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ABSTRACT

Piezoelectric pointing mechanisms should not only
perform high precision functions but should also be
extremely resistant while remaining compact and
lightweight to withstand the space launch requirements.
Ensuring the vibration test success, still without using
any launch lock, is a critical aspect of the projects.

This paper presents how the increase of the mechanism
stroke and the payload size is affecting the capability of
the devices to support vibrations during launch, and how
the non-linear behaviour of the piezoelectric ceramic
stiffness may affect the shaker’s drive control during
qualification tests, which can lead to significant over-
testing.

Finally, recommendations are provided that can be
applied when selecting testing equipment, based on
CTEC experience

1 PIEZOELECTRIC POINTING
MECHANISMS

Since Pharao in 1999, Cedrat Technologies (CTEC) has
developed several P-FSM (Piezoelectric Fast Steering
Mirrors) mechanisms for hard environment applications,
especially space.

These mechanisms are constituted of several
piezoelectric actuators, supporting a mirror that can be
rotated along one or several axes, depending on the
actuators voltage supplies. As the piezoelectric ceramics
possess high density to power ratio, they enable precise
(sub-micrometer range) and dynamic (hundreds of Hertz)
motions of the payload, while remaining in a compact
volume. Strain gauges or Eddy Current Sensors (ECS)
may be embedded in the device to improve the precision.

P-FSM are used as sub-systems in optical systems,
aiming to provide line of sight or image stabilization
(forward motion compensation, disturbance rejection) or
resolution improvement (micro-scanning).

Initially, mechanisms such as the P-FSM for Pharao
(Fig. 1) were small and offered limited displacements.
This made it easier to build stiff mechanisms that could
support environments, especially mechanical vibrations.

An important successor of Pharao P-FSM was ATLID P-
FSM (Fig. 2) (2015) which was supporting a much larger
mirror (~x6 diameter) and offered increased
displacement as well (+40%). Another step followed with
the PSYCHE PAM30 mechanism (Fig 3.) (2019) which
almost doubles the angular range of motion, while using
a slightly larger (diameter +10%) SiC mirror [1]. This
trend is still ongoing with CTEC now working on
mechanisms with larger payloads or increased stroke.
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Figure 1. Pharao Double Tip Tilt platform

Figure 3. PSYCHE PAM30 Mechanism
(mounted with @30mm SiC mirror)
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2 RELATION BETWEEN PAYLOAD INERTIA
AND VIBRATION SURVIVABILITY

2.1 Piezoelectric FSMs and launch lock

Piezoelectric multi-layered components are very
sensitive to tensile stresses which may cause
delamination or cracks in the device [2]. The general
guideline is then to avoid any tensile stresses. This is
achieved by preloading the components and then
verifying that preload is never exceeded by internal
forces, stress is then always compressive.

This has to be considered especially during mechanical
environments.
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Figure 4. FSM usual construction

In FSM applications, the usual construction is several (3
or 4) piezoelectric actuators supporting a payload
(generally the mirror and its mount). The actuators are
controlling the main motion degrees of freedom :

- Two rotations : RX,RY.

- One Translation : TZ.
The remaining payload degrees of freedom are usually
constrained using elastic guiding.

It is generally preferable to avoid including a launch lock
in piezoelectric FSMs designed for medium or smaller
payloads (i.e., mass < 0.25 kg). This is because
piezoelectric mechanisms are inherently very stiff.
Consequently, a launch lock would need to be
significantly stiffer to effectively prevent damaging
displacements or deformations.

Achieving such stiffness is challenging and, for small
mechanisms, would likely add more mass than simply
increasing the actuator size.

However, for larger mechanisms, increasing the actuator
size further becomes problematic, as their internal modes
may fall within the excitation range. In such cases,
adding a launch lock device may be the most effective
solution.

This publication focuses exclusively on mechanisms
without a launch lock.

For vibrations and shocks, the piezoelectric components
directly support the mirror along the three controlled
degrees of freedom.

Rotational motions are generally less critical, as the
resulting inertial forces depend on the combination of the

excitation acceleration and the payload imbalance (i.e.,
the distance between the payload’s center of gravity and
the center of rotation). Minimizing this imbalance is
therefore the standard approach to limit the load on the
piezoelectric ceramics to an acceptable level.

In most cases, excitation along the Z-axis is the most
critical, as the piezoelectric components must support the
full inertia of the payload in that direction.

2.2 Electrical connection and voltage/current
generation

The drive electronics are unpowered during launch.
However, due to the mechanical stress experienced by
the piezoelectric ceramics, electrical charges are
generated; the ceramic effectively acts as an electrical
generator. The resulting currents and/or voltages must
therefore be considered when designing the drive
electronics.

The common recommendation is to shortcut the
piezoelectric ceramics during launch. The resulting
current can be estimated through simulation.

It must be noted that, using passive components
(typically resistors and inductances) it may be possible to
increase damping. However, due to the added complexity
to the electronic, this option has only been marginally
used so far.

2.3  Estimation of first resonance frequency

The main resonance frequency is usually the first
translation where the payload is oscillating along the
actuators direction (Z axis on figure 4). Increasing the
payload mass directly reduces the resonance frequencies
while increasing the actuator stiffness raises them.

This mode’s frequency f can be estimated quickly using

equation (1).
1 [nK
f=0mdu ey
Where:

- n is the number of actuators supporting the
payload.

- K is a single actuator stiffness. Usually, the other
stiffnesses in the wvertical direction are
negligible.

- M is the equivalent moving mass in translation.



The moving mass M can be expressed roughly using
equation (5).

M=05-n-mg+m, %)

Where:
- mg is a single actuator mass.
- my, is the payload mass.

2.4  Rule of thumb to verify random vibrations
survivability

Using Miles’ equation (2), it is then possible to calculate
an estimate of the payload’s root mean square (RMS) Z
acceleration when the system is subjected to random
vibrations.

Grus = \/%fQ[ASDinput] (2)

It should be noted that Miles’ equation assumes a
constant-level white noise excitation. In practice, the
estimate remains reliable when system is lightly damped
(Q>10), even if the excitation spectrum is not flat.

The determination of the quality factor Q is always
subject to debate, as it depends not only on the material’s
properties but also on how the vibrations are transmitted
through the mechanical structure.

Moreover, damping is amplitude-dependent: lower
vibration levels typically result in reduced damping
compared to higher levels. This behaviour is particularly
relevant for piezoelectric actuators.

For piezoelectric FSM subjected to spacecraft random
vibration environments, a quality factor of 100 is
generally considered conservative.

Since the response is both random and Gaussian, the
RMS acceleration can be used to estimate the probability
of extreme responses occurring in the mechanism. The
following equation gives the number of exceedances N,
i.e., the number of times the RMS amplitude is exceeded
by a factor a (i.e. a = Gmax/Grums) during a test of duration
T.

a2

N = fre 7 3)

It is worth noting that, for a system resonating at 1 kHz,
an amplitude of 3 times the RMS value is exceeded more
than 10 times per second.

The maximum amplitude that is not expected to be
exceeded (with 99% confidence) during a typical 120-
second launch test is approximately 6 times the RMS
value (N}=0.01 fora=5.7).

In order to secure the FSM’s launch survivability, the rule
of thumb is to ensure that maximum acceptable actuator’s
force remains to be above the maximum expected
solicitation Fyax using equation (4).

M
Fyax = a - Grus (€]

The most straightforward way to improve survivability is
to increase the resonance frequency, either by increasing
stiffness (for example, using a larger actuator) or by
reducing the payload mass.

3  NON-LINEAR BEHAVIOUR OF THE
PIEZOELECTRIC CERAMICS

Piezoelectric components are typically modelled with
linear characteristics. Most commonly, the relationship
between the applied voltage and the resulting expansion
is assumed to be linear. Another frequent simplification
is to consider displacement versus force as linear,
implying constant stiffness.

While this linear approximation holds for small
displacements, deviations of over 10% are often observed
when full-stroke displacements are considered.

Figure 5. Test oscillatorrAPA + mass

A straightforward way to demonstrate this nonlinear
behaviour is by measuring the harmonic displacement
amplitude of a simple mass-actuator oscillator (Fig. 5).
As the excitation amplitude increases, the resonance
frequency shifts downward (Fig. 6).
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Figure 6. Oscillator response

This frequency shift can be attributed to a reduction in
stiffness at larger amplitudes, i.e. stiffness is not constant



with load. Importantly, this phenomenon is related to the
intrinsic properties of the piezoelectric effect and should
not be mistaken for plastic deformation under high
mechanical stress.

Although this shift has minimal impact during the design
phase, it can become a significant concern when testing
large-scale mechanisms.

Furthermore, the damping of piezoelectric materials
increases with large-amplitude oscillations. This is due to
energy loss caused by hysteresis in the piezoelectric
material, which results in a decrease of the mechanical
quality factor Q [6].

4 IMPACT ON THE SHAKER DRIVE
CONTROL DURING VIBRATION TESTING

Due to the non-linear properties of the piezoelectric
materials, performing vibration testing of mechanisms
relying on such components may be challenging due to
the natural frequency shift that may occur with the
vibration amplitude [7].

4.1 Random vibration tests of piezoelectric devices

An APA120ML-PP, loaded with a vertically guided
0.55kg mass, is submitted to random vibrations testing
(the electrodes are short-circuited). It is measured that the
natural frequency of the system shifts from 735 Hz (Fig.
5) down to 690 Hz (Fig. 6) when rescaling the input
acceleration from 4 gms t0 20 rms.

Unexpectedly, the actuator did not survive the 20 gems
test. According to the temporal results, the maximum
acceleration of the payload is measured close to 380 g
which corresponds to a displacement of approximately
200 um. This amplitude of motion introduces significant
tensile stresses in the piezoelectric ceramic.
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Figure 7. PSD acceleration curves during vibration of
an APA120ML-PP (~4 gms)
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Figure 8. PSD acceleration curves during vibration of
an APA120ML-PP (~20 gms)

A second piezoelectric device is investigated: an
XY300M stage mechanism (Fig. 9), featuring two
translational degrees of freedom along orthogonal axes.

Figure 9. Vibration test of XY300M - 12.5grms (Y axis)

When initially excited along the Y-axis, the vibration test
has to be aborted due to the occurrence of high-
magnitude acceleration events. (Fig. 10).

As in the previous case, an observable shift in the
mechanism's natural frequency occurs with increasing
vibration amplitude.

Another significant observation is that both the
acceleration excitation and the stage response exhibit a
non-Gaussian, distorted distribution, as illustrated in Fig.
10.

As a result, high acceleration levels occur more
frequently than expected, indicating a situation of over-
testing.
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Figure 10. Accelerometer measurements distribution
Left : control / Right : payload

4.2  Interpretations of the encountered excessive
high acceleration levels

The shaker system operates with a closed-loop control to
achieve the required acceleration profile, defined in terms
of Power Spectral Density (PSD). A control
accelerometer continuously measures the acceleration of
the shaker platform in real time, enabling the system to
adjust the excitation and maintain the target PSD.

It should be noted that PSD is intrinsically an averaged
spectrum. Several seconds of signal acquisition are
required to smooth out instantaneous random noise and
produce a meaningful PSD curve.

As a result, the shaker system needs a few seconds of
acquisition signal to detect and compensate for parasitic
features effectively.

The effect of this correction is observable when
examining either the shaker’s transfer function or the
input command signal (Fig. 6). In the given example, the
shaker increases its excitation as the frequency
approaches the main resonance of the system, and then
reduces it after passing through the resonance.

This correction occurs because the resonance of the
piezoelectric mechanism begins to significantly
influence the shaker’s behaviour. At resonance, the
inertia and damping introduced by the piezoelectric
mechanism are no longer negligible compared to those of
the shaker, and thus must be accounted for in the control
loop.

Theoretically, since a control accelerometer is used to
monitor the shaker, its signal should resemble Gaussian
noise. When this signal is filtered over a specific
frequency range, it should still retain its Gaussian
characteristics. Consequently, the distribution of the
measured acceleration values is expected to follow a
normal distribution. The theoretical histogram of this
measured acceleration is therefore described by the
following equation (6) [3].

N(a0<a<a1)=%[E( = )—E( Zo )] (6)

armsVZ armsVZ.

Where:
- N, is the number of measurements.
- agus 1s the RMS amplitude of the filtered signal.

- E is the error function E (x) = \/Z_Efox et dt.

The control accelerometer records from the shaker, on
which the APA120ML-PP is mounted, are post-
processed using equation (6) (Fig. 9), following the
application of a 6th-order Butterworth filter within the
bandwidth [705, 731] Hz—i.e., the signal is analyzed
near the payload’s natural resonance frequency.

The measured distribution closely matches the theoretical
curve up to approximately 3o, but deviates significantly
beyond this range. This result indicates that the generated
excitation can no longer be considered Gaussian noise,
due to an excessive occurrence of high acceleration
amplitudes. The number of measured high-amplitude
events exceeds the theoretical prediction by at least a
factor of 10 (Fig. 11).
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Figure 11. Histogram of acceleration measurements for
APAI20ML-PP vibration test (control)

The most plausible explanation for this behavior lies in
the control loop strategy, which relies both on averaged
data and on the assumption of a linear behavior of the
tested equipment.

As a result, the control is unable to detect or adapt to
exceptional events. When such events occur, typically a
brief but unusually strong excitation of the piezoelectric
mechanism’s resonance, then the shaker’s control does
respond to adapt the excitation to the resulting frequency
shift.

Thus, the failure of the device is due to the incapacity of
the shaker to handle the mechanism natural frequency
shifts that occurs when high-amplitude excitations arise.
Indeed, these high-amplitude accelerations are
statistically rare (the response exceed 26 values less than
5% of the time). The low-amplitude natural frequency is
observed by the control set-up more than 95% of the time
and the frequency shift is no longer observable when the



PSD is averaged on time windows. The shaker control is
therefore not able to react to the system dynamics
changes.

It appears clearly that, on both tests, the payload affects
sensibly the shaker command. A resonance/anti-
resonance phenomenon is observed close to the payload
natural frequency (Fig. 12). While the average command
i1s 0.5 mV?/Hz, it is reduced to 0.15 mV?*Hz at the low-
amplitude natural resonance frequency of the device
(notch). However, due to the antiresonance, the
command is tripled to 1.5 mV?%Hz slightly before the
system resonance. Thus, a 3 ratio may be applied on the
shaker command, instead of a 1/3 ratio at the mechanism
main resonance frequency for high-level of vibrations,
which is critical.

Hence, significant over-testing of the mechanism is to be
expected if no particular attention is paid.
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Figure 12. Zoom on shaker command distortion for
APAI20ML-PP testing

4.3 Conclusion

To avoid over-testing of the piezoelectric devices during
random vibrations, CTEC recommends to follow these
guidelines:

- Use a large shaker to avoid risk for the tested
mechanism to alter significantly the shaker’s
control.

- Check that the shaker’s command does not show
significant alteration close to the natural
resonance frequency of the piezoelectric
mechanism.

- Scale up progressively the vibration levels and, if
possible, keep an eye on the excitation
acceleration histogram. Check for any deviation
from the gaussian profile.

It should be noted that sine excitation is less sensitive to
this effect, provided that changes in frequency and/or
amplitude occur slowly enough for the controller to
adapt.

However, when large responses of the piezoelectric
mechanism arise during a harmonic sweep, significant
differences may appear depending on whether the sweep
is performed upwards or downwards in frequency.
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