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(57) Abrégée/Abstract:
A multiple degree-of-freedom motion simulator assembly comprises a fixed base, a displaceable simulator platform, and a plurality

of linear actuators having upper ends thereof interconnected with the platform and lower ends thereof interconnected with the fixed
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(57) Abrege(suite)/Abstract(continued):

base. A vibration damping unit is disposed between at least one of each of the upper ends and the platform and each of the lower
ends and the fixed base. The damping units include at least a first resilient member preloaded and mounted to a major surface of a
plate of the damping unit engaged to one of the ends of the linear actuator. The first resilient member provides vibration absorption

such as to damp vibrations transmitted from the plate to the platform or base In at least a direction substantially perpendicular to the
major surface.
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ABSTRACT

A multiple degree-of-freedom motion simulator assembly comprises a fixed base, a
displaceable simulator platform, and a plurality of linear actuators having upper ends
thereof interconnected with the platform and lower ends thereof interconnected with the
fixed base. A vibration damping unit 1s disposed between at least one of each of the
upper ends and the platform and each of the lower ends and the fixed base. The damping
units include at least a first resilient member preloaded and mounted to a major surface of
a plate of the damping unit engaged to one of the ends of the linear actuator. The first
resilient member provides vibration absorption such as to damp vibrations transmitted
from the plate to the platform or base in at least a direction substantially perpendicular to

the major surface.
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METHOD AND APPARATUS FOR DAMPING VIBRATIONS IN A MOTION
SIMULATION PLATFORM

TECHNICAL FIELD

The present invention relates to moveable platforms, particularly platforms of motion

simulators, and more particularly to the damping of vibrations in such platforms.

BACKGROUND OF THE ART

Motion simulators are used for a variety of purposes, including entertainment and flight
simulation for example, and usually comprise an upper platform which 1s mounted for
movement relative to a fixed lower base and 1s operatively connected thereto by a
plurality of actuators which move the platform as required 1n a desired number of degrees
of freedom. Generally, undesirable vibrations are required to be himited as much as
possible in order to minimize audible noise and wear of the simulator parts. In flight
simulators, unwanted vibrations felt by the pilot can result in un-realistic representations
of the performance and feel of the true airplane or helicopter. However, such a flight
simulator must nonetheless reproduce certain vibrations which are true to those

experienced in the actual aircraft, such as certain low frequency vibrations for example.

In most known motion simulation system hydraulic actuators are used, as opposed to
other types of linear actuators, as these actuators are well proven and produce minimal
undesirable vibrations. However, hydraulic actuators present several disadvantages,
among which are a high maintenance requirement, the need for costly and noisy accessory

equipment such as pumps, hosing and the like, the risk of contamination or leakage of the

hydraulic fluid, and a low energy efficiency.

Electromechanical linear actuators require less maintenance than hydraulic actuators, and
are generally less complex and costly to operate. However, electromechanical linear
actuators have proved to date unable to cost-effectively reproduce the performance of
their hydraulic counterparts, as many electromechanical linear actuators produce more
undesirable vibrations, which are ultimately transferred to the motion platform and

therefore the user therein, causing an elevated audible noise level in the motion cabin and
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a reduced life of the actuated equipment as a result of the additional vibrations. Flight
simulators incorporating pneumatic or hydraulic damping systems are known, and
typically attempt to reduce all transmitted vibrations by reducing the actuator load. Such
damping systems are generally complex, costly and include a high number of parts which
further augments the risk of equipment failure. Moreover, 1n most cases, control systems
are necessary to prevent a failure of the damping system from damaging the motion

simulator cabin or endangering a user of the motion simulator.

Other simpler vibration dampers for use with actuators are known, but are impractical for
many applications including flight simulators because such dampers generally reduce all
vibrations, including the desirable “cues” which the flight simulator must reproduce 1n

order to adequately simulate an aircraft environment.

SUMMARY OF INVENTION

It 1s therefore an aim of the present invention to provide an improved vibration damping

unit for a platform of a motion simulator.

It is also an aim of the present invention to provide a six degree-of-freedom motion

simulator platform assembly including an improved vibration damping unit.

Therefore, 1n accordance with one aspect of the present invention, there 1s provided a
damping unit for an actuated motion platform, the damping unit including: a plate having
a top surface, a bottom surface and opposed lateral plate surtaces, the bottom surface
being adapted to be rigidly connected to a vibration source; lateral mounting supports
receiving at least portions of said lateral plate surfaces and being adapted for rnigid
fastening to the platform; a first resilient member overlying said top surface of said plate
and being retained between the top surface and the platform by said lateral mounting
supports, said first resilient member providing vibration absorption such as to limit

vibrations transmitted from said plate to said platform in at least a direction substantially
perpendicular to said top surface; a second resilient member disposed between each of
said at least portions of said lateral surfaces of said plate and said lateral mounting

supports, said second resilient members providing vibration absorption such as to limit
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vibrations transmitted from said plate to said platform 1n at least a direction substantially
parallel to said top surface; and wherein at least a selected frequency range of vibrations
generated by the vibration source are dampened by the damping unit thereby limiting

unwanted vibrations which are transmitted to the motion platform.

There is also provided, in accordance with an aspect of the present invention, a multiple
degree-of-freedom motion simulator assembly comprising: a fixed base; a displaceable
simulator platform; a plurality of extensible and retractable linear actuators having upper
ends thereof interconnected with the platform and lower ends thereof interconnected with
the fixed base, the linear actuators being operable to displace the simulator platform 1n
said multiple-degrees-of-freedom relative to said fixed base; a vibration damping unit
disposed between at least one of each of said upper ends and the platform and each of said
lower ends and the fixed base, each said damping unit including at least a first resilient

member preloaded and mounted to an abutting major surface of a plate of said damping

unit engaged to said at least one upper and lower ends of said linear actuator; and wherein

said first resilient member provides vibration absorption such as to damp vibrations
transmitted from said plate to at least one of said platform and said fixed base 1n at least a

direction substantially perpendicular to said major surface.

There 1s also provided, in accordance with another aspect of the present invention, an
electromechanical linear actuator for a motion simulator system having a motion platform
displaceable in multiple degrees-of-freedom relative to a fixed base by at least one of said
actuators, the electromechanical linear actuator comprising: first and second telescoping
cylindrical members defining a common longitudinal axis, a lower end of said first
cylindrical member having a first joint adapted for engagement with said fixed base and
an upper end of said second cylindrical member having a second joint adapted for
engagement with said motion platform; a drive mechanism operable to extend and retract
said first and second cylindrical member relative to each other to displace the motion
platform relative to said fixed base; and a vibration damping unit engaged with at least
one of said lower and upper ends, said vibration damping unit comprising at least one
resilient member disposed between one of said lower and upper ends and said fixed base

and motion platform respectively, said vibration damping unit providing vibration
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absorption such as to damp at least undesirable vibrations transmitted from said linear

actuator to said platform in at least a direction substantially parallel to said longitudinal

axis.

There is further provided, in accordance with another aspect of the present invention, a
method of selectively damping vibrations in a motion simulator platform using a selective
damping unit having at least one resilient member, the method comprising the steps of:
choosing a first limit corresponding to a maximal frequency of desirable vibration inputs
used during an operation of the motion simulator platform; establishing a second limait
corresponding to a minimum frequency for undesirable vibrations during the operation of
the motion simulator platform, the second limit being higher than the first limit; selecting
a target natural frequency located between the first and second limits; choosing
appropriate characteristics of said resilient member to produce a natural frequency of the
selective damping unit which approximates the target natural frequency; absorbing the
undesirable vibrations with the selective damping unit; and transmitting the vibration

inputs to the platform through the selective damping unit.

BRIEF DESCRIPTION OF THE DRAWINGS

Reference will now be made to the accompanying drawings, showing by way of

illustration a preferred embodiment of the present invention and in which:

Fig. 1 is a perspective view of a motion system of a motion simulator platform, for which

a damping unit according to the present invention 1s provided;

Fig. 2 1s a partial perspective view of a damping unit according to one embodiment of the
present invention, wherein the damping unit 1s mounted to a bearing block connected to

an upper end of an actuator of the motion system of Fig. 1;
Fig. 3 1s an exploded perspective view of the damping unit of Fig. 2;

Fig. 4a 1s a plot illustrating measured vibrations in a motion simulator platform without

any vibration damping units of Fig. 2 installed;
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Fig. 4b is a plot illustrating measured vibrations in a motion simulator platform with the

damping units of Fig. 2 installed; and

Fig. 5 is a schematic side elevation view of a motion simulator having a simulator cabin
mounted on a motion platform which is displaceable by a motion system similar to that of
Fig. 1, the vibration damping units of the present invention being installed between the

actuators of the motion system and the displaceable motion platform.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Referring now to Fig.1, a motion system 10 for a displaceable motion platform, such as
that of a motion simulator, of the type commonly known as a Stewart platform 1s shown.
The platform assembly 10 includes a base formed of three base plates portions 12 fixed to
an underlying support surface and therefore fixed relative to one another, six mobile and
extensible legs or actuators 16 which have lower ends thereot engaged to the base plate
portions 12 and opposed upper ends engaged to at least three bearing block assemblies 14
which support the moving platform of the motion simulator cabin. Such a motion system
10 1s used to displace a motion simulator 50, such as that depicted in Fig. 5, which
generally includes a simulator cabin 51 mounted on a displaceable motion platform 52.
The motion platform 52 is displaced and controlled by linear actuators 16 such as those of
the motion system 10. In the embodiment of Fig. 5, the vibration damping units 30 of the
present invention, which will be described 1n further detail below, are disposed between
the upper ends'of each of the actuators 16 and the motion platform 52, and more precisely
between the bearing blocks 14, to which the actuators 16 are pivotably engaged, and the

motion platform 52.

Each of the actuators 16 1s preferably a linear actuator and includes a first universal joint
18 on one (lower) end and a second universal joint 19 on the opposed (upper) end. The

first universal joint 18 1s operably connected to one of the base plate portions 12, and the
second universal joint 19 1s connected to one of the bearing blocks 14. Each of the
platform’s six linear actuators 16 has two relatively telescoping parts, with a piston-like
degree of freedom therebetween. The six linear actuators 16 with the universal joints

18,19 on either end thereof provide the platform supported by the bearing block
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assemblies 14 with six degrees of freedom, three rotational and three translational. Each
base plate 12 has the lower ends of two actuators 16 mounted thereto, each of these same
two actuators being engaged at their upper ends to different bearing blocks 14. Thus,
each actuator 16 is connected to a bearing block 14 along with a first adjacent actuator,
and to a base portion along with a second adjacent actuator. Such a configuration allows

the platform to move with respect to the base about six degrees of freedom.

The actuators 16 are linear actuators, and more preferably electromechanical actuators.
Although the present invention will be generally described with respect to its use with
electromechanical linear actuators, it is to be understood that other suitable types of linear
actuators, such as hydraulic actuators for example, can also be used. Each
electromechanical linear actuator 16 may be of a known type and as such includes a drive
mechanism, which may include an electric motor 20 having a rotatable output shaft (not
shown), an outer tube or cylindrical member 22 surrounding a lead screw (not shown)
connected to the output shaft, an extensible inner tube or cylindrical member 24
containing an internal nut (not shown) engaged with the lead screw such that turning of
the screw by the motor 20 extends or retracts the inner tube 24 which acts as the outer
extensible end of the actuator, and a position feedback transducer 26 to deter.'rninc? the
position of the inner cylindrical member 24 with respect to the outer cylindrical member
22. Such an actuator configuration is well known 1n the art and as such will not be
described further herein. The electromechanical linear actuators depicted and described
herein are but one type of such electrically-powered linear actuators which can be
employed with the vibration damping unit of the present invention, and 1t 1s to be
understood that other varieties of electromechanical linear actuators can be similarly used.
For example, such alternate electrically-powered linear actuators could have side mounted
motors, rather than the inline type depicted herein, or other drive mechanisms such as
those which are belt and/or gear driven. While several advantages exist with all such
electromechanical actuators 16, they generally generate more vibrations than comparative
hydraulic actuators which particularly causes, among other things, undesirable audible
noise. As such, additional damping of such vibrations is necessary for applications in
which undue additional vibrations, particularly vibrations causing audible noise, are

undesirable.
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Referring to Figs. 2-3, the selective vibration damping unit 30 1s shown. The damping
unit 30 is engaged with each of the bearing block 14, preferably being located between
the bearing blocks 14 and the superimposed motion simulator platform supported thereby,
in order to isolate the platform from unwanted vibrations produced by the linear actuators
16. In the embodiment depicted, the vibration damping unit 30 1s mounted to a flat upper
surface 28 of each of the bearing blocks 14. Portions of the damping unit 30, as will be
described in further detail below, are in turn fastened to an underside of the motion
platform. The damping unit 30, when so installed, accordingly acts to damp unwanted
vibrations which may originate in the actuator 16, in order to prevent them from passing,
at least un-attenuated, upwards through the bearing block 14 and into the motion
platform. Therefore, each of the damping units 30 acts to vibrationally 1solate the motion
platform which is mounted to the bearing blocks 14 of the motion system. The vibration
damping unit 30 generally comprises at least a lower “floating” bearing plate 32, resilient
members 36 and 37 generally disposed on all sides of at least a portion of the bearing
plate 32, and lateral mounting supports 42 retaining the assembly together and used to
mount the damping unit to the motion platform. In the embodiment depicted, best seen 1n

Fig. 3, an upper mounting plate 44 is also preferably provided above the upper resilient

member 36.

In Fig. 2, the damping unit 30 1s shown mounted to the upper surface 28 of the bearing
block 14, to which the upper ends of the two ad) acent linear actuators 16 are engaged via
the unmiversal joints 19. However, 1n Fig. 2 the upper mounting plate 44 and one of the
two opposed lateral mounting supports 42 have been removed for clarity. The universal
joints 19 at the upper ends of the linear actuators 16 are mounted to the bearing block 14
as depicted in a cantilevered type manner, wherein the longitudinal axes of the linear
actuators are offset relative to the center of the bearing block 14. This can provide certain
spatial advantages, however can result in eccentric loads on the bearing block 14 and
therefore on the damping unit 30 mounted thereto. It is to be understood, however, that

other, such as in-line (1.e. non-cantilevered type), bearing joint arrangements can similarly

be used.
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Referring now generally to Fig. 3, the bearing plate 32 1s preferably made of aluminum
and has a flat bottom surface 33 which abuts the corresponding flat surface 28 of the
bearing block 14 and is similarly sized. The bearing plate 32 1s rigidly fastened to the
bearing block 14, such as via suitable threaded fasteners for example. Accordingly, any
vibrations produced by the linear actuator 16 or other vibration source interconnected,
either directly or indirectly, to the bearing block 14 1s transmitted directly through to the
bearing plate 32 of the damping unit 30. However, as noted above, this bearing plate 32
is said to be “floating”, in that it is vibrationally isolated from the lateral mounting
supports 42 and the upper mounting plate 44, which are fastened to the motion platform,

by first and second resilient members 36 and 37.

The bearing plate 32 preferably defines a rectangular shape, and includes lateral
projections 34, or “wings”, on opposed sides thereof. These lateral projections 34
preferably include two projections protruding from each of two opposed lateral sides 35
of the bearing plate 32. These lateral projections 34 are received within corresponding
openings 43, which are defined within the lateral mounting supports 42 and open upwards
(1.e. towards the motion platform). However, the second, or lateral, resilient members 37
are first received within said openings 43, and are therefore located between the lateral
projections 34 and the inner surfaces of the openings 43 within the mounting supports 42.
The lateral resilient members 37 include side portions 38 and lower portions 40 which are
adapted to abut all but an upper surface portion of the lateral projections 34, thereby
completely separating the lateral projections 34 of the bearing plate 32 from the mounting

supports 42. The lateral resilient members 37 therefore act as side and lower shock

absorbers. Much as per the upper resilient member 36 described below, the later resilient

members 37 are preferably made of a resilient material such as an elastomer, rubber

and/or a compound thereof.

Although in the depicted preferred embodiment the lateral resilient members 37 disposed
on opposed sides of the bearing plate 32 are each a one-piece unit, each preferably
including two sets of side and lower portions 38,40 (one for each of the two lateral

projections 34), it is to be understood that the side and lower portions 40 of each
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projection could be separate pieces of the resilient material, each inserted individually

into the openings 43 defined in the later mounting supports 42.

As the openings 43 in the lateral mounting supports 42 have a closed lower surface, the
lateral projections of the bearing plate which are received therein cannot drop out
therefrom 1n a vertical direction, and once the two opposed lateral mounting supports 42
are fastened to the motion platform, the bearing plate 42 is securely retained thereby to
provide a fail-safe assembly. Particularly, should any of the resilient material fail, the
lateral projections 34 of the bearing plate would merely drop slightly within the openings
43, however would be prevented from any further movement and retained in place by the

rigidly fastened lateral mounting supports 42 which are fastened to the motion platform.

Overlaid on top of an upper surface 31 of the large bearing plate 32 is provided the first,
or upper, resilient member 36 which provides vibration damping in a vertical direction.
This upper resilient member 36 is mat like, defining a much larger surface area than the
second, or side/lower, resilient members 37, and overlying at least a portion of a major
surface 31 of the “floating” bearing plate 32. Accordingly, the relatively thin upper
resilient member 36 1s vertically disposed, or rather sandwiched, between the bearing
plate 32 and the under surface of the mounting platform, or alternately of a flat upper
mounting plate 44 rigidly fastened thereto. = The upper mounting plate 44 is preferably
made of steel. The upper resilient member 36 1s preferably also made of an elastomer, a

rubber and/or a compound thereof.

A plurality of bolts 46 or other suitable fasteners are used to fasten the lateral mounting
supports 42 to the motion platform. The upper mounting plate 44 is also fastened to the
motion platform, and abuts the large upper resilient member 36 but is not fastened
relatively thereto. Accordingly, only these two elements are rigidly fixed to the motion
platform. The bearing plate 32 which is fixed to the bearing block 14 is therefore retained
within the damping unit 30 via the resilient members 36,37 such that it is vibrationally
1solated from the structures (i.e. at least the lateral mounting supports) of the damping

unit 30 which are rigidly connected to the motion platform.
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As noted above, the lateral mounting supports 42 which retain the damping unit 30
together are preferably fastened to the underside of the motion platform, or alternately to
the upper mounting plate 44 which 1is itself fixed to the motion platform, by a plurality of
threaded fasteners (for example bolts) 46 which are received within corresponding
internally threaded holes 47 defined in the mounting supports 42. Accordingly, tightening
the fasteners 46 applies pressure to compress at least the upper resilient member 36
between the floating bearing plate 32 and the motion platform and to compress the lower
portions 40 of the lateral resilient members 37 between the mounting supports 42 and the
bearing plate 32. This applies a compressive preload to at least these resilient members,
thereby 1mproving the resistance thereof to tensile forces. Such a compressive preloading
1s preferred, so as to at least limit, if not eliminate, the exposure of the resilient members
to tensile forces. Such a preloading improves fatigue life of the selective damping unit 30
as well as helps to prevent backlash on load reversal of the motion platform. While the
amount of preload can be varied via the fastening means used to compress the resilient
members prior to use of the damping unit, other characteristics can also be varied in order
to control the amount and distribution of preload in the resilient members. For example,
the offset bearing setup of the bearing block 14 depicted in Fig. 2 can result in eccentric
loading of the damping unit, and therefore the resilient members, thereabove.
Accordingly, in one embodiment, the load on the resilient members, and particularly of
the upper resilient member 36, can be normalized by having a non-uniform shape (for

example, cross-sectional thickness) in order to maintain a relatively constant preload ‘
when such resilient members are exposed to non-uniform loading. Therefore, the
physical characteristics of the resilient members can be predetermined and selected in
order to counter-balance any non-uniform loading which may be expected in thé damping
unit due to the particular setup and characteristics of any given application. In at least one
embodiment, for example, the upper resilient member 36 is provided with a gradually
varying cross-sectional area such that one end thereof is thicker than an opposed end.

Thus, a relatively constant preload of the resilient member is maintained when it is

subjected to the expected non-uniform loading.

As mentioned above, some electromechanical linear actuators 16 can produce significant

vibrations, particularly along the axis of actuation (i.e. the longitudinal axis of the liner
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actuator), which is subsequently transmitted through to the bearing block 14. Without a
suitable vibration damper/isolator as per the damping unit 30, undesirable vibrations are
transferred through to the motion platform and the simulator cabin thereon, causing

audible noise and other unwanted vibrations within the simulator cabin.

The damping unit 30 accordingly provides vibration damping in at least a first direction
substantially perpendicular to the motion platform (and therefore to the upper surtace 31
of the plate 32 of the damping unit) and at least a second direction substantially parallel to
the motion platform (and therefore to the upper surface 31 of the plate 32 of the damping
unit) which is normal to the first direction. Preferably, the damping unit 30 provides
selective damping 1n all three axes, namely two orthogohal axes defined 1n a common
plane (such as one parallel to the upper surface 31) and a third axis normal to both of the

two orthogonal directions (such as perpendicular to the upper surface 31).

The damping unit 30 further preferably damps unwanted vibrations, such as those
producing audible noise for example, which are transferred through to the motion
platform from the linear actuators. Such audible noise is especially undesirable n the
case of flight simulators used for professional training. On the other hand, 1t 1s
nonetheless desirable to be able to transmit certain vibrations that are part of the input to
the simulator cabin. The damping unit 30 1s therefore preferably “tuned” in order to allow
for selective damping of certain vibration frequencies, such as high frequency noise-
producing vibrations for example, while nevertheless transmitting other wanted vibration
frequencies, such as low frequency input vibrations for example. In a preferred
embodiment, the damping unit 30 1s tuned such as to at least significantly damp undesired
high frequency vibrations above a predetermined high frequency threshold, while
nevertheless transmitting most low frequency vibrations below a low frequency threshold.
In one embodiment, described in further detail below, the high frequency threshold is
about 150 Hz and the low frequency threshold 1s about 50 Hz. However, it 1s to be
understood that other threshold values can be used, and will vary depending on the
particular application, the type and number of linear actuators used, etc. The high and
low frequency thresholds can also be the same value, such as to permit most vibrations

below this value to be transmitted but most vibrations above this value to be damped, or
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vice versa depending on the given application and particular needs for the damping unit

30.

Referring to Figs. 4a and 4b, the illustrated plots depicts measured vibrations transmitted
from the linear actuators to the motion platform of a motion simulator system. In both
plots, the X axis represents time, and the Y axis represents amplitude of the vibrations.
Fig. 4a is a plot of vibrations measured in a motion simulator platform without any
vibration damping devices installed. Fig. 4b depicts a plot of vibrations measured 1n the
same motion simulator platform having selective damping units 30 1nstalled between each
of the linear actuators and the platform. As clear from Fig. 4b, the vibration amplitudes
transmitted from the linear actuators to the platform with the damping units installed

therebetween are significantly less than those for the un-damped system (in Fig. 4a),

being preferably reduced by at least a factor of 2.5 for average vibration levels and up to
at least a factor of 5 for certain peak vibration levels. Preferably, above the high

frequency threshold, vibration levels may be reduced by at least a factor of 10.

In use, a maximum frequency for the input vibrations that need to be transmitted 1s
chosen; this will be the first frequency limit. Then, the frequencies of the undesirable
vibrations in the motion simulator are measured to establish the minimum frequency for
the vibrations that need to be dampened; this will be the second frequency limit. This 1s
preferably done using a motion simulator having a “dead” cab, 1.e. without any disturbing
vibration sources within. A target natural frequency for the selective damping unit 30 1s

then established considering these two frequency limits. The target natural frequency is
preferably chosen such that it is situated between the first and second frequency limits,
and 1s preferably, in at least one embodiment, about one half of the square of the second
frequency limit. Then, the natural frequency of the selective damping unit 1s adjusted by
varying the thickness and material characteristics of the resilient members 36,37, usually
through well known computer generated calculation techniques, until the target natural
frequency is achieved. Since they have a relatively smaller effective area, the lateral
resilient members 37 may be exposed to larger stresses for a given compressive force,

therefore the material selected may have a different Young’s modulus than that of the '
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larger upper resilient member 36. Preferably, the lateral resilient members 37 have a

Young’s modulus higher than that of upper resilient member 36.

In one example, the first frequency limit was established at 50Hz, and the second
frequency limit at 150Hz. A target natural frequency of the simulator was thus set at
70Hz. Suitable elastomer materials were chosen for each of the lateral resilient members
37 and the upper resilient member 36, wherein the Young’s modulus of the material of
the lateral resilient members 37 is greater than that of the upper resilient member 37. In
at least one embodiment, the Young’s modulus of the lateral resilient members 37 1s
twice that of the upper resilient member 36. The thicknesses of the upper resilient
member 36 and the lateral resilient members 37 were then varied, not necessarily
uniformly, until the target natural frequency was reached, using computer simulations to
establish the natural frequency for each thickness increment. The selective damping units
30 with a natural frequency of about 70Hz were then installed on a flight simulator. A
beginning of frequency isolation of 100Hz was measured, with a 6dB attenuation around
200Hz. Thus, vibrations having a frequency above 150Hz were effectively dampened,
while vibrations having a frequency lower than 50Hz were effectively transmitted. This
is however but one example of the possible configurations of the vibration damping units
of the present invention, suitable for one motion system using particulai' linear actuators.
It is to be understood that as the vibrations produced by other electromechanical linear
actuatofs will differ, the target natural frequency desired for the damping units 30 will
vary given the particular application and equipped used. Accordingly, by appropriately
selecting the characteristics of the resilient members, such as material type, stiffness, size,
etc., the damping units 30 can be “tuned” as required to achieve a determined target
natural frequency. While the first (lower) and second (upper) frequency limits can vary,
at least the second frequency limit can do so considerably, in order to best correspond to
the undesirable frequencies which the damping unit 1s to absorb (1.e. damp). The second

frequency limit is at least equal to or greater than the first fréquency limiat.

The vibration damping units 30 of the present invention provide several advantages, one
of which being the fact that failure of the resilient members 36, 37 will not endanger the

user of the simulator, since the motion platform will still be solidly attached to the bearing
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blocks 14 through the lateral support members 42 and the bearing plate 32, regardless of
any shift of the bearing plate within the lateral supports due to failure of the resilient
members therebetween. Thus, no additional control system is necessarily required to
provide back up in case of failure of the resilient members. Further, the selective
damping unit 30 is generally less costly than most .prior art damping units for motion
simulators, which generally require complex assemblies. Moreover, the selective
damping unit 30 is cost and time effective to manufacture, having a limited number of

components which further reduces the risk of malfunction and/or failure of the elements

thereof.

The embodiments described above are intended to be exemplary. Those skilled in the art
will therefore appreciate that the foregoing description 1s 1llustrative only, and that

various alternatives and modifications can be devised without departing from the spirit of

the present invention.

For example, the damping unit 30 can easily be adapted to moving platforms other than
six-degree of freedom simulator systems, such as amusement or entertainment systems for
example, and can be driven by hydraulic, electromechanical or other types of actuators, or
which are exposed to other sources of vibrations, such as in various types of vehicles,
industrial equipment, etc. The damping unmit 30, while preferably being capable of
selective damping of unwanted vibrations, can also be simply used to reduce all
vibrations which would otherwise be transmitted from a source of vibrations to a moving
platform connected thereto, such as to at least limit either audible or physical vibrations 1n
the platform. In an alternative embodiment, the damping units 30 can be disposed either
beneath the bearing blocks on each base portion 12 that receive the universal joints 18 or
between each base plate 12 and the underlying fixed support surface. In another
alternative embodiment, the upper resilient member 36 can be replaced with resilient
inserts disposed around each of the bolts 46 which mount either the lateral support
members 42 or the bearihg plate 32 to the superimposed platform, with a Bellville-type
spring being additionally provided between the head of each bolt and the platform
structure. Accordingly, the vibrations felt in the bearing block are damped such as to

limit their transmission through to the platform. In addition thereto, silent-block type
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resilient inserts can be provided within the output pins of the universal joints 19 within

the bearing blocks 14.

Accordingly, the present invention i1s intended to embrace all such alternatives,

modifications and variances which fall within the scope of the appended claims.
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1. A damping unit for an actuated motion platform, the damping unit including:

a planar plate having a top surface, a bottom surface and opposed lateral plate
surtaces, the bottom surface being adapted to be rigidly connected to a vibration source, the
opposed lateral plate surfaces being disposed between the top surface and the bottom surface,
the lateral plate surfaces including lateral projections, the lateral projections each having a top
surface, a bottom surface, and at least three lateral surfaces;

lateral mounting supports each receiving at least one of the lateral projections and
being adapted for rigid fastening to the platform;

at least one first resilient member overlying at least a portion of the top surface of the
plate and being adapted to be retained between the top surface and the platform, the at least
one first resilient. member providing vibration absorption such as to limit vibrations
transmitted from the plate to the platform in at least a direction substantially perpendicular to
the top surface;

at least one second resilient member, each of the at least one second resilient member
being disposed between the at least three lateral surfaces of at least one of the lateral
projections and a corresponding one of the lateral mounting supports in a first direction
substantially parallel to the top surface and in a second direction substantially parallel to the
top surtace, the first direction being substantially perpendicular to the second direction, such
that the lateral mounting supports constrain the at least one second resilient member in at
least the first and second directions, the at least one second resilient member providing
vibration absorption such as to limit vibrations transmitted from the plate to the platform in at
least the first and second directions, the at least one second resilient member being separate
from the at least one first resilient member, the lateral mounting supports retaining the lateral
projections therein and limiting movement of the lateral projection in the first and second
directions in case of failure of the at least one second resilient member, the lateral mounting
supports limiting rotation of the plate about an axis perpendicular to the top surface in case of
failure of the at least one second resilient member; and

wherein at least a selected frequency range of vibrations generated by the vibration
source are dampened by the damping unit thereby limiting unwanted vibrations which are

transmitted to the motion platform.

MONTREAL:35273335.1
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2. The damping unit according to claim 1, wherein the selected range of vibrations are
those having a frequency at least higher than a predetermined second lmat;

wherein vibrations generated by the vibration source having a frequency at least
higher than the second limit are damped by the damping unit and vibrations generated by the
vibration source having a frequency at least lower than a first limit are transmitted through

the damping unit, such as to damp the selected range of vibrations at least above the second

limut.

3. The damping unit according to claim 2, wherein the second limit is at least about 100
Hz.

4, The damping unit according to claim 3, wherein the second limit is about 150 Hz.

5. The damping unit according to claim 2, wherein the first limit 1s about 50 Hz.

6. The damping unit according to any one of claims 1 to 5, further comprising an upper

mounting plate fastenable to the platform, the upper mounting plate overlying the at least one
first resilient member and being adapted to be disposed between the platform and the at least

one first resilient member.

7. The damping unit according to any one of claims 1 to 6, wherein the at least one
second resilient member and the lateral mounting supports are configured to receive the

lateral projections in openings defined therein.

8. The damping unit according to claim 7, wherein the openings are closed-bottom, such

that the plate 1s held captive within the lateral mounting supports.
9. The damping unit according to any one of claims 1 to 8, wherein at least the at least
one first resilient member is adapted to be preloaded by compression thereof between the

plate and the platform by the lateral mounting supports.

10. A multiple degree-of-freedom motion simulator assembly comprising:

MONTREAL:3527333.1
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a fixed base;
a displaceable simulator platform;

a plurality of extensible and retractable linear actuators having upper ends thereof

interconnected with the platform and lower ends thereof interconnected with the fixed base,

the linear actuators being operable to displace the simulator platform in the multiple-degrees-

of-freedom relative to the fixed base;

a vibration damping unit disposed between at least one of each of the upper ends and

the platform and each of the lower ends and the fixed base, each damping unit including:

at least one first resilient member preloaded and mounted to an abutting major
surface ot a planar plate of the damping unit engaged to the at least one upper and
lower ends of the linear actuator, the plate having a top surface, a bottom surface and
opposed lateral plate surfaces, the bottom surface being adapted to be rigidly
connected to a vibration source, the opposed lateral plate surfaces being disposed
between the top surface and the bottom surface, the lateral plate surfaces including
lateral projections, the lateral projections each having a top surface, a bottom surface,
and at least three lateral surfaces, and

at least one second resilient member, each of the at least one second resilient
member being sandwiched between the at least three lateral surfaces of at least one of
the lateral projections and a corresponding one of at least two lateral mounting
supports in at least two different directions within a plane substantially parallel to the
major surface, the at least two different directions being substantially perpendicular to
cach other, the lateral mounting supports being fixed to the at least one of the platform

and the fixed base, the lateral mounting supports constraining the at least one second
resilient member and the plate along the at least two different directions, the at least
one second resilient member being separate from the at least one first resilient
member; and

wherein the at least one first resilient member provides vibration absorption such as to

damp vibrations transmitted from the plate to at least one of the platform and the fixed base

In at least a direction substantially perpendicular to the major surface, the at least one second

resilient member provides vibration absorption such as to damp vibrations transmitted from

the plate to the at least one of the platform and the fixed base in the plane substantially

parallel to the major surface, the at least two lateral mounting supports retaining the lateral

MONTREAL:3527535.1
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projections therein and limiting movement of the lateral projection in the at least two
different directions within the plane substantially parallel to the major surface in case of
failure of the at least one second resilient member, and the at least two lateral mounting
supports limiting rotation of the plate about an axis perpendicular to the major surface in case

of tatlure of the at least one second resilient member.

11.  The assembly according to claim 10, wherein the damping units are mounted between
the upper ends of the linear actuators and the platform, and wherein the lateral mounting

supports include a pair of opposed lateral mounting supports fixed to the platform.

12. The assembly according to claim 11, wherein each one of the plurality of linear

actuators 1s an electromechanical actuator.

13.  The assembly according to claim 12, wherein the damping unit is operable to damp at
least a selected frequency range of vibrations transmitted from the linear actuators to the
plattform, thereby limiting unwanted vibrations in the platform within the selected frequency

range.

14.  The assembly according to claim 13, wherein the selective damping unit effectively

dampens vibrations having a frequency above at least about 100Hz.

5. The plattorm assembly according to claim 13, wherein the selective damping unit

etfectively transmits vibrations having a frequency below at least about S50Hz.

16.  An electromechanical linear actuator for a motion simulator system having a motion
plattorm displaceable in multiple degrees-of-freedom relative to a fixed base by at least one
of the actuators, the electromechanical linear actuator comprising:

first and second telescoping cylindrical members defining a common longitudinal
ax1s, a lower end of the first cylindrical member having a first joint adapted for engagement
with the fixed base and an upper end of the second cylindrical member having a second joint

adapted for engagement with the motion platform;

MONTREAL:3527535.1
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a drive mechanism operable to extend and retract the first and second cylindrical
members relative to each other to displace the motion platform relative to the fixed base; and
a vibration damping unit engaged with at least one of the lower and upper ends, the
vibration damping unit comprising:

at least one first resilient member mounted to an abutting major surtace of a
planar plate of the damping unit engaged to the at least one of the lower and upper
ends and adapted to be disposed between the major surface and the respective one of
the fixed base and motion platform to damp at least undesirable vibrations transmitted
from the linear actuator to the platform in at least a direction substantially
perpendicular to the major surface of the plate, the plate having a top surface, a
bottom surface and opposed lateral plate surfaces, the bottom surface being adapted to
be rigidly connected to a vibration source, the opposed lateral plate surfaces being
disposed between the top surface and the bottom surface, the lateral plate surfaces
including lateral projections, the lateral projections each having a top surface, a
bottom surtface, and at least three lateral surfaces; and

at least one second resilient member, each of the at least one second resilient
member being sandwiched between the at least three lateral surfaces of at least one
lateral projection and a corresponding one of at least two lateral mounting supports in
at least two substantially perpendicular directions within a plane substantially parallel
to the major surface to damp at least undesirable vibrations transmitted from the linear
actuator to the platform in at least the plane, the lateral mounting supports being
adapted to be fixed to the respective one of the fixed base and motion platform, the
lateral mounting supports constraining the at least one second resilient member and
the plate in at least the plane, the at least one second resilient member being separate
from the at least one first resilient member, the at least two lateral mounting supports
retaining the lateral projections therein and limiting movement of the lateral
projection in the at least two substantially perpendicular directions within the plane
substantially parallel to the major surface in case of failure of the at least one second
resilient member, and the at least two lateral mounting supports limiting rotation of

the plate about an axis perpendicular to the major surface in case of failure of the at

least one second resilient member.

MONTREAL:3527533.1
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17. The electromechanical linear actuator according to claim 16, wherein the vibration
damping unit damps at least a selected frequency range of vibrations transmitted from the
linear actuators to the platform, thereby limiting the undesirable vibrations in the platform

within the selected frequency range.

18. The electromechanical linear actuator according to claim 17, wherein the selected
frequency range corresponds to audible vibrations produced in the platform from vibrations

generated by the linear actuator.

19. The electromechanical linear actuator according to claim 18, wherein the vibration

damping unit substantially dampens vibrations having a frequency above at least about

100Hz.

20.  The electromechanical linear actuator according to claim 17, wherein the vibration

damping unit effectively transmits vibrations having a frequency below at least about 50Hz.

21. The electromechanical linear actuator according to any one of claams 16 to 20,

wherein the at least one first resilient member 1s preloaded.

22. The damping unit according to any one of claims 1 to 9, wherein the at least one
second resilient member has a higher Young’s modulus than that of the at least one first

resilient member.

23.  The assembly according to any one of claims 10 to 15, wherein the at least one second

resilient member has a higher Young’s modulus than that of the at least one first resilient

member.
24.  The electromechanical linear actuator according to any one of claims 16 to 21,

wherein the at least one second resilient member has a higher Young’s modulus than that of

the at least one tirst resilient member.

MONTREAL:3527535.1
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25. The damping unit according to any one of claims 1 to 9 and 22, wherein the at least

one second resilient member is disposed between the bottom surfaces of the lateral

projections and the lateral mounting supports.

26. The damping unit according to any one of claims 1 to 9, 22 and 25, wherein the lateral
projections include a first pair of lateral projections on one of the lateral plate surfaces and a
second pair of lateral projections on another of the lateral surfaces opposite the lateral plate
surface having the first pair of lateral projections;

wherein the mounting supports include a first and a second mounting support,
wherein each of the first and second mounting supports have a pair of closed-bottom
openings;

wherein the at least one second resilient member is at least two second resilient
members; and

wherein the first pair of lateral projections are received in the pair of closed-bottom
opening of the first mounting support and at least one of the at least two second resilient
members is disposed between the first pair of lateral projections and the pair of closed-bottom
openings of the first mounting support; and

wherein the second pair of lateral projections are received in the pair of closed-bottom
opening of the second mounting support and at least another one of the at least two second
resilient members is disposed between the second pair of lateral projections and the pair of

closed-bottom openings of the second mounting support.

27.  The damping unit according to any one of claims 1 to 9, 22, 25 and 26, wherein a

dimension of the plate in at least one of the first and second directions 1s greater than a
dimension of the plate in the direction substantially perpendicular to the top surtace ot the

plate.

28.  The assembly according to any one of claims 10 to 15 and 23, wherein a dimension ot
the plate in at least one of the at least two different directions is greater than a dimension of

the plate in the direction substantially perpendicular to the major surtace of the plate.

MONTREAL:3527535.1
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