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The goal of this study is to demonstrate the capability to actively isolate a platform from
seismic vibrations using an interferometric inertial sensor. To this purpose, a homemade
high-resolution interferometric uni-axial inertial sensor (in the vertical direction) is devel-
oped and then integrated to a single-degree-of-freedom (SDOF) seismic isolation system. A
theoretical study is firstly performed in order to better understand the dynamics of the sys-
tem. It is found that the sensor suffers from a tilt-vertical coupling due to the influence of
the gravity force if the sensor is not perfectly aligned. By taking this tilt coupling into
account, a dedicated controller is designed, seeking a large vibration isolation in the fre-
quency band of interest. Experiments are then conducted for validating the theoretical
analysis and examining the vibration isolation performance. It shows a reduction of the
transmitted motion of up to 60 dB in a frequency range from 0.1 Hz to 10 Hz.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Isolation from seismic vibrations is a major concern in many fields, for example, to ensure the safety of ground-based
infrastructures [1–3], to allow conducting precise experiments [4–6], or to manufacture small components [7]. Soft supports
such as pneumatic elements [8,9] or mechanical springs [9,10] whose effective stiffness can be reduced thanks to negative
stiffness mechanisms [11–14], are often used for seismic isolation applications. These supports are referred to as passive iso-
lation systems which are only effective above the suspension resonance while seismic vibrations fully transmit through the
suspensions below the resonance. Therefore, for applications requiring a good isolation at low frequency (say, below 1 Hz),
these passive isolators often fail to mitigate the transmission of seismic motion, due to the difficulty of building compact
isolators with a fundamental frequency smaller than 0.5 Hz. Consequently, the isolation has to be obtained using active con-
trol. For example, active seismic isolation systems (ASIS) are particularly required for large instruments dedicated to exper-
imental physics, like synchrotrons, particle colliders [15] and gravitational wave detectors [16,17]. In addition, active
isolation systems have also been developed for the stabilization of atomic gravimeters [18,19]. In order to develop an appro-
priate ASIS, a couple of considerations such as (1) structural resonances, (2) sensor noise and (3) couplings need to be
addressed [20].

For the first concern, the mechanical structure of ASIS should be carefully designed such that its flexible mode resonances
are well separated from the frequency band of interest. If this is not the case, see for example in Ref. [17,21], sophisticated
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controllers would be needed to achieve an acceptable isolation performance. This however often exhibits poor robustness. As
the design of ASIS is more case specific, it is not studied in this paper.

For the second issue i.e. sensor noise, inertial sensors are typically used for implementing ASIS which measure the relative
motion between the sensor reference mass and the platform. By nulling the output of the sensor, the platform is forced to
track the motion of the reference mass of the sensor thereby isolated as well from ground seismic vibrations. If perfect con-
trollers can be realised, the performance of ASIS would be mainly limited by the performance of the inertial sensors i.e. the
residual motion of the platform would eventually converge to the noise floor of the sensors [17,22,23]. Although first choice
commercially available inertial sensors can reach a sufficient resolution to measure natural ground motion in a wide fre-
quency band, their resolution and the dynamic range remain limited at low frequency. The limitation can be caused for
example by thermal noise of the mechanics [24], electronics noise of signal amplifiers [25], environmental variations such
as changes of temperature, pressure and magnetic field etc. [26], noise of control systems for force-feedback sensors [27] and
non-linear couplings [28]. Moreover, the sensors realised with electromagnetic transducers such as geophone (Mark L4C),
seismometers (Güralp CMG–6T and STS-1V) are known to be sensitive to the surrounding magnetic field. This would prevent
them from being integrated into active isolation systems [17]. Recently, optical, non-feedback inertial sensors have been
investigated [29–31]. Optical displacement transducers were reported to exhibit good performances i.e. high resolution,
large dynamic range and low sensitivity to environmental noise. The elimination of the force-feedback technique would
allow for a mitigation of the control system noise. However, the reported optical, non-feedback inertial sensors are mainly
laboratory made instruments which are not commercially available nor yet examined for the active seismic isolation appli-
cations. In this paper, a homemade interferometric inertial sensor (INIS) is presented despite a large margin of performance
improvement is foreseen. The main focus of this paper is to investigate the feasibility and effectiveness of using the INIS to
actively isolate a payload from vertical seismic vibrations in a low frequency range between 0.1 Hz and 10 Hz.

Another barrier for extending the isolation performance at low frequency is the horizontal-tilt coupling [32,33] which
arises when the inertial feedback technique is applied in the horizontal direction. This is because horizontal inertial sensors
cannot distinguish the contributions from actual horizontal motions and that from tilt motions. In this paper, it is found that
vertical inertial sensors are also prone to the tilt coupling. Unlike the horizontal-tilt coupling which exists unconditionally,
the vertical tilt coupling only occurs when vertical inertial sensors are not perfectly aligned with gravity. This is considered
as another contribution of this study.

The rest of the paper continues as follows. Section 2 presents the design of the INIS and its dynamic response to trans-
lational and rotational excitations is described in Section 3. Section 4 presents the SDOF test bench, along with experimental
results of active seismic isolation using the INIS. Finally, Section 5 draws the conclusions.
2. Development of interferometric inertial sensor

The INIS is shown in Fig. 1 (a) and its sketch is depicted in Fig. 1 (b). The INIS is mainly composed of two subsystems: (i) a
homemade interferometric readout, (ii) a mechanical harmonic oscillator modified from the structure of the STS-1 V seis-
mometer [27]. The idea behind is to replace the original electromagnetic motion transducers and the force feedback systems
of the STS-1 V seismometer with a homemade interferometric readout to measure the motion of the reference mass. For the
interferometric readout, a single polarised beam from a frequency stabilised fibre laser source with a wavelength of 1550 nm
(Koheras Adjustik X15) is used. The laser beam transmits sequentially through a collimator (F280APC-1550), a polarising
beam splitter (PBS1, PBS204), a quarter wave plate (WPQ10E-1550), a non-polarising beam splitter (BS, BS018), a half wave
plate (WPH10E-1550), another polarising beam splitter (PBS2) and finally reaches to the corner cube 1 and 2 (PS974M-C)
which are mounted on the sensor frame and the reference mass, respectively. The beams returned from the two corner cubes
are then recombined at PBS2 and co-propagate without interfering. On the way back, the beams interfere at the polarizer and
the PBS1. The corresponding interference pattern is measured by two photodiodes: PD1 and PD2 (PD50B-EC), respectively.
Between BS and PBS1, the quarter wave plate is employed which adds an additional 90

�
phase shift to the intensity fluctu-

ation measured by PD2 compared to that of PD1. Compared to common Michelson interferometers, the implemented inter-
ferometer helps improve the dynamic range of the readout. More details of the optical readout and the corresponding signal
processing method for dealing with the quadrature signals can be found in Ref. [34]. For the subsystem (ii), it consists of a
reference mass which is suspended from the frame with a cross hinge and a leaf spring. Finally, the two subsystems are
placed inside a vacuum chamber in order to avoid the influence from the air fluctuation. The dimensions of the kernel of
the INIS and the chamber are finalized as 170 mm*110 mm*200 mm (length*width*height) and 336 mm*356 mm (diame-
ter*height), respectively.

Similar to other types of inertial sensors, a low resonance frequency of the mechanical oscillator is preferred as it allows a
good sensitivity at low frequencies. For the employed structure which is modified from the STS-1 V seismometer, a resonance
frequency of 0.3 Hz is realised.

The performance of the developed sensor is preliminarily assessed by comparing with a benchmark sensor Guralp 6 T sen-
sor1. The Guralp and the developed INIS are placed on the ground next to each other to measure the same seismic motion. Fig. 2
plots the transfer function and the coherence between the interferometric sensor (INIS) and the Guralp. As the sensitivity of the
1 http://www.guralp.com/documents/DAS-T60-0001.pdf.

http://www.guralp.com/documents/DAS-T60-0001.pdf


Fig. 1. (a) Picture of the interferometric inertial sensor: (1) fibre laser, (2) collimator, (3) polarising beam splitter, (4) wave plates, (5) beam splitter, (6)
corner cube (7) mirror, (8) photodiode, (9) polariser, (10) vacuum chamber and (11) modified STS-1V mechanism; (b) its simplified sketch.

Fig. 2. The frequency response of the transfer function between the INIS and the Guralp and its coherence under local seismic vibration excitation.
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Guralp has a flat frequency response over the range of 0.1 Hz � 100 Hz, it alternatively means that the sensitivity of the INIS can
be characterised by a linear SDOF model as can be seen from the magnitude and the phase plot. This model with the following
parameters kg - mass weight, k ¼ 2:01 N/m – suspension stiffness and d ¼ 0:044 N/(m/s) – damping coefficient corresponding
to damping ratio of 2% is developed and reported in the same figure (dashed line) for comparison. As depicted in the coherence
plot, this model only validates between 0.1 Hz and 30 Hz. While above 30 Hz, the spurious resonances of the INIS start to pre-
sent which cannot be represented by the developed SDOF model. On the other hand, below 0.1 Hz, the sensitivity of the INIS
decreases whereas incoherent noises are recorded causing the drop of the coherence between the two sensors. Nevertheless,
it is shown that the developed INIS is capable of capturing the ground motion in the frequency range between 0.1 Hz and 30 Hz.

3. Interferometric inertial sensor mounted on the platform

In the previous section, where the sensor is considered as a uni-axial system, the sensor is only sensitive to the vertical
disturbances. However, in practice, the sensor is also sensitive to rotational excitations. Therefore, the response of the sensor
to both excitations is studied in the following sections.

3.1. Response to vertical motion

A representative model of the INIS is shown in Fig. 3, where the locations of the hinge, the centre of mass and the optical
transducer are denoted as o1, o2 and o3, respectively. The reference mass is suspended from the frame with a rotational
spring and dash-pot with the coefficients of ks and ds. The distance between o1 and o2, and that between o1 and o3 are
denoted as L and R, respectively. The reference mass is assumed to be initially inclined from the horizontal axis with an angle
a0 and its instant angular position is represented by a. Now, the developed model allows representing an initial inclination of
the reference mass, and thus taking the gravity force into consideration.

Applying Newton’s second law of rotation about the hinge o1 when the system is excited by a pure translational motion
denoted by w, the governing equations of the INIS under translational excitations can be derived as follows:
I€a ¼ �ksa� ds _aþmgL cos aþmL€w cos a ð1Þ

x ¼ �R a� a0ð Þ ð2Þ

where m is the reference mass, I is the moment of the inertia with respect to the hinge o1 and x represents the relative dis-
placement between the instant location and its equilibrium, calculated assuming the system in small oscillations regime.

Substituting Eq. (2) into Eq. (1), yields:
I€xþ ksx� ksRa0 þ ds _x ¼ �mRL €w cos a0 þ €w
x
R

sin a0 þ g cos a0 þ g
x
R
sin a0

� �
ð3Þ
where an approximation x=R � sin x=Rð Þ is applied.
At the equilibrium, ksa0 ¼ mgL cos a0, Eq. (3) then turns into:
I€xþ k0sxþ ds _x ¼ �mRL€w cos a0 ð4Þ

where k0s ¼ ks þmgL sin a0 and the coefficient x

R sin a0 for €w is neglected considering both x and a0 are small quantities.
Eq. (4) indicates that the suspension of the sensor is stiffened due to the sine coupling of the gravity and the vertical

ground motion is less sensed because of the cosine coupling. The horizontal tilt coupling is not considered here as the initial
inclination a0 is assumed to be small.

3.2. Response to rotational motion

Fig. 4 shows the model of the scenario when the sensor is only subjected to a rotational excitation X. All the other nota-
tions remain the same as that in the previous section.

In this case, the governing equation is written as:
I€a ¼ �ksa� ds _aþ I €XþmgL cos X� að Þ ð5Þ

Substituting Eq. (2) into Eq. (5), yields:
I
€x
R
þ ks

x
R
� a0

� �
þ ds

_x
R

� �
¼ �I€X�mgL cos Xþ x

R
� a0

� �
ð6Þ
Expanding cos Xþ x
R � a0

� �
, gives:
cos Xþ x
R
� a0

� �
¼ cos X cos

x
R
cos a0 þ sin

x
R
sin a0

� �
� sin X sin

x
R
� a0

� �
ð7Þ
Considering that X, x and a0 are small quantities, Eq. (7) is simplified to:



Fig. 3. The representative model of the INIS under only vertical excitations.
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cos Xþ x
R
� a0

� �
¼ cos a0 þ x

R
sin a0 þX sin a0 ð8Þ
where an approximation x=R � sin x=Rð Þ is applied.
Substituting Eq. (8) into Eq. (6), yields,
I
€x
R
þ ks

x
R
� a0

� �
þ ds

_x
R

� �
¼ �I €X�mgL cos a0 þ x

R
sin a0 þX sin a0

� �
ð9Þ
At equilibrium, as the same for the translational excitation case, Eq. (9) then turns into:
I€xþ k0sxþ ds _x ¼ �RI€X�mgRLX sin a0 ð10Þ

According to Eq. (10), there is one frequency at which the right hand terms cancel out leading to a complete loss of the

sensitivity transfer function at this particular frequency, termed zero of the sensor sensitivity. It is noted that the location of
this frequency is proportional to the initial inclination and this phenomenon only occurs when the sensor is subject to rota-
tional motions. It should be also noticed that there are two real zeros when the initial inclination a0 is negative. One of them
is located on the right half plane. In such a scenario, the closed-loop system would become unstable if a high loop gain is
applied.

When both disturbances are present, the sensor dynamics can be derived by combining the inputs from Eqs. (4) and (10):
I€xþ k0sxþ ds _x ¼ �mRL€w cos a0 � RI€X�mgRLX sin a0 ð11Þ
4. Experimental validation

A representative set-up for a SDOF system, as shown in Fig. 5 (a), is constructed in order to examine the active vibration
isolation performance using the customised INIS. It consists of a rigid frame, mounted on a knife hinge, and restrained by a
Fig. 4. The representative model of the INIS under only rotational excitations.



Fig. 5. (a) Picture of the experimental set-up and (b) its simplified sketch: (1) voice coil actuator, (2) knife hinge, (3) metallic spring and (4) side view of the
modified INIS.
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metallic spring (on the right hand side of the setup). The free end of the frame is attached with a voice coil actuator (home-
made), and the vertical motion is measured by the INIS.

Fig. 6 (a) depicts the sketch of the SDOF pendulum system. Two new notations are introduced: R0, the distance between
the hinge o1 and the knife hinge o4, and b, the initial orientation of o1-o4 with respect to the horizontal axis. All the other ones
remain the same as shown previously. In order to simplify the analysis, a simplified sketch as shown in Fig. 6(b) is used
where X0 represents the rotational motion of the frame with respect to the knife hinge o4. X0 is essentially determined
by the ground motion and the dynamic interactions between the sensor and the frame. In the following, X0 is directly
imposed as a disturbance source and the corresponding interactions are neglected.

Considering now the hinge point of the sensor o1, it actually undergoes a rotational disturbance X0 and a translational
disturbance w0 (in the vertical direction) which is induced by the rotation X0. w0 can be approximated as:
w0 ¼ R0 sin bþX0ð Þ � sin bð Þ � R0X0 cos b ð12Þ

Substituting w0 as given in Eq. (12) and X0 into Eq. (11), yields:



Fig. 6. The geometrical sketch of the INIS mounted on the SDOF set-up under (a) no excitations and (b) translational and rotational excitations.
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I€xþ k0sxþ ds _x ¼ � mLRR0 cos b cos a0 þ RIð Þ€X0 � mgRL sin a0ð ÞX0 ð13Þ

As shown in Eq. (13), there is one pair of conjugate zeros in the transfer function between the sensor output x and the

excitation X0, and its location is initial inclination angle and geometrical parameters dependent. For example, an increase
of the inclination angle a0 would result in an increase of the frequency location of the zero.

In the following, experimental results will be presented focusing on: (1) the validation of the dynamic analysis of the sensor
and (2) the investigation of the potential using the INIS for low frequency active isolation applications. Prior to describing the
results obtained, some system parameters are defined. During the experimental study a dSpace MicroLabBox system has been
used both for data acquisition and for control purposes. The whole control scheme is implemented in theMATLAB Simulink envi-
ronment and then downloaded to the processor unit of the MicroLabBox system. The feedback control scheme runs at 10 kHz
frequency, but the measured data are recorded at frequency of 1 kHz reducing the memory usage for data storage.

The layout of the sensor configuration is shown in Fig. 5(b), where one INIS is placed on the ground to measure the ground
motion, and another two INISs are mounted side by side in the same vacuum chamber which sits on the free end of the SDOF
system recording the frame motion. One of the two redundant sensors on top of the frame is chosen as the error signal (ter-
med in-loop sensor) to drive the voice coil actuator through a current amplifier (ADD-45N) and the other one is used as a
reference sensor (termed reference sensor) to objectively measure the frame motion.

The control plant from the actuator to the in-loop sensor is identified first. This is done by injecting a white noise into the
actuator and simultaneously recording this driving signal and the output of the in-loop sensor. The frequency response of the
control plant is shown in Fig. 7 (blue curve). The curve mainly exhibits two peaks. The first one at 0.3 Hz corresponds to the
sensor resonance, while the second one at 2 Hz corresponds to the SDOF pendulum resonance. The lack of coherence below
0.1 Hz is caused by the low signal to noise ratio. During this experiment, the excitation level of the actuator is limited to
avoid saturations of the sensors at the resonances. In order to improve the quality of the measurement of the control plant
at low frequency, sinusoidal excitations are alternatively used. Here, a number of frequency points are selected between
10 mHz and 90 mHz to perform the identification measurement. The resultant frequency response is superimposed in
Fig. 7. It can be seen that there is one zero identified at 0.0625 Hz. This indicates that the sensor is not perfectly aligned,
but with a positive initial inclination. Fig. 7 further shows the model of the control plant denoted as G, which is obtained
by fitting the experimental data:
G ¼ 0:022s s2 þ 0:0031sþ 0:15
� �

s2 þ 3:13sþ 12510
� �

sþ 0:6ð Þ s2 þ 0:09sþ 3:67ð Þ s2 þ 0:19sþ 138:8ð Þ s2 þ 3:39sþ 11952ð Þ ð14Þ
In order to further investigate the origin of the zero, the stepped sine excitation experiment is repeated when the static
inclination of the frame of the SDOF pendulum system is tuned to 0.09� and 0.12�, respectively. This can be done by adjusting
the set screw on the restoring spring and the inclination angle is measured by a digital protractor (Pro3600) with a resolution
of 0.01�. It should be noted that the inclination change of the frame is not precisely equal to that of the INIS, but the same
tendency holds i.e. the inclination of the INIS also increases with an increase of the frame inclination. Fig. 8 shows the fre-
quency response of the control plant in the vicinity of the zeros. As predicted by Eq. (13) the location of the zero indeed
increases with an increase of the initial inclination.

It has to be mentioned that the initial phase of 90� at low frequency is due to the use of a lead compensator (a derivative
filter), which is introduced in order to remove the static component from the post-processing of the sensor signals.



Fig. 7. Measurement and modelling of the control plant between the actuator and the in-loop sensor.
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With the identified control plant, a digital controller C is proposed aiming to achieve a high open loop gain in a frequency
range from 10 mHz to 10 Hz. This controller C is given as:
Fig. 8.
and 0.1
C ¼ 2:2� 106 sþ 2:3ð Þ2 sþ 3:1ð Þ sþ 7:4ð Þ sþ 90:5ð Þ s2 þ 3:39sþ 11952
� �

sþ 0:23ð Þ sþ 0:32ð Þ sþ 0:42ð Þ sþ 53:5ð Þ sþ 425:5ð Þ s2 þ 3:13sþ 12510ð Þ ð15Þ
The double real zeros located at s ¼ �2:3 and the two real poles s ¼ �0:23; s ¼ �0:32 are deployed such that they coun-
teract the first pair of complex zeros and poles of the control plant in the phasewise sense. The real zero s ¼ �3:1 and the real
pole s ¼ �0:42 are paired, which introduces certain phase lags, in order to have sufficient phase margins in the low fre-
quency range. Two lead filters with zeros at s ¼ �7:4, s ¼ �90:5 and poles s ¼ �53:5, s ¼ �425:5 are used to introduce some
phase margins in the high frequency range. The complex zeros and poles in the controller C are introduced based on the
plant inversion such that they neutralise the effects of the corresponding complex poles and zeros of the control plant.

Fig. 9 plots the frequency response of the control plant G, the open loop gain defined as GC and the closed loop sensitivity
defined as 1= 1þ GCð Þ. It is seen that a reduction up to 60 dB can be achieved in terms of the frame vibrations between
10 mHz and 10 Hz. The loss of the control effectiveness around this zero is because the sensor is not able to measure the
frame motion so that there is no control observability at this frequency. Close to 10 Hz, the control performance gradually
degrades as the frequency approaches the unit gain frequency (approximately 20 Hz).
The frequency response of the transfer function between the excitation and the in-loop sensor when the initial inclination of the frame is set to 0.09�
2�.



Fig. 9. The frequency response of the control plant, the open loop gain and the closed loop sensitivity.
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The performance of the proposed controller is also experimentally examined. The local seismic vibration is considered as
the excitation source and the control effort aims to isolate the transmission of the ground vibration to the primary system as
shown in Fig. 5. Fig. 10 compares the Amplitude Spectral Densities (ASD) of the in-loop sensor and the reference sensor when
the controller is turned off and on, as well as that of another INIS placed on the ground i.e. the optical table and the noise
floor of the INIS. Note that the outputs of the INISs are normalized according to the mechanical sensitivities, as identified
in Fig. 2. The noise floor is obtained by running a huddle test on the signals measured by the in-loop sensor and the reference
sensor when the controller is switched off. The idea behind is to subtract the incoherent signal from the two sensors, which is
then assumed to be noise floor of the sensor. The corresponding coherence between the in-loop sensor and the reference
sensor for the two cases is depicted in Fig. 11. The duration of the measurement is set to 2000 s.

When the controller is inactive, the in-loop sensor and the reference sensor are supposed to measure the same quantity
i.e. the motion of the frame. This is the case in the frequency range between 0.1 Hz and 4 Hz, where the ASD of the in-loop
sensor coincides well with that of the reference sensor and the coherence is almost equal to unity except around the reso-
nances of the sensors. It is also seen that the ASDs of the two sensors are well distanced from the noise floor, where the
dynamic range of the INIS can be greater than three order of magnitude. The noise floor exhibits two peaks around
0.3 Hz. This is because the two sensors do not have the same resonance frequency so that the frame motion is detected inco-
herently by the two sensors around their resonance frequencies leading to the unsuccessful subtraction of the noise floor in
this range. Below 0.1 Hz, the ASDs of the two sensors almost overlap with the noise floor and the coherence decreases with a
decrease of frequency. This is caused by the predominance of the sensor noise over the signal proportional to the frame
motion. Above 4 Hz, the ASDs of the two sensor cannot be well distinguished from the noise floor either and a poor coher-
ence is observed accordingly. This may be due to the less pronounced frame motion because of the passive isolation, non-
linear coupling of the INIS and flexible dynamics of the frame and the INIS.

When the controller is active, it is seen that the experimental result shown by the in-loop sensor agrees very well with the
theoretical prediction, where a reduction of the frame motion up to 60 dB is obtained. The simulation result is obtained by
taking the product of the ASD of the in-loop sensor when the controller is inactive and the closed loop sensitivity 1= 1þ GCð Þ
as shown in Fig. 9. More interestingly, it is clearly shown by the in-loop sensor and the reference sensor that the frame
motion is reduced by 30 dB at the seismic resonance around 0.15 Hz. However, the in-loop sensor does not exhibit the same
trend as the reference sensor in three places: from 10 mHz to 100 mHz (except around 60 mHz), around 0.3 Hz and above
3 Hz. For the first range and the third range, this is because the sensor noise dominates that sensor output whereas the actu-
ator is driven to force the frame to follow the noise of the in-loop sensor instead of eliminating the motion transmission.
Around 0.3 Hz, the extra reductions are not observed by the reference sensor. This is due to fact that its resonance frequency
is slightly different to that of the in-loop sensor. In other words, it means that the sensitivity of the reference sensor is not as
good as that of the in-loop sensor at 0.3 Hz thereby the noise of the reference sensor dominates its output when the con-
troller is activated and the actual motion of the frame is not precisely measured by the reference sensor around this fre-
quency. Around the frame resonance i.e. 2 Hz, both the signals measured by the in-loop sensor and the reference sensor



Fig. 10. Comparison of the ASDs of the reference sensor, in-loop sensor when control is on and off, and that of the ground sensor and the noise floor.

Fig. 11. Comparison of the coherence between the reference sensor and the in-loop sensor when control is on and off.
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are slightly above the noise floor and the corresponding coherence is also relatively high. This indicates that the controller is
not effective enough to suppress the frame motion, so that the in-loop sensor and the reference sensor are still correlated
around this frequency measuring the common frame motion. Due to the presence of the flexible modes of the frame, it is
difficult to further push the isolation performance without compromising the stability of the system. Alternatively, a narrow
band feedforward controller could be introduced as a supplement to the feedback controller [35], it is however not investi-
gated in the paper.
5. Conclusion

This paper has presented an experimental demonstration of low frequency seismic isolation system using a homemade
interferometric inertial sensor. The first part of the paper has been dedicated to the study of the sensor dynamics, in response
to vertical and rotational excitations. It is found that the dynamic behaviour of the sensor is similar to that of common iner-
tial sensors when it is subjected to translational excitations, but its sensitivity is completely lost at one particular frequency
when it is subject to rotational excitations because of the gravity coupling.

In the second part, a SDOF seismic isolation system has been presented. It consists of a rigid frame rotating on a knife
hinge, whose motion is measured using the interferometric inertial sensor. The system has been analysed and a model
has been derived, which has been further used to design a controller, capable to reduce the ASD of frame vibration in a wide
frequency range, extending from 0.1 Hz to 10 Hz, by a factor up to 1000. The performance has been cross-examined using a
reference sensor, closely placed next to the in-loop sensor. The on-site noise floor of the INIS is derived by performing a hud-
dle test between the in-loop sensor and the reference sensor. The experimental results have demonstrated that the closed
loop performance of an active isolation system can’t be solely evaluated by the performance index shown by the error sensor
where a reference sensor or its noise floor is needed for fact-checking. This is because the control effort might be used to
force the isolation platform to follow the noise of the error sensor instead of eliminating the platform motion. Currently
the performance is limited by the sensor noise below 0.1 Hz. Improving the resolution of the inertial sensor in this frequency
range is left for a future work.
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