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ABSTRACT

We demonstrate the control scheme of an active platform with a six degree of freedom (6D) seismometer. The inertial sensor simultaneously
measures translational and tilt degrees of freedom of the platform and does not require any additional sensors for the stabilization. We show
that a feedforward cancelation scheme can efficiently decouple tilt-to-horizontal coupling of the seismometer in the digital control scheme.
We stabilize the platform in the frequency band from 250 mHz up to 10 Hz in the translational (X, Y) degrees of freedom and achieve a
suppression factor of 100 around 1 Hz. Further suppression of ground vibrations was limited by the non-linear response of the piezo actua-
tors of the platform and by its limited range (5 um). In this paper, we discuss the 6D seismometer, its control scheme, and the limitations of
the test bed.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0118606

The LIGO' and Virgo® detectors have made a number of gravita-
tional wave detections from massive compact objects.” * Sources of
these waves range from two recent neutron star black hole systems’
and binary black holes,” '° with one detection of an intermediate mass
black hole of mass ~150M."" A multimessenger event was also
observed from a binary neutron star merger, which verified localiza-
tion and decreased the false alarm rate of the detection."’

Low frequency sensitivity of the detectors determines the likeli-
hood of observing more massive systems such as intermediate mass
black hole binaries between 100 and 1000M, as well as providing early
warning signals. The time until merger of binary systems scales with
frequency as f~8/%; therefore, low frequency noise improvements
enable greater opportunities for multimessenger detections. For the
LIGO detectors, these signals are cloaked by the non-stationary control
noise of the isolation scheme of the core optics.'” '* The LIGO isola-
tion scheme consists of a four stage pendulum suspended from state of

the art two stage twelve axis platforms for the detectors’ core
optics."” """ Despite the orders of magnitude suppression achieved, the
angular controls for the core optics limit the detectors’ sensitivity
below 30 Hz."*"”

Improved sensing of the isolated platforms would reduce the
input motion to the suspension chain, reducing the injection of noise
from the local damping on the optics. Suppression of platform tilt is
limited by the lack of inertial rotation sensors on the platforms. The
platform tilt also plagues the translational readout with an unfavorable
coupling of g/w?°**" where g is the local gravitational acceleration
and o is the angular frequency. Investigations into improved sensing
of the platforms are being explored by a number of groups who
develop inertial sensors. Krishna Venkateswara and the University of
Washington group have employed the out of vacuum beam rotation
sensor (BRS)”** at LIGO for feedforward correction of translational
sensors. The University of Washington is also developing an in
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FIG. 1. (a) Photo of experimental setup. The round active platform is stabilized relative to the seismometer with three arms, and (b) an example of damped signals of the vari-
ous degrees of freedom to highlight the noise floors due to sensing (readout) and damping (coil). Note that the Y and RX degrees of freedom are analogous to X and RY.

vacuum cylindrical rotation sensor (CRS). The University of Western
Australia has developed the ALFRA rotational accelerometer, which
has the advantage of multi-orientation such that it can also be
mounted vertically.”* Optical gyroscopes have also been investigated at
Caltech and MIT, which make use of the Sagnac effect to measure the
absolute rotation rate.””*" The commercial company blueSeis offers
single axis and 3-axis fiber optic gyroscopes with guaranteed lifelong
stability of <1%.”” Further improvements to low noise translational
inertial sensing have been demonstrated by the Nikhef and VU groups
in Amsterdam,” and the Belgium China collaboration””” with cus-
tom interferometric inertial sensors.

In this Letter, we present an initial version of the six degrees of
freedom (6D) seismometer detailed in Ref. 31. The basis behind the
design is a softly suspended extended reference mass, which is readout
in six degrees of freedom (6D). Unlike the inertial sensors discussed
above, the approach differs by utilizing a simple mechanical design,
which enables cross couplings. Complexity is moved to the signal
processing where the degrees of freedom must be untangled.

We demonstrate the viability of the device for use in feedback by
stabilizing a rigid isolated platform in six degrees of freedom. First, we
discuss the experimental design and then move through the control
scheme, indicating the performance achieved and the shortcomings of
the test bed used.

The seismometer consists of a single extended reference mass
suspended from a fused silica fiber.””” Optical shadow sensors known
as Birmingham Optical Sensors and Electromagnetic Motors
(BOSEMs)™* were employed for the readout scheme, which measured
the relative displacement between the proof mass and the platform.
The test bed was a rigid stabilization platform, which was actuated
using six piezo legs in a hexapod style formation. The experimental set
up is shown in Fig. 1(a), and experimental parameters, highlighting
the resonant frequencies of the proof mass, are summarized in Table L.

Ideally, the eigenmodes of the mass should be as low as possible
to enable inertial sensing to lower frequencies. The stiffest degree of
freedom in our setup is the vertical one, and the corresponding eigen-
frequency of its bounce mode is 10 Hz. The other two translations
degrees of freedom were softer with eigenmodes of 0.62 Hz. The eigen-
frequencies were determined by the fiber length, which was con-
strained by the height of the vacuum chamber.

Resonant frequencies for the tilt modes (RX and RY) were tuned
to 100 and 90 mHz by compensating the elastic restoring coefficient of
the fiber with the gravitational anti-spring, respectively. The distance
between the effective pivot point of the wire and the center of mass, d,
enabled tuning of the effective restoring torque indicated as follows:

g mgd + ke
wf(%i, wfsze, (1)

where m is the mass, k. is the elastic restoring coefficient, and I, is its
moment of inertia about the y-axis.

The soft angular modes of the system result in large oscillations,
which ringdown over extended periods of time. In particular, the ring-
down time of the torsion mode (RZ) is several months. In order to
maintain the BOSEM sensors within their linear regime, we imple-
mented damping loops on the seismometer’s resonant modes using
coil-magnet pairs. The damping loops actuated directly on the mass
in narrow frequency bands around its resonances and reduce the mass
motion down to ~um level.

Figure 1(b) shows the damped signals using the BOSEM actua-
tion with no control of the platform. Large translational motion in X
leaks into the other degrees of freedom, which can be seen from the
presence of the microseism and resonant peak at 0.62 Hz. The reduc-
tion of the X (Y) platform motion diminishes this effect as the

TABLE I. A list of parameters and nominal values.

Parameters Description Value

m Mass 1kg

R Mass radius 0.6 m

L Fiber length 0.64 m

r Fiber radius 100 =10 um
fxy Translational resonances 0.62Hz
fz Vertical resonance 10Hz
frx RX tilt resonance 100 mHz
Sfry RY tilt resonance 90 mHz
frz RZ torsion resonance 2 mHz

Appl. Phys. Lett. 121, 174101 (2022); doi: 10.1063/5.0118606

© Author(s) 2022

121, 174101-2


https://scitation.org/journal/apl

Applied Physics Letters ARTICLE scitation.org/journal/apl

platform tracks the motion of the proof mass. Experimental investiga-
tions into the BOSEM sensing and actuation noise found that the stiff-
est mode (Z) was limited by sensor noise below 10 Hz, and that the
digital-to-analog converter noise from our control system dominates
the RZ motion below 10 mHz.

For stable control of the actuated platform relative to the 6D seis-
mometer, there were three key strategies that were implemented. The
first two are regarding the 6D seismometer device, and the third is
regarding the actuation problems that are relevant to the class of actuated
platforms with cross couplings between different degrees of freedom on
the level of ~1%. First, diagonalization of the tilt modes of the proof
mass. In the case of a symmetric fiber neck and mass, the circular cross
section results in an infinite number of principle axes, resulting in no
preferential axes around which the tilt motion occurs. This was initially
assumed, and an arbitrary direction for the X and Y axes was chosen.

We discovered a discrepancy between the tilt resonances such
that frx # fry. Investigations determined that asymmetry in the fiber
neck, where bending occurs, gave rise to two perpendicular principal
axes around which tilting occurred. The asymmetry resulted in non-
identical elastic restoring constants, k., for RX and RY, where the fre-
quency splitting of the modes was further exacerbated by the tunable
gravitational restoring torque, mgd.

Measurement of the degrees of freedom was determined using an
analytical sensing matrix determined by the system geometry, S. This
converted the six BOSEM signals, E, into the six degrees of freedom,
X, such that X = SB. The preferential axes for tilt caused coupling of
the RX eigenmode into the sensed RY motion (and RY to RX).
Analysis of the individual BOSEM signals allowed us to determine the
angular misalignment of our original axes compared to the principal
axes due to the fiber asymmetry. A rotation matrix, R, was imple-
mented to align the sensing with the eigenmodes of the principal axes,
X eig» Such that,

X = RX = RSB. )

Similar to the sensing matrix, the platform actuation was set to
align its principle rotation axis with the 6D seismometer.

The second key strategy was to decouple the horizontal-to-tilt
motion of the proof mass. The platform causes movement of the

(a)

[Hardware]
Software

suspension frame and the test mass, which is shown in Fig. 1(a).
However, the test mass is considered to be inertial above the pendulum
resonant frequencies. The coupling of platform motion, Xp and RYp,
to the sensor outputs, X and RY, can be written as

X = T(f)Xp+L XRYP,
RY = K(f)Xp + RYp,

where L is the fiber length. X and RY and Y and RX are intrinsically
coupled by the pendulum. Transfer functions T(f) and K(f) are deter-
mined by the pendulum and pitch resonances and are discussed in
detail in Ref. 35.

According to Eq. (3), the coupling of X and RY and, similarly, Y
and RX degrees of freedom is frequency dependent. Therefore, we
implement a filter to diagonalize the degrees of freedom as shown in
Fig. 2(a). We found that the control system requires the subtraction of
X (Y) from RY (RX); hence, a 2 x 2 diagonalization is necessary for
stability.

We determined the feedforward filter by solving Eq. (3) relative
to Xp and RYp. Since the solutions are given by the following
equation:

(©)

1
Xp = _
P T—LK(X L X RY),
T K )
RYp=——(RY — =X
P T—LK( T )

K _ DRy 1 oy (5)
iwm - 21’
T e+ RY+w§YL w’L
RY

at ® > wry. However, during our experimental studies, we found
that ~w 2 dependence is only valid up to @ & 10wgy. At higher
frequencies, the transfer function flattens due to the direct cou-
pling of horizontal motion to our vertical sensors dedicated
for RX and RY. Therefore, we fitted the feedforward filter to the
transfer function K/T + o, where o is a small number on the
order of 1072. The result of the feedforward cancelation is shown
in Fig. 2(b).

(b)

10°® "
—Feedforward OFF
—Feedforward ON
107 ¢
3
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&
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FIG. 2. Feedforward scheme for decoupling translation motion from the tilt readout. (a) A block diagram showing the feedforward scheme to subtract the translational induced
tilt motion from the RY measurement. (b) The comparision of the RY signal with (blue) and without (red) feedforward of the X signal.
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Application of the tilt diagonalization and feedforward scheme
discussed above enabled stabilization of the platform with six single-
input-single-output loops. However, the third strategy aimed to tackle
technical issues due to our specific actuated platform.

The upper unity gain frequency was constrained to 10 Hz due to
the forest of mechanical resonances of the vacuum chamber and its
supporting structure above 14 Hz. The resonances modify the actua-
tion path of the feedback control scheme, and due to the large number
of modes, it was implausible to digitally remove the resonances from
all degrees of freedom. The bandwidths achieved for the angular
modes were 70 mHz-10 Hz for the tilt modes (RX and RY), and 10
mHz-10 Hz for RZ. For the longitudinal degrees of freedom (X and
Y), the bandwidth attained was 250 mHz-10 Hz, where the lower
unity gain frequency was limited by the cross-couplings of the plat-
form actuation between the X and Y degrees of freedom.

Above 1 Hz, the cross coupling between X and Y degrees of free-
dom is caused by the imperfect actuation diagonalization matrix and
is on the order of 1%. However, the coupling grows significantly
toward lower frequencies making the response in X and Y to the exci-
tation in X equal at 40 mHz. The large cross coupling is caused by the
tilt-to-horizontal coupling and imperfections of the actuation system:
excitation in X also drives RX, resulting in the unpleasant g/w? tilt
coupling into the Y degree of freedom. As a consequence, the open
loop transfer function of the X degree of freedom is altered when con-
trol of Y is simultaneously engaged according to the following
equation:

GZ
Hupoa = H + % . (6)
Here, H = H, = H, is the open loop transfer function when stabiliza-
tion of only one degree of freedom (X or Y) is active, and G is the servo
gain as shown in Fig. 2(a). The additional factor is proportional to the
cross coupling of the X degree of freedom to Y, f5,, and to the similar
coefficient from Y to X, ﬁy. The additional factor increases the magni-
tude of the open loop transfer function and makes the closed loop
behavior unstable if the lower unity gain frequency of the feedback
loop is below 90 mHz for || = |B,| = 1072,

We could reduce the actuation imperfections f3, and f, down to
0.3% by gain matching the piezo actuators. However, the hysteresis of
the actuators causes time-dependent changes to the gains of the piezos
depending on the control system. Since the actuation system is non-
linear, we cannot reduce the cross coupling coefficients 8, and f3, to the
levels below 1% consistently. As a result, we have reduced the control
bandwidth in the X and Y degrees of freedom to avoid the instabilities
caused by the actuation cross-couplings. However, we expect that the
problem of non-linear cross coupling between X and Y degrees of free-
dom is not present in the suspended active platforms utilized in LIGO."

The performance of the device was limited in part due to the
non-linearity of the actuation path, which reduced the desired band-
width of the feedback control system. However, high gain stabilization
of all six degrees of freedom was achieved once correct implementa-
tion of the feedforward scheme between X, RY and Y, RX was
performed.

For clarity, the error signals (blue) shown in Fig. 3 are a represen-
tation of the potential isolation that we have achieved. However, with-
out an independent witness sensor, the reduction shown is only an
indication of the platform suppression. The actuation signals (black)

scitation.org/journal/apl

indicate what the motion of the platform would be without the isola-
tion, and the reference traces (red) show the platform motion when no
active stabilization of the platform is implemented. The readout noise
(magenta) is that of the BOSEMs for each degree of freedom.

Vertical suppression was limited due to the stiff resonant fre-
quency, reducing the bandwidth over which stabilization occurred.
Below 1 Hz, the actuation in Z was negligible due to non-inertial sens-
ing, which would result in sensor noise injection. Reduction of the res-
onant frequency can be achieved by suspending the system from a soft
blade spring to reduce the bounce mode, or by increasing the tension
on the fiber. The Glasgow group is currently developing higher stress
fibers for use in third generation detectors.”

For X and Y, the resultant suppression of platform motion was
up to two orders of magnitude above 1 Hz and was partially limited by
the readout noise. For RX, RY, and RZ, the platform was readout noise
limited over a larger frequency band; however, RZ motion before sta-
bilization was already close to readout noise limitation apart from the
frequency band between 0.1 and 1 Hz.

The majority of the sensed low frequency motion came from the
translational modes, X and Y, and were dominated by the microseis-
mic motion between 0.2 Hz and the 0.62 Hz resonant peaks. The large
motion leaked into the other degrees of freedom and can be seen by
the red reference traces (no stabilization) in Fig. 3 due to the imperfec-
tions of the sensing scheme. Implementation of the feedforward
scheme suppressed the coupling into the tilt modes by an order of
magnitude in the frequency band from 0.1 to 1 Hz (Fig. 2). Below the
bandwidth of the X and Y stabilization (<250 mHz), there is excess
motion all degrees of freedom when actuation is implemented. This is
a result of the actuation cross couplings of the platform causing the
translation motion to leak into the other degrees of freedom. This is
shown most clearly in the actuation signal of RZ, which follows the
shape of the X and Y spectra.

The high frequency noise in all degrees of freedom above 7 Hz is
due to the gain peaking from the control loops, which all have an
upper unity gain frequency of 10 Hz apart from the vertical mode.

The error signals in Fig. 3 show the achievable isolation for the
current system; however, this is limited by the BOSEM readout noise
highlighted by the magenta traces. Further broadband suppression
down to the readout noise level was constrained by the limited band-
width for all degrees of freedom. Improved readout noise would enable
the isolation to be solely limited by the bandwidth and the technical
issues of our specific actuated platform.

In conclusion, we have demonstrated the viability of stabilizing a
six axis platform using a 6D seismometer. The system was operated in
high gain with a maximized bandwidth, providing simultaneous con-
trol of all six degrees of freedom. We were achievable isolation of more
than an order of magnitude at various parts of the frequency band for
five of six degrees of freedom. We found the two key principles of the
effective control strategy: sensing diagonalization of the tilt modes and
decoupling of the horizontal-to-tilt motion. The control techniques
are a necessity to diagonalize the degrees of freedom involved in feed-
back control and to make the overall control system stable.

The system can be further improved in three directions. First, the
sensing noise of optical shadow sensors can be improved by two
orders of magnitude using interferometric inertial sensors.”” >’
Interferometric sensing has been employed to the system and is cur-
rently being optimized to reduce the readout noise.
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FIG. 3. Performance of the platform stabilization using the 6D seismometer for simultaneous control of all six degrees of freedom. The reference traces (red) indicate the mea-
sured platform motion before active stabilization is implemented. The panels represent the (a) X, (b) RX, (c) Y, (d) RY, (e) Z, and (f) RZ degrees of freedom.

reduce the drift motion of the suspended mass due to its low ther-
mal expansion coefficient and lack of plastic deformations.
Thermal shielding is also being installed to further isolate the proof
mass.

Second, the system is susceptible to drift motion for the angu-
lar degrees of freedom due to thermal gradients, stress relaxations
in the fiber, and in the metal proof mass. We have acquired a fused
silica proof mass (discussed in Ref. 35), which has the potential to
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Finally, the actuation of the platform can be improved by sus-
pending it and using coil-magnets actuators similar to the LIGO plat-
forms.”” As an intermediate step, we may introduce viton sheets to
provide passive isolation to damp the high frequency resonant modes
of our chamber. This will allow the upper unity gain frequency of the
control loops to be increased improving the achievable isolation.
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