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ABSTRACT

The article presents the outcomes of a Technology
Development Activity (TDA) focused on the Antenna
Pointing Mechanism (APM) and a dedicated Micro-
vibration Test Facility (MTF) for the LISA mission.
A consortium led by Sener Poland, with Sener Spain and
CEDRAT Technologies as subcontractors, developed
and tested breadboards of the APM and MTF, conducting
the necessary evaluations to reach Technology Readiness
Level 3. New technologies were introduced, including
a piezo-driven motor for the antenna stage and the MTF
itself. The development process is described, covering
the conceptual, preliminary, and breadboard phases. Test
results are presented and discussed, along with the
lessons learned.

1 INTRODUCION

The Laser Interferometer Space Antenna (LISA) is the
European Space Agency’s (ESA) third large-class
mission, aiming to become the first spaceborne
gravitational wave observatory. It comprises three
spacecraft flying in a precise triangular formation,
separated by 2.5 million kilometres.

To ensure a stable environment for the scientific payload,
all platform mechanisms—including the High Gain
Antenna Pointing Mechanism (APM)—must deliver
ultra-low  micro-vibration levels and exceptional
magnetic cleanliness.

To mitigate development risks associated with the APM
for LISA, ESA initiated a Technology Development
Activity (TDA). The project also encompassed the
development of a dedicated Micro-vibration Test Facility
(MTF) to verify compliance with the mission’s stringent
micro-vibration requirements. The primary objective was
to develop the APM and MTF up to Technology
Readiness Levels 3 and 6, respectively. The MTF is
needed because the state-of-the-art facilities are based on
piezo load cells, which experiment drifts at some tenths
of Hz, frequencies inside LISA Measurement Bandwidth.

There are two operational modes for the APM:
continuous pointing and the periodic repointing. In the
continuous pointing, the APM continuously tracks the
Earth performing a 1° rotation per day without stopping
science observation. This mode required unprecedented
micro-vibration levels. In the periodic repointing mode,
the antenna is only steered once every two weeks not
breaking the link between spacecraft but pausing science
interferometry. The exported micro-vibrations for this
mode are two orders of magnitude less stringent than the
continuous pointing ones.

2 APM DESIGN

The objective of this phase was to carry out a conceptual
study of the APM, considering functional, technological,
and environmental requirements. Key specifications
included a full range of motion in azimuth (0-360°) and
elevation (—30° to 90°), high positioning accuracy
(£0.05°), a repositioning time of up to 17 hours (360° in
17 hours), and strict compliance with magnetic
cleanliness constraints (<1 uT DC field at 1 m; no soft
magnetic materials).

In the baseline operational mode (periodic repointing),
the exported torque levels have to remain below the
following Amplitude Spectral Density (ASD) thresholds:

—4 Nm

e 10 J_ENfrom 0.1 mHz to 0.1 Hz,
.10-32m

e 3-10 N from 0.5 Hz to 500 Hz.

Design was conducted in three stages:

1. conceptual study, focused on state-of-the-art,
components identification and architecture
trade-off,

2. preliminary design, in which concept
identified were implemented into complete
model

3. breadboard design, in which preliminary
design was tailored to breadboarding needs.

Piezoelectric actuators are selected as they offer high
precision and magnetic cleanliness. For signal
transmission, a flexible PCB cable integrated within
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a rotary capsule is chosen, effectively eliminating less
efficient alternatives such as slip rings, but impeding
multi-turn.

A critical component within the scope of the TDA is
a high-precision rotational encoder. It is selected not only
for position sensing, which is not very demanding, but
mostly for motion micro-dynamics understanding. To
meet these needs, a contactless interferometric encoder
from Magnescale [1] is selected, offering the necessary
resolution and accuracy, non-intrusive operation, and
long term stability thanks to its working principle which
makes it less sensitive to air’s refractive index
fluctuations, and sub-nrad resolution for resolving the
slow motion of the two working modes.

Piezoelectric actuators were already been baselined
during the LISA phase A and were not subject to further
trade-off analysis against alternative technologies. To
drive the motor’s rotor, a piezoelectric rotative inchworm
principle is selected.

The rotor races are actuated by a set of modules, each
comprising two perpendicular piezoelectric actuators
with the following functions:

e  Clamp, which couples the races with driving

elements.
e Extender, which generates a tangential motion
of races.
Fixation Races
Extender Clamper

Figure 1. General description of an actuator module

The principle of motion generation is explained on Fig.
2. The actuation cycle begins with the clamp moving
(Step 1) to engage with the rotor races, applying
a preload. Next, the extender expands (Step 2),
generating a tangential displacement and moving the
races forward. Then (Step 3), the clamper retracts,
releasing the coupling. Finally, the extender retracts
(Step 4), returning to its initial position, thus completing
one piezo-step cycle. To achieve a continuous motion,
more clamp-extender pairs are present. In the situation
when a clamp needs to unclamp, another clamp which is
connected to a extender with its stroke fully available
starts the clamping process. As exported micro-
vibrations are of core importance, it is a goal to minimize
the disturbances generated between piezo-step cycles and
provide a smooth continuous motion. In the situation
where one clamp starts the clamping and the other one
starts the unclamping, a load transfer happens from the

clamped one to the unclamped one. In addition, there is
an interaction between clamps, which needs to be
optimized to maximize the performance. This
phenomenon is called piezoelectric inchworm backlash.
In the case of the APM motor, the applied load is
a combination of the friction torque of the bearing, the
resistive torque of harness and the interaction between
the piezos due to the inherent hyperstaticities. The
stiffness of the motor and the load transmission generate
a damped harmonic oscillation.

1. 2
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Figure 2. Piezo-walk principle for one extender-clamp.

While the extenders consistently provide tangential drive
to the motor, the clampers can be preloaded either
radially or axially with respect to the rotation axis.
Therefore, both configurations were evaluated during the
concept phase through a trade-off analysis.

Clampers Disconnected

Figure 3. Radial preloading concept

Extender

Figure 4. Axial preloading concept.
After comparing both architectures, axial preloading was
selected. This configuration offered several advantages:
improved tolerance to assembly errors, more
symmetrical preload distribution, keep bearing friction
torque minimum and without changes, and a reduced risk
of inducing imbalance in the bearing due to preload



asymmetry.

In the next step, the axial preloading solution needed to
be selected. Two alternatives were identified:

e Thin disc concept, Fig.5, in which the thin,
flexible rotor is being preloaded by two
actuators from both sides.

e C-shape concept, Fig. 6, in which the actuators
are preloading two robust, stiff races connected
to the cylinder, forming a “C” letter shape in
cross section.

! Actuators housing Clampers Extender

Actuators
module

\

Thin disk
assembly

Thin disk

Figure 5. Thin disc concept

The thin disk concept offered several benefits, including
higher structural flexibility, reduced preload asymmetry,
and low mass. However, it also introduced drawbacks
such as gravity-induced deflection of the actuation
modules and a lower natural frequency.

Clamper Extender

Figure 6. C-shape disc concept

The C-shaped disk configuration results in a higher
overall rotor mass and an increased risk of exporting axial
forces due to its greater stiffness. However, it also offers
several advantages: reduced mass of the actuator
assemblies (Fig. 7), simplified integration, and increased
structural stiffness. Ultimately, this concept was selected
as the baseline for the preliminary design phase.

Both the extender and the clamper are based on amplified
piezo actuator (APA), which both preloads the brittle
ceramic element to prevent tension on it and amplifies the
motion of it. Another effect is that the APA expand when
powered and shrink powered. As a result in switch off
conditions the clamp are engaged, providing the required
unpowered holding torque for orbit conditions. In the
other hand this implies that the clamp should be
backdrivable to avoid overloads during launch when the
APM cannot be retained in the small order of magnitude
of the actuation.

One of the key challenges in breadboard manufacturing
was the machining of the C-shaped rotor. For integration
purposes, the rotor had to be split into two parts, while
maintaining extremely tight tolerances in terms of

distance and parallelism between the races. This
component was successfully manufactured through
a highly controlled machining process, developed in
close collaboration with the supplier.
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Figure 7. Piezo-electric actuators’ assembly
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Figure 8. APM cross section

Figure 9. APM stage breadboard (twist capsule omitted
for clarity)

The developed motor has redundant ceramics in both
clamps and extenders. The motor has 6 piezo assemblies
(see Fig. 7). The control electronics, developed by
CEDRAT TECHNOLOGIES, including the control law
for backlash compensation, is divided in a two-by-three
architecture. This means that two independent triplets of
actuator assemblies exist. The same voltage is applied to
the extenders of each triplet. The same idea is followed
for the clamps of each triplet. Thus, 4 drivers exist: one
for each clamps/extenders of each triplet.



3  MICRO-VIBRATION TEST FACILITY

Establishing a facility capable of sensing vibrations
across the full frequency spectrum required by the
mission (0.1 mHz — 500 Hz) was critical to the project's
success. At a very early stage of execution, it became
evident that no existing facility could fully meet these
requirements. As a result, a dedicated development effort
was initiated. The idea is to develop a facility based on
the idea of micro-thruster balances [2].

Due to programmatic constraints, the scope of the
development was limited to a single-degree-of-freedom
(DoF) facility, incorporating passive isolation and
measurement. Consequently, the primary focus was
placed on measuring the exported torque along the main
rotational axis of the APM motor stage.

Suspension wire __— Frame

Piezo driver ~_| _ Power source

EGSE ~ — On-board computer

Base interia — Nulling actuator

- Capacitive sensor
APM —

Output intertia —/

Insulated foundation

Figure 10. MTF scheme

The insulation system consists of two stages: a fixation
frame mounted on a separate foundation (heritage
hardware from Sener’s MTG Optical Scanner project)
and a very thin (1.2 mm), 2.86 m-long suspension wire
from which the test article and all its electronics is
suspended. While the frame provides partial isolation
from background noise, the wire acts as a low-pass filter,
particularly effective against torsional disturbances. The
calculated natural frequencies of the setup are: 5.42 mHz
(torsional) and 5.88 Hz (axial).
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Figure 11. Nulling system

Finally, nulling in two DoF is performed. The sensing
system consists of two capacitive sensors and nulling

voice coil actuators. The exported forces and torque from
the APM are measured based on the following principle:
a capacitive sensor continuously monitors the
displacement between the base inertia and a stationary
ground reference. When the motor moves, the exported
torque/force induces a torsional/radial displacement of
the base inertia. Working in close loop, a current injected
to the voice coils keeps the base inertia still in position.
By knowing the motor constant (in N/A) of the voice
coils, it is possible to compute the forces and torques that
keep the base inertia in equilibrium

The sensors and actuators are connected via a dedicated
Electrical Ground Support Equipment (EGSE), which
includes a PID controller responsible for maintaining the
stable position of the base inertia. The developed MTF is
wireless, which means that all tests are launched through
ethernet thanks to the onboard computers of the facility.
Batteries provide the energy to the sytem to keep it
running for all the hours necessary to get mHz frequency
data.

When the system reaches equilibrium, the calculated
balancing force is equal to the torque exported by the
motor.

Figure 12. MTF breadboard

Due to the system’s high sensitivity to external
disturbances, no physical wire connections are allowed
between the ground and the suspended setup. As a result,
the entire EGSE responsible for motor control, encoder
reading, and real-time communication with the ground-
based EGSE have to be embedded within the base inertia.

Additionally, external power supplies can’t be connected,
so a dedicated battery pack was used to power the
embedded electronics. Thanks to this, the facility is also
isolated from the perturbations introduced by the power
grid, which are composed by 50 Hz harmonics and some
mean value changes over time.



The MTF breadboard setup was built at Sener’s facility
in Tres Cantos (Madrid). To enable accurate APM
testing, an extensive calibration and commissioning
process was carried out, ultimately achieving the required
nulling performance.
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Figure 13. MTF breadboard EGSE description

4  TESTING IN STATE-OF-THE ART MTF

In addition to the test in the nulling facility test in piezo
load cell was carried out. The aim of testing in a state-of-
the-art facility based on piezo load cells is to sense with
accuracy the forces and torques in 6 DoF that happen
during a piezoelectric inchworm backlash event. These
facilities, as they have high-pass filters to eliminate load
cell drifts, do not allow to sense perturbations below 0.8
Hz. But they can provide also the high part of the
spectrum: fast perturbations.

There are numerous facilities of this type in Europe.
Among them, there is the ESA Mechanism
Microvibration Characterisation Facility (MMCEF),
located in European Testing Services (ETS) in ESTEC.
The MMCF has a passive isolation stage based on
a Minus-K structure to decouple from ground
disturbances. It is equipped with a marble block acting as
seismic reaction mass. MMCF can measure interface
forces ranging from 0.1mN to 200N and moments
0.01mNm to 20Nm over a frequency range from 0.8Hz
to 1400Hz. The APM motor has a stiff connection to the
piezo load cells which are on top of the marble rock. The
facility is inside an acoustic tent. The APM motor with
representative inertia (1.2 kg m?) and electronics are
shown on Fig. 14. The APM is mounted such that the Z
axis is parallel to the APM motor rotation axis, and the X
and Y axes are radial to the APM motor.

Figure 14. AM With electronics mounted on top of
MMCEF in ETS (ESTEC).

4.1  Backlash compensation tunning

The piezoelectric inchworm backlash is the major
disturbance source. In this TDA an open loop backlash
compensation strategy has been followed. This
compensation is based on the following idea: releasing
the clamp when there is no load applied on it prevents
from exporting disturbances. This means that the APM is
commanded such that the two triplets of piezo assemblies
are overlapped for some time. The slopes of the clamping
and unclamping process and the time length when they
are occurring are optimized to minimize the backlash.
This is materialized by implementing a parameter in the
piezo control electronics software named as the backlash
compensation parameter. A sensitivity to this parameter
is performed. The selection of this parameter is decided
based on the minimization of the amplitude of the peak
created by the backlash in the Mz torque. The peaks are
damped sine oscillations at the eigenmode of the APM,
which is ~25 Hz. Sensitivity to this parameter is shown
on Fig. 15.
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Figure 15. 3 sensitivities to backlash compensation
parameter. Each row (2 graphs) corresponds one study.

4.2 Testing at periodic repointing speed

The motor is commanded at a speed of 97°/day. This
value assumes that approximately 1% of the time is spent
accelerating and decelerating. Additionally, it is assumed
that the elevation and azimuth stages are not actuated
simultaneously. As a result, the manoeuvre consists of
rotating over a period of 4 hours. Every 15 days, the
system replicates the angular displacement that the
antenna would have achieved if it had been continuously



commanded at the continuous pointing speed. The
angular displacement is recorded by the Magnescale
interferometric encoder, and it is shown on Fig. 16.
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Figure 16. Left: Angle vs time at periodic speed. Right:
Angle Ripple caused by backlash effect.
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Figure 17. Forces and torques measured by MMCF at
periodic repointing speed.

The main disturbances occur at Mz torque, which is the
actuation direction of the motor, and at the Fx and Fy
forces. The Fx and Fy forces are thought to come from
static unbalancing and from synchronization errors
between the piezos. Fig. 18 shows that the MMCF has
a lot of noise below 0.8 Hz, so it is not fair to compare
directly the obtained results against the requirement. This
noise comes mainly from facility eigenmodes. The
actuation eigenmode of the APM is ~25 Hz (in Mz). By
looking to Fig. 17, it can be seen that the backlash is
a train of damped sines happening every ~20 mHz. The

peaks associated to this phenomenon can be seen in
Fig.18. This allows to isolate the backlash effect from the
complete ASD. A best fit to one of the damped
oscillations is done and then this signal is repeated at the
backlash frequency (~20 mHz). The observed damping
corresponds to a Q of 25. After postprocessing the signal,
Cumulative Power Spectrum (CPS) is computed and it is
compared to micro-disturbance requirement, which is
shown on Fig. 19

Three tests were done at this speed, changing both
direction and angular position of the motor by 20 deg. In
all the cases, the results obtained are consistent with the
results shown in this section.
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4.3  Testing at continuous pointing speed

The same measurements and graphs as the ones of Sec.
4.2 are obtained (see Fig. 20-22), but at the continuous
pointing speed, which is 1.2 deg/day.
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Figure 20. Left: Angle vs time at continuous pointing
speed. Right: Corresponding ripple caused by backlash.
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Figure 21. Forces and torques measured by MMCF at
continuous pointing speed.

The peaks now appear less frequently due to the slower
speed. The amplitude of the peaks remains in the same
order of magnitude as the ones of Sec. 4.2. The
measurements show a background noise in line with the
one observed during periodic repointing tests.
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5 TESTING IN THE DEVELOPED MTF

This section is divided in two subsections. The first one
shows a direct demonstration of the nulling system when
the active control is working. The second section shows
3 hours measurement in the facility with APM rotating at
periodic repointing speed.

5.1  Nulling demonstration of the MTF

The active nulling is demonstrated by commanding the
motor at periodic repointing speed, and the signal
captured by the capacitive sensors is shown, both with
and without active stabilization (see Fig.23). The signal
when there is not active nulling is significantly larger
than when it is. The train of damped oscillations
corresponding to backlash is observed. By looking at the
Fast Fourier Transforms (FFTs) of the capacitive sensors,
a component at ~20 mHz is observed, which corresponds
to the backlash frequency. The reduction of the amplitude
of the FFTs is also shown, demonstrating active nulling
in the low frequencies (< 1 Hz).
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5.2  Testing in the developed MTF

The motor is commanded at the periodic repointing
speed, and the active nulling is left working for more than
10000 seconds. The time domain signal of capacitive
sensors is below 1 um peak to peak almost all the time,
only surpassed up to 1.5 um when backlash happens. The
RMS of the signals of capacitive sensors is 100 nm. At
the first instants of the signals shown in Fig. 24, there are
big values due to the initialization of the piezo motor and
the initialization of the facility
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Figure 24. Left: Signals of capacitive sensors. Right:

current injected to the nulling actuators.

By using the calibrated Ky of the nulling actuators, the
actuation arm R of the nulling actuators and the signals
of the currents fed to the voice coil actuators, it is possible
to obtain the radial force and the axial torque. The CPS
of the force and torque are shown in Fig. 25. Clear jumps
in the CPS can be observed at 0.3 Hz and 0.8 Hz, which
correspond to the pendulum modes of the MTF. This
issue was limiting the bandwidth of the nulling control.
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6 CONCLUSIONS AND FUTURE WORK

Regarding the APM motor, both the Magnescale
interferometric encoder and the MMCF allowed to see
the shape of the backlash events: it is a train of damped
sines that happens every time the extender consumes its
stroke. After isolating the backlash event from facility
noise in the periodic repointing tests, the performance is

compliant with requirement for torques but it needs some
improvements for forces. There is an ongoing activity for
redesigning the motor, in which more mechanical
decoupling between piezo assemblies will be
implemented. In addition, a close loop for releasing the
clamps when they are unloaded is being implemented. It
is under study whether load cells, angular encoder or
combination of both will be implemented to enhance the
backlash performance.

Regarding the MTF, 100 nm RMS stabilization for 3
hours has been achieved, allowing to have performance
values at low frequencies, which could not be seen by the
MMCF. The main obstacle encountered during the
testing was the coupling with test bench modes at ~0.3
Hz and ~0.8 Hz. These oscillations were seen by the
capacitive sensors and thus the control system reacted to
perturbations which should not react to. This minimized
dramatically the bandwidth of the facility. However, the
current of the voice coils has components at the backlash
frequency, meaning that the close loop was correcting the
low frequency content of the damped sines. So, among
other enhancements for future stages of the project, the
following one is identified: putting more displacement
measurement sensors, to extract the motions in the DoF
that are not going to be nulled. As baseline, for future 3
DoF are intended to be nulled: forces in plane and torque
orthogonal to plane. The motions in that 3 DoF are
isolated from measuring the 6 DoF of the test bench.
Also, proper notching of the control will help to focus the
control in the APM dynamics and avoid the facility
modes.
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