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Abstract:

Since many years the field of active controls of vibration is growing up and a lot of new applications using
smart actuators are developed. In the following study, these concepts are adapted and applied on a general
structure of ski to damp the large modes of vibrations keeping the robustness of the control and the static loads
during the ride. Simulations integrating FEM models coupling to electromechanical model were elaborated to
obtain the principal performances and to study the stability of the loop. An embedded system on a pair of ski
was designed to compare the theoretical results with the experimental results on a tests bench and on the real
configuration during races. The amplitudes of vibrations up to +/-40mm at the tip of the ski can be reduced with
an attenuation up to 30dB by using a pre-stressed and amplified actuators from Cedrat Technologies's standard
product and additional mechanisms without damage. Finally, the comfort and/or the performances are improved
on different types of snow.
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Introduction

This paper presents the possibilities to use a standard
product Amplified Piezoelectric Actuator (APA) [1]
based on multi-layer ceramics to reduce the
vibration on the tip of a structure of a ski. In this
context, a selected application by Skis Rossignol
was the ski speed record. Except wind resistance,
vibrations are the only most important element
limiting the top speed. That is why an active
damping of vibrations is studied. Using skis
stabilised by a mechanism originally developed by
Cedrat Technologies, the Skis Rossignol’s aim was
to reach the astonishing 255 km/h down the slopes.

From the electro-mechanical point of the view, the
control of the ski is based on the Amplified
Piezoelectric  Actuators developed for Space
applications with the support of the French and the
European Space Agencies (CNES & ESA) [1]. This
type of actuator uses a metallic shell to amplify
motions from a piezo stack and to pre-stress it. This
pre-stress is required in embedded applications as
space because of large external vibrations. This
concept has been proven definitively valid since this
actuator technology is flying onboard ROSETTA
spacecraft [2,3]. The principle of this active control
of vibration was to create a bending moment via the
piezoelectric actuator in opposite phase with the
vibration measured on the tip of the ski. This study
analysed the behavior of a control loop including a
piezoelectric actuator in term of stress inside the
actuator, in term of stability of the loop, in term of
performance. The first simulations reinforced the
ideas of a reduction of vibration with 30dB on the 1*

mode, so an embedded system including the
electronics circuits and mechanism on the ski was
designed and implemented. After standard tests, the
ultimate tests were a real race on different snows.
Experiments including field tests shown that the
vibrations could be reduced with an attenuation up
to 30dB and the comfort and/or the performances are
improved on different types of snow.

Theory of the control of vibration

The theory of this control of vibration is based on a
velocity feedback linked to an accelerometer sensor
allowing to damp the stiff structure without any
modification on the position of the structural mode.
In a first approach the structure could be represented
by a second order model including a simple mass-
spring model:

From a basic diagram (see Fig. 1), we can propose
the “Sky hook” concept [4]: From the gouvernability
equations (1), we can obtain the transfer function in
the case of harmonic excitation (2) with authorised p
transformation.

o a
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Fig. 1: Basic scheme to illustrate the “sky
hook” damper

The sensor is an accelerometer sensor placed at the
tip of the ski with the acceleration following the

rule: 4= PX,,-

The controller transforms the acceleration in a speed
feedback via a pure integral with a gain g
F,=-g.px,,- The transfer function is given in the

formulae (3).
Xaw 1 3)
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The injected force acts as an active damper. The
choice to add only a speed feedback in the
application is managed by the fact that of the mode
placement must not be displaced with the additive

control loop.

Models of the equipped structure with the
actuator

The study was divided in two parts: The design of
the mechanical actuator and the design of control
loop able to sense the vibration and able to reduce
the vibration by applying the right consign on the
actuator. Mixed simulations between FEM and
automatic software authorised the design of an
optimum system able to produce enough force on
the tip of the ski and stabilised the control loop to
obtain a robust controller in regard of the stability.
The vibrations level may reach up to +/-40mm (30g)
at the tip of the ski on the first resonant mode (near
15Hz), which is very large and is not compatible
with usual piezo actuators. To solve this issue, this
study has developed a new actuator mechanism,
which has been patented by Skis Rossignol [5]. The
actuator acts in parallel to the structure by means of
a rod. A FEM model was created (see Fig. 2) to
analyse the behaviour of the structure coupled with
this actuator during a static load and dynamic range.
The helded choice was the APA120ML, a pre-
stressed actuator with mechanical amplifier able to
produce a stroke up to 120pum and a force up to
1.2kNewtons.

[
Fig. 2: FEM model of the ski coupled with
the APA120ML — 1" flexion mode.

This FEM analysis gave the position of the flexible
and torsion modes and the map of at least 7 modes
(see Fig. 3). In parallel, the stress in the arm was
computed with 650Mpa. Major points of the
mechanical design were the damping performances
in dynamic domain and the robust behaviour in
static domain to maintain the pre-stress on the
actuator during the curves and / or the static stress
from the snow. The first mode was found around
15Hz and the 2™ was around 60Hz. Obviously the
frequency of these modes moved with the condition
of the ski varying between free - free (FF)
configuration to a blocked — free (BF) configuration.
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Fig. 3: Model of the 7" modes

An electromechanical circuit was elaborated from
the modal analysis with the values obtained by
modelisation (see Fig. 4). This model allowed to
describe the behaviour between the voltage of the
actuator and the displacement at the tip of the ski
with transfer functions. The number of modes fixed
the accuracy of the model for the automatic study
and especially the analyse of the stability of the
control loop.

Fig. 4: Electromechanical model of the
equipped structure from a point of view of the
piezoelectric actuator
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This model could be used to implement the control
loop model and to analyse the performances and the
stability of the loop in linear and non linear
behaviors in MATLAB/SIMULINK software.

As the system is not a collocated system, the alternative
pole-zero has broken (see Fig. 5) so the controller
integrated filters to obtain a robustness system.

The analyse in open loop shown the effect of the non
collocated sensor- actuator pair.
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Fig. 5: Open loop analysis with variation of
gain between 500 to 1000

To minimise this phenomena, the idea was to place a
filter wich is able to reduce the amplitude of the
open loop gain in the area where problems of
phase/gain margin appaired. As the placement of the
resonant frequency was not freezed (the condition on
a race moves between a BF to a FF configuration), it
was not possible to notch only one or two frequencies.
A low pass filter with low rotation phase around the
second mode was chosen with 4" order Inversed
Chebyschev model adjusted on the 2™ mod (see Fig. 6).

Fig. 6 & Fig. 7: Open loop analysis with
the additive filter and a variation of gain between
500 to 1000 —Close loop performance

Once the stability was guaranteed, the study analysed
the performance in term of damping. On the first

mode, the amplification of the stroke was reduced by
30dB due to the quality factor (see Fig. 7).

The transient analysis to analyse the behaviour in
non linear approach was made, in particulary to
focus the study on the effects of the stroke saturation
of the actuator on the stability and performances of
the loop (see Fig. 8).
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Fig. 8: Transient analysis in harmonic
excitation

This transient analysis shown the saturation in stroke
of the actuator (3 seconds) with a capture effect in
the range where the actuator was able to produce
stroke. After a saturation time, the generated force
was sufficient to control the vibration at the tip of
the ski (amplitude of APA stroke, 71 pumppk).

Implementation on a pair of ski

The implementation of the APA coupled with its
mechanism and the electronics circuits on the ski
was passed through the design of an embedded
board integrating the previous rules and the circuits
to drive the piezoelectric actuator. An embedded
electronic box designed to provide enough power
from a standard accumulator (+9.6V for more than
25 minutes of race at full power) during the run was
placed behind the shoe to reduce the fatal effect of
the system on the wind resistance (see Fig. 9 & 10).

Fig. 9 | & 10: Embedded electronic
implemented in a pair of ski — Implementation of the
APAI20ML with its mechanism on the ski.
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The electronics realised the function of DC-DC
conversion to obtain the high voltages to supply the
piezoelectric actuator, the amplifier with current
limitation fixed at +/-300mA, the analogue
controller based on the previous study, the sensor
conditioner and all these parts in a volume of
180*63*35mm (with accumulators) for a weight of
1000grams per ski.

In a first time, a tests bench was performed to obtain
a first sequence of tests and in a second time a
experimentation on a real race was made.

The tests bench included a proof mass piezoelectric
actuator placed at the tip of the ski to generate
vibrations without real modification of the behaviour
of the structure.

Results and discussions

The first experiment was set to define the area where
the system was stable in regard of the vibration
performance in function of the Integral parameter
(see Fig. 11 & 12).
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Fig. 11 & 12: Evolution of the quality
factor on the 1" mode

The 1% mode damping coefficient was increased by
40, corresponding of an attenuation of 32dB in term
of vibration and with a small displacement of the 1*
mode of 1.5Hz due principally to a small error on
the realisation of the pure integrator in analogue
circuitry.

Concerning the behaviour in the time domain (see
Fig. 13), the saturation of the controller did not add
any destabilisation of the loop, but if the system was
in saturation the vibration was not attenuated. In
parallel, we observed the proper working of the
control loop with the attenuation of the vibration
resulting of the 1% mode and the residual vibration
due to the other modes.
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Fig. 13: Transient response of the structure
during a real race on a period between 6s to 10s.

Summary and conclusion

This paper presented a new application of the active
control of vibration of a ski to damp the vibration on
the tip of the structure. After a study on the
behaviour of the integration of a piezoelectric
actuator on the structure, a control loop was
designed to obtain the optimum performances
without un-stability due to a non collocated sensor-
actuator pair. A complete system was embedded on
a pair of ski to realise real tests including the
mechanism and the electronic circuits powered by an
accumulator for 25 minutes. The tests showed an
attenuation of the vibration up to 32dB on the 1*
mode without any effects due to the saturation of the
actuator. This new application can be applied on a
KL ski or a the geant structure with some
modifications and with a direct press-stressed piezo
actuator PPA8SOL authorising a static deflection of
the tip up to +/-170mm with the same performances
in term of damping.
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