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ABSTRACT

This article presents the overhaul of the microvibration
characterisation facility recently developed by CSEM in
Neuchatel, Switzerland, for the microvibration
susceptibility analysis of space payloads. The upgraded
configuration of the facility is composed of two
decoupled granite masses over pneumatic isolators, over
which a modal shaker on the one hand, and a suspension
structure, on the other, are fixed. A suspended platform
over which a set of accelerometers and the test specimen
are fixed has been designed to minimise the effect of the
different bending modes on the measurement. The first
characterisation test results are presented showing the
capabilities of the test equipment, enabling the sensitivity
analysis up to 0.2 g accelerations on a frequency range of
30 to 2000 Hz with a high precision amplitude control a
minimal harmonic distortion.

1 INTRODUCTION

The study of the microvibrations generated by space
actuators or mechanisms and the sensitivity of payloads
to these external disturbances is becoming increasingly
crucial in space missions, as it can significantly
deteriorate the satellite performance, including pointing
accuracy. Therefore, it is vital to characterise the
equipment’s behaviour early on to account during the
design phase and, if necessary, implement
countermeasures to minimise their impact. By better
understanding the sources and effects of microvibrations,
it is possible to design more robust and reliable systems.
Additionally, early identification and mitigation of
potential issues can lead to cost savings by reducing the
need for extensive modifications or repairs at later
development stages or even post-launch. As space
missions become more complex and demanding, the
ability to manage microvibrations effectively will play a
key role in achieving precise and reliable satellite
performance.

With the focus on providing more accurate measurement
means for space manufacturers, and to overcome the
existing limitations of the existing microvibration
susceptibility test bench developed at CSEM
microvibration characterisation facility (MVF) [1] in
Neuchatel, Switzerland, a redesign, optimisation and
validation of the setup has been carried out, resulting in
the setup displayed in Figure 1. The system is based on
an isolation system typically employed for

microvibration testing, consisting of a big seismic mass
with pneumatic isolators decoupling the setup from
external disturbances, upon which an overhauled
suspension system and suspended platform carrying the
test specimen is precisely aligned to a fixed shaker.
Furthermore, several accelerometer types are available
depending on the required amplitude and sensitivity.

Figure 1. Enhanced CSEM microvibration susceptibility
characterisation setup in Z configuration.

In this article, the optimized general concept of the
proposed measurement setup, its detailed design and its
key specifications are presented, as well as the validation
test campaign carried out to showcase its capabilities.

2  MICROVIBRATION TEST SETUP DESIGN

The aforementioned setup design overhaul has been
carried out to overcome the limitations identified in the
previous susceptibility characterisation setup [1] at
CSEM, being most notably: limited acceleration



amplitude, considerable harmonic distortion at certain
resonant frequencies of the suspended platform,
significant cross-couplings between axes resulting in
accelerations in the directions not excited by the
miniature shaker, resulting from poor system alignment
capabilities and excitation applied at a different plane
than the centre of gravity (CoG) of the suspended
platform, and a different system behaviour between
configurations X/Y and Z due to the positioning change
of the shaker.

2.1  Test Setup Overview

Thus, the design of the present setup has been carried out
with the aforementioned priorities in mind. The resulting
test equipment is composed of a rigidly fixed and more
powerful modal shaker, an optimised suspended platform
with adjustable force input positioning, two interface
plates, flat and in L-shape for homogeneous excitation
between configurations, multiple shaker excitation arms
(stinger) to cover the complete 5 Hz to 2000 Hz
frequency range, fine adjustment for levelling and
elevation of the suspended platform, and a complete
upgrade of acquisition and control electronics and
software. The complete setup is fixed over pneumatically
isolated granite blocks to decouple from environmental
disturbances.

2.2 Mechanical Design

In order to increase the excitation levels, a more powerful
modal shaker has been procured, as well as designing a
fixed support, allowing to maximise its output
acceleration and thus minimising its own reaction
acceleration. To decouple the rection forces from the test
specimen, an independent optical table, also over
pneumatic isolators is employed, on which the shaker is
fixed is employed. The fixation of the shaker allows for
lateral positioning and angle adjustments via screws to
facilitate shaker-platform alignment.

Figure 2. Bottom view of suspended platform with mass
removal maximising stiffness-to-mass ratio.

Regarding the suspended platform, in order to maximise
stiffness while reducing mass, an emptied aluminium
block with reinforcements is designed and manufactured
to push the eigenmodes at the highest frequencies
possible and to minimise the effect of these bending
modes on the top surface where the payload is fixed. The
resulting geometry is shown in the bottom view of the
platform in Figure 2. Additionally, the platform thickness
allows for fine adjustment of force application position
horizontally and vertically, for better alignment with the
platform and payload CoG. Then, in order to excite a
given payload in every possible directions, an adaptor
plate can be modified, being the payload either horizontal
for the X-Y configuration or vertical, with an L-shaped
support for the Z configuration, as shown in Figure 3.
This L-shaped support has ben also carefully designed
with reinforcements to maximise its stiffness and push its
eigenmodes to as higher frequencies as possible while
minimising its mass.
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Figure 3. Back view of Z configuration with L-shaped payload
support.

Additionally, four independent pulleys have been
designed to adjust each suspension cable allowing for
levelling and elevation fine-tuning. Also, a set of metallic
cables (0.91 mm) or polyester ropes (J3 and @5 mm)
are available to adjust the frequency, amplitude and
damping of the suspension modes if needed. In the results
section a comparison between the available solutions is
shown.

Lastly, to better adjust the acceleration levels and
minimise the cross couplings, several excitation arms
(stinger) as shown in Figure 4 are available, and its
specific properties can be adapted to the test campaign
needs. To minimise lateral excitations due to stinger
bending modes, it is possible to employ a compliant
excitation arm with two flexures at each side that will
decouple the longitudinal forces from the lateral ones,
although reducing the maximum frequency in which the
target 0.2 g amplitude can be applied. Alternatively, two
cylindrical stingers with higher bending modes are
available to reach the target accelerations up to 2 kHz.
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Figure 4. Shaker excitation arms, from lowest (bottom) to
highest (top) stiffness.

2.3 Electronics and Control

In terms of electromechanical and electronic equipment,
a DYN-MS-100 modal shaker by Dynalabs with
integrated amplifier and capable of applying 100 N of
peak force is employed as excitation source, multiple 1
V/g high-sensitivity triaxial (8688A5) and monoaxial
(8784A5 and 8786A5) IEPE accelerometers by Kistler
are used to measure the accelerations at multiple points
of the platform and payload, whose signals are
conditioned by a Kistler 5080A charge amplifier and
acquired by a Beckhoff industrial PLC with 12-channel
24-bit+10V analog inputs, 2-channel 16-bit=10V analog
outputs, and computing capabilities for executing the
required control law and processing up to 10 kHz.

Different excitation signals such as narrow-band
(single/multiple sines, linear/logarithmic sine sweeps) or
broad-band (random or PRBS with or without filtering)
disturbances are available. Due to customer demands,
focus has been put on single harmonic excitation signals
such as single sine or sine sweep with very precise
amplitude control.
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Figure 5. Closed-loop amplitude control scheme for narrow-
band excitations.

For these narrow-band excitations, the control approach
depicted in Figure 5 is used, which consists of a closed-
loop controller that adjusts the amplitude of a sinusoidal
signal of a given frequency. This approach considerably
reduces the bandwidth requirements for the closed loop
control system and guarantees that the desired excitation
signal frequency remains unchanged.

A given acceleration measurement is employed as
control signal, over which an amplitude estimation
algorithm L(w) is executed to extract the excitation
amplitude at payload level. For this, an infinite-horizon
recursive least squares (RLS) harmonic estimation, as
described in [2] is employed, which guarantees that the
estimator only extracts the amplitude of the excitation at
the desired frequency.

Once the payload acceleration amplitude is known, a
control law K(w) is executed to match the desired
reference amplitude. The implemented solution consists
of a gain-scheduling PI controller with a bump-less
switching approach previously implemented in [3].
Several Kp and K; gains of the PI controller are
experimentally tuned to stabilise the closed-loop system
at a given frequency range. The PI control law is as
follows

u(t) = Kpe(t) + K; = e(D), (1)

being u the controller output, e its input (error), and T
the sampling time. During execution of the sine sweep,
in order to guarantee a bump-less switching, an
initialisation of the integral (I) part of the next controller
is done by considering the current measured output minus
the proportional term

ly = Ueas @® - er(t) (2)

and thus, matching the controller output at switching
time.

3  MICROVIBRATION TEST SETUP RESULTS

A characterisation test campaign has been carried out to
validate the capabilities of the designed microvibration
susceptibility characterisation setup. For this the
complete frequency range of 5 Hz to 2 kHz has been
covered at multiple amplitudes, for all suspension cable
types, configurations and shaker excitation arms,
allowing to identify the key specifications of the system.

In Figure 6, the X-Y configuration of payload mounting
interface is shown, consisting of a simple horizontal
adaptive plate over which the payload is assembled. As
an example, the obtained acceleration profile at a
reference 0.1 g from 5 Hz to 2000 Hz is depicted in
Figure 7, showing the control acceleration amplitude
(top), the front tri-axial accelerometer amplitudes
(middle) and the back tri-axial accelerometer (bottom),
showing a good separation of at least one order of
magnitude between excitation direction (X) and the cross
directions (Y and Z), except for two resonant modes of
the suspended platform. It is worth noting that these
modes will be considerably modified and damped if a
payload is fixed, due to its rigidification effect. The
dotted vertical lines identify the frequency at which the
shaker excitation arm is changed (1 kHz in this case).
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Figure 6. X-Y configuration of the characterisation test setup.
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Figure 7. Acceleration profile for the X configuration.

Similarly, an equivalent example test results in Z
configuration (Figure 8) are shown in Figure 9. In this
case, several amplitudes are applied, reaching 0.3 g at
some frequencies, while being able to apply a maximum
of 0.2 g for the whole frequency range.

Finally, a more detailed analysis is performed on the
lower frequencies (<50 Hz) due to the common shaker
output limitations. It is observed that for a 7 kg payload,
0.2 g are only reached from 30 Hz, due to the limited
maximum displacement of the shaker. Additionally, the
effect of the suspension cable or ropes is assessed, as
shown in Figure 10, for which the difference in amplitude
(damping) and frequency is clearly observed between
metallic 1-mm cables and polyester 5-mm and 3-mm
ropes.
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Figure 8. Z configuration of the characterisation test setup.
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Figure 9. Acceleration profile for the Z configuration.
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Figure 10. Suspension cable response comparison at low



4 CONCLUSIONS

The newly designed, manufactured, assembled and
validated microvibration susceptibility characterisation
setup has been presented. The obtained results show that
the improved alignment capabilities between shaker and
suspended platform, the precise application of the
excitation at the centre of gravity of the setup, and the
optimised stiffness-to-mass ratio of the platform has
minimised the cross-couplings and harmonic distortion in
the generated accelerations. Furthermore, the rigidly
fixed and more powerful shaker enables the generation of
up to 0.2 g peak sinusoidal excitations from 30 Hz up to
2’000 Hz. Combining the overhauled mechanical design
with an improved real-time processing and control
algorithms, based on a recursive least-squares harmonic
estimation and gain-scheduling controller with bump-
less switching, a given acceleration profile within 5%
precision, from 5 to 2’000 Hz is obtained between 0.01 g
and 0.2 g.
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