulum mechanical filters and three
cascaded pendulum-masses for the payload (steering filter, marionette (for position control at frequencies 10
mHz and larger) and mirror) [13]. The isolation design of the ET is also inspired from the Superattenua-
tor but with an upgraded model to achieve the desired sensitivity requirement of the ET (desired horizontal
cross-over frequency around 1.8 Hz) [14, 15]. This results in a 17.5 m height isolation system [14].

Similarly, the KAGRA isolation system relies on a combination of passive isolators for the seismic noise
suppression [16]. It has implemented four isolation types (Type-A, Type-B, Type-Bp, and Type-C) in its
interferometry measurement system which are designed based on the required sensitivity for each location
of the mirror. Type-A isolation system is considered the main isolator system of the KAGRA which contains
one IPP, five cascaded pendulum mechanical filters based Geometric-Anti Spring (GAS), and four cascaded
pendulum masses for the cryogenic payload (platform mass, intermediate-mass, recoil mass, and mirror)
[17].

Unlike LIGO (passive-active) approach, the Superattenuator or KAGRA (passive approach with IPP) isolator
yielded a very low horizontal resonance frequency due to the IPP (about 70 mHz in KAGRA [17] and 40
mHz in Virgo [15]). In addition, the IPP provides means for positioning the entire isolation system and thus
reducing the swinging angle of the optical payload. Beside, the IPP provides a point positioning system to
compensate for the tidal drift [11, 4]. The experimental result of the Superattenuator for example shows
about 10 orders of magnitude of isolation at 10 Hz [12]. Nevertheless, the isolation system of this approach
is very long (10.5 m for Virgo [13], 13.5 m for KAGRA [17] and 17.5 m for ET [14]). This increases the
complexity of compensating for any drift of the optical mirror or the entire isolation system. Also, such a
large height increases the complexity of the infrastructure and adds extra cost to the system particularly if the
system is to be mounted underground like ET [16, 18]. In addition, the passive isolation is achieved above
the structure’s resonances, which is not the case when applying active inertial control.

This study presents a compact isolation system that combines the features of having an active inertial plat-
form, an IPP, and cascaded pendulum masses in one system. Adding the IPP to the isolation system yields a
very low resonance frequency, provides means for the positioning of the entire isolation system and compen-
sates for the tidal drift. On another side, the active inertial platform adds extra isolation in the low-frequency
band (below 10 Hz), and yields more compact isolation system than a fully passive one. The cascaded
pendulum masses are further used to suppress seismic noise at high frequency. By doing so, the model of
the isolator should be able to provide an essential prediction performance, and also it should be valid for
the control activities [2]. This new isolation system is carried out in the framework of the E-TEST project
to investigate a new concept of design for the ET. This is because there is a high interest among the com-
munity of the ET to reduce the overall height of the proposed ET isolation system while maintaining the
aforementioned performance requirements [19, 20, 14].

The design of this new isolation system and its output performance is demonstrated in this article as follows:
section 2 presents the concept of the isolation system, section 3 demonstrates the applied control strategy,
section 4 presents the result and the discussion of the closed-loop performance and lastly, the conclusion is
presented in section 5.
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2 Isolation system design

The schematic diagram of the compact isolation system is shown in Figure 1 (left). The isolation system
consists of an Active inertail Platform (AP) that moves freely in 6 DOFs. The AP contains three springs
aligned horizontally (x-axis or y-axis) and three springs aligned vertically (z-axis). This active inertail plat-
form is designed on the success of the HAM-ISI active inertial platform [10]. The three legs of the Inverted
Pendulum (IPL) are mounted on the AP and support the top stage (IPP). The interconnection of the IPLs with
the AP and with the IPP is achieved by flexures. The horizontal resonance of the IPP is set to 0.07 Hz since
such value can be experimentally obtained as demonstrated by KAGRA [17]. The Counter Weight (CW)
is attached to each top-end of the IPL to improve the performance of the IPP by overcoming the physical
phenomenon that is called the center of percussion where the isolation starts to saturate at a certain level of
attenuation [11]. The GAS filter after that is housed in the IPP for vertical isolation. From the GAS filter, a
Marionette (Mar) is suspended which is mainly used to position the payload. The payload contains the Cold
Platform (CP) and the Mirror (Mir) in which the Mir is hanging from CP via 4 wires. The overall suspension
system is about 4.5 m in height. This compact isolation system is a full scale with a 100 kg silicon mirror.

Abbreviation:
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Figure 1: Isolation System: Schematic Model (Left) and 3D View Simscape Model (Right).
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To study the dynamics of the prototype in 3D, a multi-body model has been developed using Simscape. It is
a Matlab toolbox allowing to study of lumped mass systems under gravity. Since it works under the Simulink
environment, it is also a convenient tool for extracting the state space of the model and implementing feed-
back control strategies. A 3D view of the Simscape model is further shown in Figure 1 (right).

3 Applied control strategy

A schematic diagram for the AP of the isolation system is shown in Figure 2. It contains six actuators (3
for horizontal directions and 3 for vertical directions) and six inertial sensors (3 for horizontal directions
(Horizontal Interferometric Inertial Sensor (HINS)) and 3 for vertical directions (Vertical Interferometric
Inertial Sensor (VINS)). These inertial sensors, demonstrated in [21], are based on an interferometric readout.

The transfer function of each pair of the sensor/actuator are shown in Figure 3. These curves have been
extracted from the full model. Due to the symmetry, the three vertical ones are identical and the three
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horizontal ones are identical as well. For the horizontal direction, the first resonance and anti-resonance
appear at 0.07 Hz and 0.13 Hz, respectively. These represent the resonance of the IPP and its coupling due
to the differences in the position of the Center of Mass (COM) of the IPP and the COM of the AP. Then
the resonance of the inertial sensor is at 0.2 Hz. Followed by that, two resonances and one anti-resonance
are around 1 Hz. These represent the resonance of the AP and its associated couplings that results from the
sensors and actuators being not located at the COM of the AP. The order of the resonances in the vertical
direction is similar to the horizontal directions.

Top View
y2 X
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e COM
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Figure 2: Active Inertial Platform.
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Figure 3: Transfer Function of Each Sensor/Actuator Pair of the Active Inertial Platform.

The off-diagonal elements of the transfer matrix, shown in Figure 4, are of the same order of magnitude as
the diagonal ones. To control the platform, a decoupling strategy has to be applied.
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Figure 4: Transfer Matrix of Coupled System.

This study applies a decoupling strategy based on a Jacobian approach to minimize the coupling and move
from the local frame to the Cartesian frame of the AP. This is schematically represented in Figure 5, where
Jg, 1s the actuator Jacobian and J; is the sensor Jacobian. These Jacobian matrices depend on the geometry
of the AP and the position of the sensors and actuators on it. The decoupling frame can either be at the COM
of AP which yields a diagonal mass matrix (good decoupling at high frequency) or at the Center of Stiffness
(COK) which yields a diagonal stiffness matrix (good decoupling at low frequency). The ideal condition for
the decoupling is where we obtain both at the same time: diagonal mass matrix and diagonal stiffness matrix.
This occurs when the COM and COK are geometrically designed to be at the same location. However, this is
not the case for the current isolation system. This is because the safety tubes (surrounding IPLs and mounted
on the AP) add extra inertia to the AP hence shifting the COM of AP outside its geometry. On the other side,
the COK can not be designed outside the geometry of AP. Therefore, the COK is selected as a decoupling
frame since the bandwidth of interest is at a low frequency.

Once the plant is decoupled, each degree of freedom can be controlled individually as shown in the same
figure. The poles and zeros of the controllers are designed based on a manual tuning (loop shaping) in the
SISO tool - Matlab. This method is efficient in terms of understanding the behavior of the system and also
the positions of the poles/zeros of the controller. The designed controllers are further demonstrated in Figure
6. In the plot, x and y represent the translation horizontal direction whereas z represents the translation
vertical direction. The xr and yr represent the rotational horizontal direction and zr represents the rotational
vertical direction. The magnitudes of the designed controllers are considered realistic where such magnitude
is experimentally obtained in the PML (Precision Mechatronics Laboratory) as shown in the article [22].
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Figure 5: Schematic Representation of the Centralized Control of the AP.
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Figure 6: Controller Design for the Closed Loop System of the E-TEST.

4 Results and discussion

The magnitude of the off-diagonal elements of the transfer matrix, shown in Figure 7, are now reduced after
applying the decoupling strategy. However, there is still a residual coupling for the horizontal rotational
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directions (xr-axis and yr-axis) when applying a horizontal force. This is a result of not having the COM
and the COK in the same frame. The magnitude of these couplings will be smaller if the COM and the
COK are designed within the same frame. In addition, there is also a residual coupling for the horizontal
directions (x-axis and y-axis) when applying a torsion in the same directions. This is due to the residual
coupling of the inertial sensor as they do not distinguish between rotational motion and translational motion.
This is caused by the coupling between the mechanics of the sensor (spring-mass) and the gravity force [23].
Overall, the control of the platform can now be applied with this low magnitude of the off-diagonal elements
in comparison with the diagonal elements.
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Figure 7: Transfer Matrix of the Decoupled Systems (AP alone and Entire E-TEST) with Implementing
Sensor Dynamics (Inertial Sensor).

Figure 8 compares the open-loop and the closed-loop transmissibilities from the ground to the AP in vertical
(z-axis) and horizontal (x-axis) directions. The figure shows that the transmitted motion is reduced by about
two orders of magnitude when the inertial control is switched on. Not surprisingly, the same reduction is
also visible in the transmissibilities from the ground to the mirror as shown in Figure 9. In total, this new
passive-active isolator yields about three orders of magnitude of the seismic noise reduction at 1 Hz in the
vertical and horizontal directions.
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Figure 9: Transmissibilities from Ground to Mirror.
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Despite of the residual inertail sensor coupling, the control is still performing well. This is further depicted

in Figure 10 which shows the transfer matrix for the open and closed loop systems.

Moreover, the ASD (Amplitude Spectral Density) of the AP as well as of the mirror are illustrated respec-
tively in Figures 11 and 12. For reference, the noise floor of the in-loop sensors is also shown in the same
figure. It is seen that the closed-loop performance of the system is not limited by the sensor resolution.
Instead, there is extra room for better performance if a more aggressive controller is applied. The limitation

of the tilt ground coupling is not discussed in this article.
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Figure 12: ASD of the Mirror and the Ground Motions at CSL.

5 Conclusion

This study presented a new approach for the isolation of a large mirror at low frequency. It showed the
potential advantages of having such an approach by combining an active inertial platform with a passive
IPP and multi-cascaded pendulums. This yielded a compact isolator system with seismic noise suppression
at low frequency (below the structure’s resonances) which is not the case if only a passive isolator is used.
Also, the study showed the efficient of the applied control strategy to firstly reduce the magnitude of the off-
diagonal elements of the transfer matrix and then apply a controller in the Cartesian frame based on the loop
shaping method. Though the residual coupling of the inertial sensor, the control strategy is still operating.
In addition, the closed-loop performance of the system was not limited by the sensor noise, instead, there
is room for improving closed-loop performance. The simulation result showed a seismic noise reduction by
about 3 orders of magnitude at 1 Hz for horizontal and vertical directions. The applied controller was based
on a manual tuning (loop shaping) which is considered time-consuming and the controller sometimes needs
to be re-designed for any parameter changes. Therefore, a more advanced control strategy, for example,
loop shaping based on H-infinity, can be further applied which can define the optimal controller parameters
automatically based on the given specifications and restrictions. In addition, the inertial platform should be
designed in such a way that the first flexible internal mode appears above 300 Hz to avoid spoiling the control
performance at high frequency,
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Appendix

A Nomenclature

IPP
GW
P
IPL
GW
AP
GAS
Mar
CcP
Mar
K

m

CwW

D
HINS
VINS

Inverted Pendulum Platform
Gravitational Wave

Inverted Pendulum

Inverted Pendulum Leg
Gravitational Wave

Active inertail Platform
Geometric-Anti Spring
Marionette

Cold Platform

Mirror

Stiffness

mass

Counter Weight

Dimension

Horizontal Interferometric Inertial Sensor
Vertical Interferometric Inertial Sensor
Moment of Inertia

Damping Coefficient

Center of Mass

Applied Force

Plant

Actuator Jacobian

Sensor Jacobian

Amplitude Spectral Densities



