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ABSTRACT

This article presents the micro-vibration characterisa-
tion facility recently developed by CSEM in Neuchâ-
tel, Switzerland, its main specifications and several use
cases. The facility consists of a custom-designed multi-
component dynamometer with very high sensitivity, ca-
pable of measuring in the mN range; high stiffness, with
first eigenmode above 2 kHz; and low-noise signal con-
ditioning and acquisition system. Several use cases are
then presented to illustrate the capabilities of the facil-
ity, including the micro-vibration characterisation of a
magnetic bearing reaction wheel demonstrator developed
by Celeroton AG, the modelling and correlation of the
micro-vibrations exported by a stepper motor, and of
MeteoSat Third Generation’s Corner Cube Mechanism
(MTG-CCM).

1. INTRODUCTION

The generated micro-vibrations by space equipment is an
aspect of increasing importance in space missions, due
to its impact on the satellite’s performance and point-
ing accuracy. For this reason, extensive characterisations
have been performed in the past for some key equip-
ments, such as reaction wheels for spacecraft attitude
control [1]. It is then essential to be able to characterise
the behaviour of the equipment in early stages in order
to consider the exported micro-vibrations from its design
phase and eventually apply some countermeasures for its
minimisation [2].

Different techniques can be employed to measure the
generated vibrations by a given actuator. The most com-
mon technique employed for environmental testing in the
space sector relies on a very high stiffness structure with
piezoelectric sensors over which the studied payload is
mounted, as available at the reaction wheel character-
isation facility (RCF) at the European Space Research
and Technology Centre of the European Space Agency
(ESA/ESTEC) in Noordwijk, the Netherlands [3]. To
achieve higher sensitivity and accuracy, other measure-
ment procedures have been proposed in the past, such as
the one developed by RUAG based on interferometer sen-
sors [4].

In the frame of the development of low-noise and high-
precision mechanisms for space and ground applications,
the Swiss Center for Electronics and Microtechnology
(CSEM) in Neuchâtel, Switzerland, pursues activities in
the development of micro-vibration characterisation and
mitigation. To be able to study the impact of the differ-
ent designs and techniques for this purpose, CSEM has
designed, procured, assembled, and validated a micro-
vibration measurement facility, as shown in Fig. 1.

Figure 1: Micro-vibration characterisation facility at the
observatory site of CSEM Neuchâtel: a multi-component
dynamometer, big seismic mass over pneumatic isolators,

charge amplifier and data acquisition (DAQ) system.



After a careful study of the different options for such
a facility, the selected and commissioned facility is
composed of the following key elements: four passive
pneumatic isolators, a big granite block, and a multi-
component dynamometer with four tri-axial piezoelec-
tric force sensors preloaded between two custom-made
plates. The facility will not only serve to characterise
low-noise mechanisms but also at developing advanced
control strategies targeting a minimisation of exported
micro-vibrations for terrestrial and space applications.

In section 2, the working principle and main specifica-
tions of the developed micro-vibration characterisation
facility are detailed, including the main results of the per-
formed tests for its verification. Afterwards, several use
cases of the facility are presented, including the micro-
vibration characterisation of a magnetic bearing reaction
wheel demonstrator developed by Celeroton AG [5] per-
formed in the frame of a Networking-Partnering Initiative
(NPI) activity in section 3; the modelling and correlation
of the vibrations generated by a stepper motor commonly
employed in antenna pointing mechanisms or solar array
drive mechanisms in section 4; and the characterisation of
a replica of the MeteoSat Third Generation Corner Cube
Mechanism (MTG-CCM) to be employed as a payload of
an active isolation platform in section 5.

2. MICRO-VIBRATION FACILITY OVERVIEW
AND COMMISSIONING

As previously mentioned, the micro-vibration measure-
ment equipment consists of four three-component piezo-
electric sensors mounted over a big seismic mass and
four pneumatic isolators to remove environment pertur-
bations, over which the equipment to be characterised
is fixed. The test set-up available at CSEM is shown
in figure 1. The vibrations generated by the payload
generate a mechanical stress on the piezoelectric sensors
(type 9047C and 9048C by Kistler), and combined with a
5080A charge amplifier, also by Kistler, for signal condi-
tioning. With such a configuration, it is possible to mea-
sure three components of both force and torque. The volt-
age signals are sampled synchronously at up to 20 kHz by
a dSpace MicroLabBox system with 16-bit A/D convert-
ers (ADC).

2.1. Explanation of Working Principle

The passive pneumatic isolators in combination with the
large mass of the granite table allows to completely de-
couple the dynamometer from the surrounding environ-
ment. The setup is therefore isolated from building vi-
brations which could perturb the measurement. The four
triaxial force sensors from Kistler are mounted with two
plates, one is used to interface the dynamometer with the
granite table, the second plate allows to mount various
components to be tested. The achievable measurement
accuracy is limited only by the first eigenmode of the sys-
tem at 2.23 kHz. The measurement bandwidth has its up-
per limit at 0.5 times the first resonance frequency of the
system. The lower limit of the usable frequency range at

Figure 2: Schematic diagram of force sensor arrange-
ment in multi-component dynamometer, including the

corresponding coordinate system (Source: Kistler).

5Hz is fixed by the eigenfrequency of the pneumatic and
suspended granite block, above which the isolation sys-
tem is effective. The general purpose of the facility is to
analyse, optimise and validate components which gener-
ate micro-vibrations. It allows to carry out time-domain
analyses, to obtain frequency spectra and to generate wa-
terfall diagrams.

Data acquisition is handled by a dSpace MicroLabBox,
capable of handling up to 24 analog inputs with 16-bit
ADCs, other 8 analog inputs with 14-bit ADCs, 16 ana-
log outputs and several digital I/O. The IEPE force sen-
sors are read with an 8-channel charge amplifier from
Kistler at a sampling frequency up to 20 kHz. This ampli-
fier model has a very low noise stage allowing to achieve
very accurate measurements. The system allows to ac-
quire all the force and torque components of the dynamo-
metric measurement with six degrees of freedom. The
following equations show the computation of the force
and torque components:

Figure 3: Micro-vibration measurement facility during
characterisation experiment with miniature shaker.



Fx = Fx,1 + Fx,2 + Fx,3 + Fx,4,

Fy = Fy,1 + Fy,2 + Fy,3 + Fy,4,

Fz = Fz,1 + Fz,2 + Fz,3 + Fz,4,

Mx = b(Fz,1 + Fz,2 − Fz,3 − Fz,4)− hFy,

My = a(Fz,2 + Fz,3 − Fz,1 − Fz,4) + hFx,

Mz = a(Fy,1 + Fy,4 − Fy,2 − Fy,3)

+ b(Fx,3 + Fx,4 − Fx,1 − Fx,2),

(1)

the second index being the sensor numbers which can be
identified in the schematic diagram in Fig. 2; a, b be-
ing the dynamometer side lengths and h the height of the
centre of the payload mounting interface.

2.2. Micro-Vibration Facility Characterisation

After the installation of the multi-component dynamome-
ter and all its support equipment, an extensive character-
isation and validation campaign was carried out. The
resulting specifications are summarised in Table 1. A
first characterisation experiment was done by measuring
the background noise level of the empty system. After-
wards, the dynamometer’s structure is studied using both
a miniature impact hammer and shaker, in order to iden-
tify its main resonance modes above which the vibration
measurements would be affected by the structure.

Firstly, the dynamometer is excited by an impact ham-
mer both axially and laterally. The identified frequency
response is presented in the left side of Fig. 4. From the
spectrum, the first mode at 2.23 kHz can be clearly iden-
tified along the Z-axis. A second mode appears along
X and Y-axes at around 2.55 kHz. A second characteri-
sation experiment was performed by using an electrody-
namic shaker. The dynamometer was excited first axially
and then laterally with a sine-sweep signal and a pseudo-
random binary sequence (PRBS). The excitation force

was measured with a six-component mini40 force/torque
sensor from ATI Industrial Automation. The identified
frequency response is presented in the right side of Fig. 4
for the sine-sweep experiment.

3. MAGNETIC BEARING REACTION WHEEL
CHARACTERISATION

As a case study, the noise signature of a magnetic bearing
reaction wheel demonstrator developed by Celeroton AG,
a Swiss high-speed drive manufacturer, is characterised
using the developed micro-vibration measurement facil-
ity.

Figure 6: Magnetic Bearing Reaction Wheel (MBRW)
demonstrator by Celeroton mounted on multi-component

dynamometer at CSEM, Neuchâtel.

The use of magnetic bearings is of strategic interest for
the European Space Agency (ESA), as stated in [6], due
to the reduced maintenance, virtually infinite lifetime,
and improved performance for space applications. The
absence of contact between moving parts completely re-
moves mechanical wear, friction and other tribological

Figure 4: FRF for x-, y- and z-axis characterised based on impact hammer (left) and shaker experiments with sine-sweep
excitation (right).



Table 1: Summary of micro-vibration characterisation facility specifications.

Name Value Remarks
Max. Payload Mass 20 kg

Max. Payload Dimensions
150 × 150 × 150mm Two available top-plate
300 × 300 × 300mm dimensions

Measurement Range

Fx, Fy 0.01 - 200 N
Fz 0.02 - 400 N
Mx, My 0.003 - 60 Nm
Mz 0.006 - 120 Nm

Frequency Range 5Hz – 1.1 kHz Upper limit determined by first
eigenfrequency with payload

Sampling Frequency (fs) ≤ 20 kHz

Eigenfrequencies
XY-ax. 2.55 kHz

For empty table
Z-ax. 2.23 kHz

Resolution 0.06mN For 1N range (dependent on DAQ
measuring range)

Linearity <0.11%

Crosstalk (forces)

(%) Fx Fy Fz
Fx - 0.7 −0.5
Fy 0.4 - −1.1
Fz −0.2 −0.1 -

Background noise
<3mN For 1N range (dependent on DAQ

(RMS @ fs = 4kHz) measuring range and fs)

Measurement uncertainty
Fx, Fy 0.16%
Fz 0.10%

System Dimensions 430 × 430 × 81mm

aspects during operation, reduces the generated vibra-
tions and allows the implementation of active vibration
control techniques to obtain low-vibration actuators.

In the frame of a Networking/Partnering Initiative (NPI)
collaboration between ESA, Celeroton and CSEM, the
developed facility is employed to characterise the noise
signature of such an actuator [5], with and without ac-
tive vibration control to validate its performance [7]. The
implemented technique to actively reduce the vibrations
is known as generalised notch filter, which suppresses
any controller reaction to rotor unbalance forces or other
disturbances appearing synchronous to the rotation speed
and at the first three harmonic frequencies, and thus let-
ting the rotor rotate about its main axis of inertia.

The undertaken test procedure to fully characterise the
exported micro-vibrations, using the test configuration
shown in Fig. 6, for both enabled and disabled is:

1. Apply stepped speed profile from minimum to max-
imum speed.

2. Log all forces and torques from acquisition system.

3. Calculate fast Fourier transform (FFT) for each con-
stant speed.

4. Combine FFT for all speeds into waterfall plot (am-
plitude vs. frequency vs. speed).

5. Calculate maximum FFT amplitude for all speeds at
each frequency to generate worst-case plot.

The results are summarised in Fig. 5, where the water-
fall plot of the forces in X (radial) direction and worst-
case plots of all components are shown with and without
generalised notch filter. It can clearly be seen that the
vibrations are considerably reduced, by at least an order
of magnitude. They are completely suppressed in axial
direction and for the second and third harmonics in XY
(radial) direction, but a residual vibration is exported for
the first harmonic in X and Y directions.

This residual forces are a result of magnetisation asym-
metries in the rotor permanent magnets and can be con-
siderably reduced by appropriate selection of magnet
types during commissioning. As the measured system
is a technology demonstrator and not a final product, dur-
ing the development of future models this issue can be
resolved.

In any case, this measurement campaign shows the great
capabilities of the commissioned micro-vibration mea-
surement equipment for very low force and torque am-
plitudes, providing a great resolution and high signal-to-
noise ratio to identify the resulting vibrations of such a
low-disturbance actuator.

4. STEPPER MOTOR CHARACTERISATION

The micro-vibration measurement facility has been used
to characterise and predict exported forces and torques
of a system mimicking a solar array drive mechanism
(SADM) and associated inertial load (i.e. solar arrays).



Figure 5: Comparison of exported micro-vibrations with and without active vibration control (generalised notch filter).
Waterfall plot of exported forces and torques in X direction (top) and worst-case plot for all components (bottom).

The system comprises a stepper motor (SM), harmonic
drive (HD) and two inertial loads (one rigid and one flex-
ible).

Adopting a bottom-up approach, the SM was first charac-
terised alone (setup 1 shown in Fig. 7) prior to adding the
HD and small rigid inertial load (setup 2 shown in Fig.
8) or large flexible inertial load (setup 3). The micro-
vibration facility enabled to successfully characterise the
aforementioned system in all 6 DoF in both time and fre-

Figure 7: Characterisation of SM alone (setup 1).

quency domains. Fig. 9 show examples of such measure-
ments. As is to be expected, exported micro-vibrations
are predominant along the rotor axis (Mz) and lateral
forces (Fx and Fy) that are caused by rotating unbal-
ances. Characterisation was carried out at varying speeds
and for all three configurations.

A Simulink model was created and refined to predict ex-
ported micro-vibrations and correlate them to measure-
ments, both in the time and frequency domains.

Figure 8: Characterisation of SM, HD and Small Rigid
Inertial Load (setup 2).



Figure 10: Correlation of exported primary torque (Mz)
in time domain for setup 2.

Fig. 10 show the correlation of the primary torque (Mz)
in the time domain for setup 2 including the SM, HD and
small rigid inertial load. These results illustrate the possi-
bilities of accurate vibration modelling for predicting the
noise sources of different satellite actuators.

5. VALIDATION WITH MTG-CCM AND CON-
TROL METHODOLOGIES

The Corner Cube Mechanism (CCM) of the Infra-Red
Sounder (IRS) is a critical subsystem of the interferome-
ter mounted on-board MeteoSat Third Generation (MTG)
satellites (Fig. 11). The main function of the CCM is
to vary the optical path difference between the two arms
of an interferometer by linearly displacing a corner cube
in a very precise manner. To generate the corner cube
motion, a newly designed voice coil actuator is applied.
The design of the CCM was developed at CSEM. More
details on the MTG-CCM are presented in [8]. An ex-
tensive test campign was carried out at Thales Alenia

Space in Cannes, France in order to validate the design
of the CCM. The following experiments were executed
throughout this campaign:

• Stroke / lateral shift measurement.

• Characterisation of exported forces.

• Experimental characterisation of eigenmodes.

• Speed stability in presence of imported perturba-
tions generated by reaction wheels and cryocoolers
considering worst-case scenarios.

• Closed-loop operation validation.

After a second flight model was delivered in 2018, a
replica of the MTG-CCM was fabricated in the begin-
ning of 2021 by CSEM. This replica shall undergo the
same test campaign as described here above which shall
be carried out on the CSEM micro-vibration characteri-
sation facility.

The replica of the MTG-CCM is foreseen to be used as
payload for a hybrid micro-vibration isolation platform
which was developed at CSEM in the scope of a ESA-
funded thesis (Fig. 12). This modular platform consists
in an adjustable number of passive dampers, a set of six
proof mass actuators creating a 6 DoF force tensor and an
interface allowing to carry different types of payloads.

The goal of this thesis is to actively mitigate micro-
vibration at a sensitive payload in presence of unknown
and time-varying perturbation sources. A rapid proto-
typing platform will be used for testing and optimization
of applied control algorithms. The CCM is a vibration-
critical payload which also generates perturbations itself
while the mechanism is operating.

Novel data-driven control algorithms shall be investi-
gated to actively stabilise the CCM on the active plate
of the micro-vibration isolation platform. For testing
and validation of the developed algorithm, the hybrid

Figure 9: Exported forces and torques at a step rate of 1 step/s for SM alone (setup 1).



Figure 11: Flight model of the Corner Cube Mechanism
for the MTG mission.

micro-vibration isolation platform will be mounted on
the micro-vibration characterisation facility which allows
to decouple the system from perturbations present in the
surrounding environment.

6. CONCLUSIONS

CSEM has designed, procured and installed a micro-
vibration facility, responding to the development needs
of more and more demanding Earth Observation, Science
and telecom missions in terms of clean mechanisms. The
test facility has been characterised showing a backgorund
noise level of less than 3mN, and eigenfrequencies above
2 kHz which guarantee the capabilities of measuring a
broad frequency range of different payloads with high
resolution and signal-to-noise ration.

The facility was used to characterise the exported micro-
vibrations of a magnetic bearing reaction wheel demon-
strator developed by Celeroton, showing its high sen-
sitivity for low levels of vibrations. Furthermore, the
equipment was used to characterise the performance of
a Phytron stepper motor and to correlate several models
in the frame of accurate noise prediction of space actua-
tors.

In parallel, CSEM is developing advanced control meth-
ods towards reduction of imported micro-vibrations.
These methods will be validated using the replica of a
corner cube mechanism, designed for the Meteosat Third
Generation (MTG) satellites, which will be mounted on
the hybrid micro-vibration isolation platform.
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