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(57) Abstract: A method/system for controlling helicopter vibrations is provided that includes a vibration canceling force generator
& for actively generating a vibration canceling force. The system includes a resonant actuator having a natural resonant frequency and
& aresonant actuator electronic control system. The resonant actuator electronic control system provides an electrical drive current to
the resonant actuator to drive the resonant actuator about the resonant frequency when commanded by a received command signal.
The resonant actuator has a feedback output with the feedback output fed back into the resonant actuator electronic control system
wherein the resonant actuator electronic control system adjusts the electrical drive current based on the resonant actuator feedback

output to generate the vibration canceling force.
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A METHOD AND SYSTEM FOR CONTROLLING HELICOPTER VIBRATIONS

Cross Reference

This application claims the benefit of, and incorporates by reference, United States
Provisional Patent Application Number 60/578,645 filed on June 10, 2004.

Field of the Invention

The present invention relates to a method/system for controlling problematic
vibrations. More particularly the invention relates to a method and system for controlling
aircraft vehicle vibrations, particularly a method and system for canceling problematic

rotary wing helicopter vibrations.

Background of the Invention

Helicopter vibrations are particularly troublesome in that they can cause fatigue
and wear on the equipment and occupants in the aircraft. In vehicles such as helicopters,
vibrations are particularly problematic in that they can damage the actual structure and

components that make up the vehicle in addition to the contents of the vehicle.

There is a need for a system and method of accurately and economically
canceling vehicle vibrations. There is a need for a system and method of accurately and
economically controlling vibrations. There is a need for an economically feasible method
of controlling vibrations in a helicopter so that the vibrations are efficiently cancelled and
minimized. There is a need for a robust system of controlling vibrations in a helicopter
so that the vibrations are efficiently cancelled and minimized. There is a need for an

economic method/system for controlling problematic helicopter vibrations.
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Summary of the Invention

The invention includes a vibration canceling force generator for actively
generating a vibration canceling force. The vibration canceling force generator includes
a resonant actuator having a natural resonant frequency, and a resonant actuator
electronic control system having a command input for receiving a command signal with
the resonant actuator electronic control system providing an electrical drive current to the
resonant actuator to drive the resonant actuator about the resonant frequency when
commanded by a received command signal, and the resonant actuator has a feedback
output with the feedback output fed back into the resonant actuator electronic control
system wherein the resonant actuator electronic control system adjusts the electrical drive
current based on the resonant actuator feedback output to generate the vibration canceling

force.

The invention includes a method of making a vibration canceling force generator.
The method includes providing a resonant actuator having a natural resonant frequency,
providing a resonant actuator electronic control system having a command input for
receiving a command signal and a power amplifier for providing an electrical drive
current to drive the resonant actuator, and connecting the resonant actuator with the
resonant actuator electronic control system wherein the resonant actuator electronic
control system electrical drive current drives the resonant actuator about the natural
resonant frequency when commanded by a received command signal, with the resonant
actuator feeding an electrical output back into the resonant actuator electronic control
system wherein the resonant actuator electronic control system adjusts the electrical drive

current based on the resonant actuator electrical output.

The invention includes a method of controlling vibrations. The method includes
providing a resonant actuator having a natural resonant frequency, providing a resonant
actuator electronic control system for providing an electrical drive current to drive the
resonant actuator, connecting the resonant actuator with the resonant actuator electronic

control system, and driving the resonant actuator about the natural resonant frequency
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with the resonant actuator feeding an electrical output back into the resonant actuator
electronic control system and adjusting the electrical drive current based on the resonant

actuator electrical output.

The invention includes a vehicle vibration canceling system. The vehicle
vibration canceling system includes a resonant actuator having a natural resonant
frequency. The vehicle vibration canceling system includes a resonant actuator electronic
controller for providing an electrical drive current to the resonant actuator to drive the
resonant actuator about the resonant frequency. The resonant actuator has a feedback
electrical output with the feedback electrical output fed back into the resonant actuator
electronic controller wherein said resonant actuator electronic controller adjusts said

electrical drive current based on said resonant actuator feedback electrical output.

The invention includes a method of making a helicopter vibration canceling
system. The method includes providing a resonant actuator having a natural resonant
frequency. The method includes providing a resonant actuator electronic control system
for providing an electrical drive current to drive said resonant actuator. The method
includes connecting the resonant actuator with the resonant actuator electronic control
system wherein the resonant actuator electronic control system electrical drive current
drives the resonant actuator about the natural resonant frequency with said resonant
actuator feeding an electrical output back into the resonant actuator electronic control
system wherein the resonant actuator electronic control system adjusts the electrical drive

current based on the resonant actuator electrical output.

The invention includes a method of controlling helicopter vibrations. The method
includes providing a resonant actuator having a natural resonant frequency. The method
includes mounting the resonant actuator in a helicopter. The method includes providing a
resonant actuator electronic control system for providing an electrical drive current to
drive the resonant actuator. The method includes connecting the resonant actuator with
the resonant actuator electronic control system. The method includes driving the resonant

actuator about the natural resonant frequency with the resonant actuator feeding an
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electrical output back into the resonant actuator electronic control system and adjusting

the electrical drive current based on the resonant actuator electrical output.

It is to be understood that both the foregoing general description and the
following detailed description are exemplary of the invention, and are intended to provide
an overview or framework for understanding the nature and character of the invention as
it is claimed. The accompanying drawings are included to provide a further
understanding of the invention, and are incorporated in and constitute a part of this
specification. The drawings illustrate various embodiments of the invention, and together

with the description serve to explain the principals and operation of the invention.

Brief Description of the Drawings

FIG. 1 shows methods and systems for controlling vibrations.

FIG. 2A-D show resonant actuators for controlling vibrations.

FIG. 3 shows methods and systems for controlling vibrations.

FIG. 4A-B show methods and systems for controlling vibrations.

FIG. 5 shows methods and systems for controlling vibrations.

FIG. 6 shows methods and systems for controlling vibrations.

FIG. 7 shows methods and systems for controlling vibrations.

FIG. 8 is a plot of Force (N) y-axis and Frequency (Hz) x-axis (Actuator Force for .75
volt command).

FIG. 9 is a plot of Actuator Current (amps) y-axis and Frequency (Hz) x-axis (Actuator
Current for .75 volt command).

FIG. 10 is a plot of Actuator Voltage (volts) y-axis and Frequency (Hz) x-axis (Actuator
Voltage for .75 volt command).

FIG. 11 is a plot of Actuator Power (watts) y-axis and Frequency (Hz) x-axis (Actuator
Power for .75 volt command).

FIG. 12 is a plot of Resistive Power (watts) y-axis and Frequency (Hz) x-axis (Actuator
Power for .75 volt command).

FIG. 13 is a plot of Actuator Mass Displacement (mm) y-axis and Time (s) x-axis

(Actuator Response to Step Input of .75 Volts).
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FIG. 14 is a plot of Actuator Mass Displacement (mm) y-axis and Time (s) x-axis
(Actuator Response to 0.75 Volts Command at 22.1 Hz).

FIG. 15 is a plot of Force (N) y-axis and Frequency (Hz) x-axis (Actuator Force for 0.75
volt command).

FIG. 16 is a plot of Actuator Current (amps) y-axis and Frequency (Hz) x-axis (Actuator
Current for 0.75 volt command).

FIG. 17 is a plot of Actuator Voltage (volts) y-axis and Frequency (Hz) x-axis (Actuator
Voltage for 0.75 volt command).

Detailed Description of the Preferred Embodiments

Additional features and advantages of the invention will be set forth in the
detailed description which follows, and in part will be readily apparent to those skilled in
the art from that description or recognized by practicing the invention as described
herein, including the detailed description which follows, the claims, as well as the

appended drawings.

Reference will now be made in detail to the present preferred embodiments of the

invention, examples of which are illustrated in the accompanying drawings.

The invention comprises a vibration canceling force generator for actively
generating a vibration canceling force. The vibration canceling force generator includes
a resonant actuator having a natural resonant frequency, and a resonant actuator
electronic control system with the resonant actuator electronic control system providing
an electrical drive current to the resonant actuator to drive the resonant actuator about the
resonant frequency when commanded. The resonant actuator has a feedback output with
the feedback output fed back into the resonant actuator electronic control system wherein
the resonant actuator electronic control system adjusts the electrical drive current based

on the resonant actuator feedback output to generate the vibration canceling force.
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The invention includes a vibration canceling force generator for actively
generating a vibration canceling force. The vibration canceling force generator includes
a resonant actuator having a natural resonant frequency, and a resonant actuator
electronic control system having a command input for receiving a command signal with
the resonant actuator electronic control system providing an electrical drive current to the
resonant actuator to drive the resonant actuator about the resonant frequency when
commanded by a received command signal, and the resonant actuator has a feedback
output with the feedback output fed back into the resonant actuator electronic control
system wherein the resonant actuator electronic control system adjusts the electrical drive
current based on the resonant actuator feedback output to generate the vibration canceling
force. As shown in FIG. 1-5 the vibration canceling force generator 20 actively generates
a vibration canceling force 22 which destructively interferes with and cancels an
unwanted vibration force in a structure 50 that it is attached to. The vibration canceling
force generator 20 preferably includes a linear voice coil resonant actuator 24 having a
natural resonant frequency 46. Preferably the resonant actuator 24 is an
electromagnetically driven sprung mass 26 suspended on resilient metal flexures 32. As
shown in FIG. 2A-D, the EM (ElectroMagnetic) driven mass 26 is preferably suspended
on a horizontal beam stack of multiple layers of resilient metal flexures 32, which are
preferably supported by two vertical side resilient metal flexures post plates, to provide a
sprung mass that can be electromagnetically driven to oscillate at its natural resonant
frequency. Preferably the resonant actuator sprung mass is driven by modulating an
electromagnetic field so the sprung mass is attracted and repelled by the EM field at its
resonant frequency. Preferably the resonant actuator sprung mass includes a permanent
magnet 28 in alignment with an electromagnetic coil 30, wherein a electrical drive
current supplied to the EM coil 30 drives the sprung mass at resonance. The vibration
canceling force generator 20 includes a resonant actuator electronic control system 34,
Preferably the resonant actuator electronic control system 34 has a command input 36 for
receiving a command signal 38 and the resonant actuator electronic control system
includes a power amplifier 40 that produces the electrical drive current (i). The resonant
actuator electronic control system 34 provides an electrical drive current 42 to the

resonant actuator 24 to drive the resonant actuator about the resonant frequency when
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commanded by a received command signal 38, with the resonant actuator having a
feedback output 44 fed back into the resonant actuator electronic control system wherein
the resonant actuator electronic control system adjusts the electrical drive current (i)
based on the resonant actuator feedback output 44 to generate the vibration canceling
force 22. Preferably the resonant actuator 24 has a resonant actuator natural resonant
frequency in a range of 15 to 40 Hz, more preferably in the range of 15-30 Hz, and most
preferably in the range of 18 to 26 Hz. The vibration canceling force generator 20 is able
to adapt to an aging of the resonant actuator 24 that alters the resonant actuator natural
resonant frequency changes over an extended operation life time frame such as from the
aging of the metal flexures and loosening of the metal flexure fasteners and fixtures over
time, preferably with the utilization of the resonant actuator feedback output 44 to adjust
the drive current to the resonant actuators aging natural resonant frequency so that the
control system produced drive current can follow an aging change in the natural
frequency over an extended period of time. Preferably the resonant actuator 24 has a
damping level less than four percent of critical damping, more preferably a damping level
less than two percent of critical damping. Preferably the resonant actuator 24 is a lightly
damped resonant actuator. Preferably the resonant actuator 24 is a lightly damped
resonant actuator with an effective damping ratio less than 0.5 (preferably with damping
ratio = particular damping coefficient ¢ / critical damping coefficient c; ). The vibration
canceling force generator 20 utilizes a resonant actuator 24 that has a lightly damped
mass spring system highly resonant response, with the actuator driven at resonance
because of its highly resonant response. Preferably the command signal 38 is an analog
input voltage, which is received by command input 36 with the variable voltage input
command signal commanding the electronic control system 34 to produce a force 22 to
cancel the unwanted vibration force in the vibrating structure 50. As shown in FIG. 4,
preferably the vibration canceling force generator includes electrical connector interfaces
52 for disengagably connecting the resonant actuator 24 to the resonant actuator
electronic control system 34. Such an electrical connector interface preferably includes a
feedback loop connector 52 and an electrical drive current connector 52, with the
connector interfaces 52 providing for interchanging of actuators 24 with the control

systems 34 and the replacement and swapping of resonant actuators 24. Preferably the
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resonant actuator feedback output 44 is an electrical output from the resonant actuator
back into the control system 34. In a preferred embodiment the actuator electrical output
is directly fed from the actuator electrical output into the control system. In a preferred
embodiment such as shown in FIG. 1, no separate physical actuator motion sensor for
producing the feedback output is utilized, with the electrical feedback output 44 coming
directly from the actuator and control system drive current. Preferably the resonant
actuator electrical feedback output 44 is an electrical charge flow rate (i) through the
resonant actuator, with the current (i_act) through the actuator fed back into the control
system, with the actuator drive current (i) controlled and limited to a maximum operation
value. Preferably the control system uses the current (i_act) feedback 44 in controlling
the drive current (i) to drive the actuator at resonance and without the need of shape
filtering. In an embodiment the resonant actuator feedback output 44 is an electrical
potential difference through the resonant actuator 24, with the voltage (v_act) across the
actuator fed back into the control system, with the voltage in the actuator controlled and
limited to a maximum value corresponding to the rated voltage for the actuator for
maximum operation displacement of the actuator at resonance. In an embodiment the
resonant actuator feedback output 44 is the electrical charge flow rate (i_act) through the
resonant actuator and the electrical pé)tential difference (v_act) through the resonant

actuator, with both the voltage and current fed back from actuator 24.

The invention comprise a method of making a vibration canceling force generator.
The method includes providing a resonant actuator having a natural resonant frequency,
providing a resonant actuator electronic control system having a power amplifier for
providing an electrical drive current to drive the resonant actuator, and connecting the
resonant actuator with the resonant actuator electronic control system wherein the
resonant actuator electronic control system electrical drive current drives the resonant
actuator about the natural resonant frequency when commanded by a received command
signal, with the resonant actuator feeding an electrical output back into the resonant
actuator electronic control system wherein the resonant actuator electronic control system

adjusts the electrical drive current based on the resonant actuator electrical output.
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The invention includes a method of making a vibration canceling force generator
20. The method includes providing a resonant actuator 24 having a natural resonant
frequency, providing a resonant actuator electronic control system 34 having a command
input for receiving a command signal and a power amplifier for providing an electrical
drive current (i) to drive the resonant actuator, and connecting the resonant actuator with
the resonant actuator electronic control system wherein the resonant actuator electronic
control system electrical drive current (i) drives the resonant actuator about the natural
resonant frequency when commanded by a received command signal, with the resonant
actuator feeding an electrical output 44 back into the resonant actuator electronic control
system wherein the resonant actuator electronic control system adjusts the electrical drive
current (i) based on the resonant actuator electrical output 44. Providing resonant
actuator 24 preferably includes providing an electromagnetically driven voice coil,
preferably a sprung mass 26 driven by modulating a electromagnetic field produced by an
EM coil 30 so the sprung mass is attracted and repelled by the EM field and the actuator
resonates at its natural resonant frequency. Providing the resonant actuator electronic
control system 34 preferably includes providing a resonant actuator electronic control
system having a command input 36 for receiving a command signal 38 and a power
amplifier 40 for providing an electrical drive current (i) to drive the resonant actuator
about its resonant frequency. Preferably the command signal 38 is an analog input
voltage, with the analog variable voltage input command signal commanding the control
system to produce a vibration canceling force 22 which destructively interferes with and
cancels an unwanted vibration force in the structure 50 that the actuator 24 is attached to.
In a preferred embodiment such as shown in FIG. 1, the actuator electrical output 44 is
fed back directly into the control system, preferably with no separate physical actuator
motion sensor needed for producing the feedback output. In an alternative embodiment,
such as shown in FIG. 4, the resonant actuator electrical output 44 includes an actuator
sensor electrical output from an actuator sensor 54. The actuator sensor 54 provides an
actuator sensor electrical output 44 relative to a physical motion characteristic of the
actuator 24, such as a motion sensor measuring the motion of the moving mass 26. In an
embodiment the actuator sensor 54 is an accelerometer mounted on the actuator driven

sprung mass. In an embodiment the actuator sensor 54 is a velocity sensor measuring and
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sensing the velocity of the actuator driven sprung mass. In an embodiment the actuator
sensor 54 is a displacement sensor measuring and sensing the displacement and position
of the actuator driven sprung mass. Providing the resonant actuator 24, preferably
includes providing a resonant actuator with a natural resonant frequency in the range of
15 to 40 Hz, more preferably 15-30Hz, and most preferably18 to 26 Hz. Providing the
resonant actuator 24, preferably includes providing a resonant actuator which has a
damping level less than four percent of critical damping, more preferably less than two
percent of critical damping. Preferably the actuator 24 is a lightly damped resonant
actuator with an effective damping ratio less than 0.5 (damping ratio = particular
damping coefficient c / critical damping coefficient ¢, ). Preferably the actuator 24 has the
highly resonant response of a lightly damped mass spring system. In an embodiment the
method includes providing an electrical connector interface 52 for disengagably
connecting the resonant actuator 24 to the resonant actuator electronic control system 34,
preferably including a feedback output loop connectors 52, and electrical drive current
connectors 52, with the disengagement and engagement of the connector interfaces used
to interchange of actuators 24 with the control system 34, and for replacing and swapping
out actuators 24 driven by the control system 34. Feeding back the electrical feedback 44
preferably includes feeding back the electrical charge flow rate through the resonant
actuator. The current (i) through the actuator 24 is fed back into the control system as
(i_act) with the drive c'urrent controlled and limited to a maximum operation value, most
preferably with no shape filtering used to drive the actuator 24. In an embodiment of the
invention feeding back the electrical feedback 44 preferably includes feeding back the
electrical potential difference through the resonant actuator. The voltage across the
actuator fed back into the control system as (v_act), with the voltage is controlled and
limited to a maximum value corresponding to the rated voltage for the actuator 24 for
maximum operation displacement of the actuator at resonance. In an embodiment feeding
back the electrical feedback 44 preferably includes feeding back both the electrical
charge flow rate through the resonant actuator and the electrical potential difference

through the resonant actuator, with both the voltage and current feedback from actuator.

10
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The invention comprises a method of controlling vibrations. The method includes
providing a resonant actuator having a natural resonant frequency, providing a resonant
actuator electronic control system for providing an electrical drive current to drive the
resonant actuator, connecting the resonant actuator with the resonant actuator electronic
control system, and driving the resonant actuator about the natural resonant frequency
with the resonant actuator feeding an electrical output back into the resonant actuator
electronic control system and adjusting the electrical drive current based on the resonant

actuator electrical output.

The invention includes a method of controlling vibrations. The method includes
providing a voice coil resonant actuator 24 having a natural resonant frequency,
preferably an electromagnetically driven sprung mass driven by modulating a
electromagnetic field so the sprung mass is attracted and repelled by the EM field. The
method includes providing a resonant actuator electronic control system 34 for providing
an electrical drive current to drive the resonant actuator and connecting the resonant
actuator with the resonant actuator electronic control system. The method includes
driving the resonant actuator about the natural resonant frequency with the resonant
actuator feeding an electrical output back into the resonant actuator electronic control
system and adjusting the electrical drive current based on the resonant actuator electrical
output. Preferably providing a resonant actuator 24 includes providing a resonant actuator
with a natural resonant frequency in a range of 15 to 40 Hz, more preferably 15-30Hz,
and most preferably 18 to 26 Hz. Preferably providing a resonant actuator 24 includes
providing a resonant actuator with a damping level less than four percent of critical
damping, more preferably less than two percent of critical damping. Preferably the
lightly damped resonant actuator 24 has an effective damping ratio less than 0.5
(damping ratio = particular damping coefficient c / critical damping coefficient c; ), with
the actuator having the highly resonant response of a lightly damped mass spring system.
Preferably the method includes providing an electrical connector interface 52 for
disengagably connecting the resonant actuator to the resonant actuator electronic control
system. Preferably the resonant actuator electrical output 44 is an electrical potential

difference through the resonant actuator with the voltage across the actuator fed back into

11
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the control system, with voltage controlled/limited to a maximum value corresponding to
the rated voltage for the actuator for maximum operation displacement of the actuator at
resonance. Preferably the resonant actuator electrical output 44 is an electrical charge
flow rate through the resonant actuator. Preferably the resonant actuator electrical output
is an electrical charge flow rate through the resonant actuator and an electrical potential
difference through the resonant actuator. In an embodiment the resonant actuator

electrical output is an actuator sensor electrical output.

The invention includes a vehicle vibration canceling system. The vehicle
vibration canceling system includes a resonant actuator having a natural resonant
frequency. The vehicle vibration canceling system includes a resonant actuator electronic
controller for providing an electrical drive current to the resonant actuator to drive the
resonant actuator about the resonant frequency. The resonant actuator has a feedback
electrical output with the feedback electrical output fed back into the resonant actuator
electronic controller wherein said resonant actuator electronic controller adjusts said

electrical drive current based on said resonant actuator feedback electrical output.

The invention includes a vehicle vibration canceling system. The aircraft vehicle
vibration canceling system includes a resonant actuator 24 having a natural resonant
frequency, and a resonant actuator electronic controller 34, with the resonant actuator
electronic controller providing an electrical drive current to the resonant actuator to drive
the resonant actuator about the resonant frequency, with the resonant actuator having a
feedback electrical output, the feedback electrical output fed back into the resonant
actuator electronic controller wherein the resonant actuator electronic controller adjusts
the electrical drive current based on the resonant actuator feedback electrical output to
produce a vibration canceling for 22 to cancel a vibration in the vehicle vibrating
structure 50 to which it is attached. Preferably the resonant actuator 24 is an
electromagnetically driven sprung mass 26 suspended on resilient metal flexures 32. As
shown in FIG. 2A-D, the EM driven mass 26 is preferably suspended on a horizontal
beam stack of multiple layers of resilient metal flexures 32, which are preferably

supported by two vertical side resilient metal flexures post plates, to provide a sprung

12
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mass that can be electromagnetically driven to oscillate at its natural resonant frequency.
Preferably the resonant actuator sprung mass is driven by modulating an electromagnetic
field so the sprung mass is attracted and repelled by the EM field at its resonant
frequency. Preferably the resonant actuator sprung mass includes a permanent magnet 28
in alignment with an electromagnetic coil 30, wherein a electrical drive current supplied
to the EM coil 30 drives the sprung mass at resonance. The vibration canceling force
generator 20 incudes a resonant actuator electronic control system 34. Preferably the
resonant actuator electronic control system 34 has a command input 36 for receiving a
command signal 38 and the resonant actuator electronic control system includes a power
amplifier 40 that produces the electrical drive current (i). The resonant actuator electronic
control system 34 provides an electrical drive current 42 to the resonant actuator 24 to
drive the resonant actuator about the resonant frequency when commanded by a received
command signal 38, with the resonant actuator having a feedback output 44 fed back into
the resonant actuator electronic control system wherein the resonant actuator electronic
control system adjusts the electrical drive current (i) based on the resonant actuator
feedback output 44 to generate the vibration canceling force 22. Preferably the resonant
actuator 24 has a resonant actuator natural resonant frequency in a range of 15 to 40 Hz,
more preferably in the range of 15-30 Hz, and most preferably in the range of 18 to 26
Hz. The vibration canceling force generator 20 is able to adapt to an aging of the resonant
actuator 24 that alters the resonant actuator natural resonant frequency changes over an
extended operation life time frame such as from the aging of the metal flexures and
loosening of the metal flexure fasteners and fixtures over time, preferably with the
utilization of the resonant actuator feedback output 44 to adjust the drive current to the
resonant actuators aging natural resonant frequency so that the control system produced
drive current can follow an aging change in the natural frequency over an extended
period of time. Preferably the resonant actuator 24 has a damping level less than four
percent of critical damping, more preferably a damping level less than two percent of
critical damping. Preferably the resonant actuator 24 is a lightly damped resonant
actuator. Preferably the resonant actuator 24 is a lightly damped resonant actuator with an
effective damping ratio less than 0.5 (preferably with damping ratio = particular damping

coefficient ¢ / critical damping coefficient c; ). The vibration canceling force generator 20

13
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utilizes a resonant actuator 24 that has a lightly damped mass spring system highly
resonant response, with the actuator driven at resonance because of its highly resonant
response. Preferably the command signal 38 is an analog input voltage, which is received
by command input 36 with the variable voltage input command signal commanding the
electronic control system 34 to produce a force 22 to cancel the unwanted vibration force
in the vibrating structure 50. As shown in FIG. 4, preferably the vibration canceling force
generator includes electrical connector interfaces 52 for disengagably connecting the
resonant actuator 24 to the resonant actuator electronic control system 34. Such an
electrical connector interface preferably includes a feedback loop connector 52 and an
electrical drive current connector 52, with the connector interfaces 52 providing for
interchanging of actuators 24 with the control systems 34 and the replacement and
swapping of resonant actuators 24. Preferably the resonant actuator feedback output 44 is
an electrical output from the resonant actuator back into the control system 34. In a
preferred embodiment the actuator electrical output is directly fed from the actuator
electrical output into the control system. In a preferred embodiment such as shown in
FIG. 1, no separate physical actuator motion sensor for producing the feedback output is
utilized, with the electrical feedback output 44 coming directly from the actuator and
control system drive current. Preferably the resonant actuator electrical feedback output
44 is an electrical charge flow rate (i) through the resonant actuator, with the current
(i_act) through the actuator fed back into the control system, with the actuator drive
current (i) controlled and limited to a maximum operation value. Preferably the control
system uses the current (i_act) feedback 44 in controlling the drive current (i) to drive the
actuator at resonance and without the need of shape filtering. In an embodiment the
resonant actuator feedback output 44 is an electrical potential difference through the
resonant actuator 24, with the voltage (v_act) across the actuator fed back into the control
system, with the voltage in the actuator controlled and limited to a maximum value
corresponding to the rated voltage for the actuator for maximum operation displacement
of the actuator at resonance. In an embodiment the resonant actuator feedback output 44
is the electrical charge flow rate (i_act) through the resonant actuator and the electrical
potential difference (v_act) through the resonant actuator, with both the voltage and

current fed back from actuator 24.

14
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The invention includes a method of making a helicopter vibration canceling
system. The method includes providing a resonant actuator having a natural resonant
frequency. The method includes providing a resonant actuator electronic control system
for providing an electrical drive current to drive said resonant actuator. The method
includes connecting the resonant actuator with the resonant actuator electronic control
system wherein the resonant actuator electronic control system electrical drive current
drives the resonant actuator about the natural resonant frequency with said resonant
actuator feeding an electrical output back into the resonant actuator electronic control
system wherein the resonant actuator electronic control system adjusts the electrical drive

current based on the resonant actuator electrical output.

The invention includes a method of making a helicopter vibration canceling
system for canceling vibrations generated in a helicopter. The method includes providing
a resonant actuator 24 having a natural resonant frequency, providing a resonant actuator
electronic control system 34 for providing an electrical drive current to drive the resonant
actuator, and connecting the resonant actuator with the resonant actuator electronic
control system wherein the resonant actuator electronic control system electrical drive
current drives the resonant actuator about the natural resonant frequency, with the
resonant actuator feeding an electrical output 44 back into the resonant actuator electronic
control system wherein the resonant actuator electronic control system adjusts the
electrical drive current based on the resonant actuator electrical output. Providing
resonant actuator 24 preferably includes providing an electromagnetically driven voice
coil, preferably a sprung mass 26 driven by modulating a electromagnetic field produced
by an EM coil 30 so the sprung mass is attracted and repelled by the EM field and the
actuator resonates at its natural resonant frequency. Providing the resonant actuator
electronic control system 34 preferably includes providing a resonant actuator electronic
control system having a command input 36 for receiving a command signal 38 and a
power amplifier 40 for providing an electrical drive current (i) to drive the resonant
actuator about its resonant frequency. Preferably the command signal 38 is an analog

input voltage, with the analog variable voltage input command signal commanding the
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control system to produce a vibration canceling force 22 which destructively interferes
with and cancels an unwanted vibration force in the structure 50 that the actuator 24 is
attached to. In a preferred embodiment such as shown in FIG. 1, the actuator electrical
output 44 is fed back directly into the control system, preferably with no separate
physical actuator motion sensor needed for producing the feedback output. In an
alternative embodiment, such as shown in FIG. 4, the resonant actuator electrical output
44 includes an actuator sensor electrical output from an actuator sensor 54. The actuator
sensor 54 provides an actuator sensor electrical output 44 relative to a physical motion
characteristic of the actuator 24, such as a motion sensor measuring the motion of the
moving mass 26. In an embodiment the actuator sensor 54 is an accelerometer mounted
on the actuator driven sprung mass. In an embodiment the actuator sensor 54 is a velocity
sensor measuring and sensing the velocity of the actuator driven sprung mass. In an
embodiment the actuator sensor 54 is a displacement sensor measuring and sensing the
displacement and position of the actuator driven sprung mass. Providing the resonant
actuator 24, preferably includes providing a resonant actuator with a natural resonant
frequency in the range of 15 to 40 Hz, more preferably 15-30Hz, and most preferably18
to 26 Hz. Providing the resonant actuator 24, preferably includes providing a resonant
actuator which has a damping level less than four percent of critical damping, more
preferably less than two percent of critical damping. Preferably the actuator 24 is a lightly
damped resonant actuator with an effective damping ratio less than 0.5 (damping ratio =
particular damping coefficient c / critical damping coefficient c; ). Preferably the actuator
24 has the highly resonant response of a lightly damped mass spring system. In an
embodiment the method includes providing an electrical connector interface 52 for
disengagably connecting the resonant actuator 24 to the resonant actuator electronic
control system 34, preferably including a feedback output loop connectors 52, and
electrical drive current connectors 52, with the disengagement and engagement of the
connector interfaces used to interchange of actuators 24 with the control system 34, and
for replacing and swapping out actuators 24 driven by the control system 34. Feeding
back the electrical feedback 44 preferably includes feeding back the electrical charge
flow rate through the resonant actuator. The current (i) through the actuator 24 is fed back

into the control system as (i_act) with the drive current controlled and limited to a
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maximum operation value, most preferably with no shape filtering used to drive the
actuator 24. In an embodiment of the invention feeding back the electrical feedback 44
preferably includes feeding back the electrical potential difference through the resonant
actuator. The voltage across the actuator fed back into the control system as (v_act), with
the voltage is controlled and limited to a maximum value corresponding to the rated
voltage for the actuator 24 for maximum operation displacement of the actuator at
resonance. In an embodiment feeding back the electrical feedback 44 preferably includes
feeding back both the electrical charge flow rate through the resonant actuator and the
electrical potential difference through the resonant actuator, with both the voltage and

current feedback from actuator.

The invention includes a method of controlling helicopter vibrations. The method
includes providing a resonant actuator having a natural resonant frequency. The method
includes mounting the resonant actuator in a helicopter. The method includes providing a
resonant actuator electronic control system for providing an electrical drive current to
drive the resonant actuator. The method includes connecting the resonant actuator with
the resonant actuator electronic control system. The method includes driving the resonant
actuator about the natural resonant frequency with the resonant actuator feeding an
electrical output back into the resonant actuator electronic control system and adjusting

the electrical drive current based on the resonant actuator electrical output.

The invention includes a method of controlling helicopter vibrations. The method
includes providing a resonant actuator 24 having a natural resonant frequency, mounting
the resonant actuator in a helicopter to a vibrating structure 50 of the helicopter,
providing a resonant actuator electronic control system 34 for providing an electrical
drive current to drive the resonant actuator, connecting the resonant actuator with the
resonant actuator electronic control system, and driving the resonant actuator about the
natural resonant frequency with the resonant actuator feeding an electrical output back
into the resonant actuator electronic control system and adjusting the electrical drive
current based on the resonant actuator electrical output. The method includes driving the

resonant actuator about the natural resonant frequency with the resonant actuator feeding
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an electrical output back into the resonant actuator electronic control system and
adjusting the electrical drive current based on the resonant actuator electrical output.
Preferably providing a resonant actuator 24 includes providing a resonant actuator with a
natural resonant frequency in a range of 15 to 40 Hz, more preferably 15-30Hz, and most
preferably 18 to 26 Hz. Preferably providing a resonant actuator 24 includes providing a
resonant actuator with a damping level less than four percent of critical damping, more
preferably less than two percent of critical damping. Preferably the lightly damped
resonant actuator 24 has an effective damping ratio less than 0.5 (damping ratio =
particular damping coefficient ¢ / critical damping coefficient ¢, ), with the actuator
having the highly resonant response of a lightly damped mass spring system. Preferably
the method includes providing an electrical connector interface 52 for disengagably
connecting the resonant actuator to the resonant actuator electronic control system.
Preferably the resonant actuator electrical output 44 is an electrical potential difference
through the resonant actuator with the voltage across the actuator fed back into the
control system, with voltage controlled/limited to a maximum value corresponding to the
rated voltage for the actuator for maximum operation displacement of the actuator at
resonance. Preferably the resonant actuator electrical output 44 is an electrical charge
flow rate through the resonant actuator. Preferably the resonant actuator electrical output
is an electrical charge flow rate through the resonant actuator and an electrical potential
difference through the resonant actuator. In an embodiment the resonant actuator

electrical output is an actuator sensor electrical output.

The invention utilizes tuning of the current loop of the amplifier to provide force
shaping without using a shaping filter, with such tuning limiting the maximum current
and power delivered to the actuator at frequencies away from resonance and, keeps the
moving mass displacements below fatigue limits at resonance. The amplifier behaves like
a voltage controlled amplifier close to the resonance frequency and a current controlled
amplifier away from resonance. Since the actuator voltage is proportional to flexure
displacement near resonance, limiting the actuator voltage near resonance protects the
actuator from being overdriven. Preferably the magnitude of the trans-conductance dip of

the amplifier is tuned to limit displacement at resonance and the pass-band gain of the
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amplifier inorder to limit the current/power away from the resonance frequency. The
invention allows the system to adapt to changes in the resonance frequency. With the
invention no data is required from the installed actuators and no shaping filters are
required in the system. With the invention the actuators can be changed, swapped,
repaired, and/or replaced without making any changes and/or adjustments to the

electronic control system.

FIG. 6 shows a schematic of the vibration control actuator system. The actuator

system can be modeled using the following equations:

*x  ox
m—at—2+c—a—t=kx=Fa(t)

L—C-Ji+Ri+a§{=v
dt ot
F,(t)=-ai

a

m

25
Ls+R p

2 m
ms® +cs+k @
Ls+R

X =

I= 1 14

2 n
[Ls +R +—20i—s——j

ms” +ces+k

FIG. 7 shows the schematic of a current loop of the LUICU. The five gains (g, through
gs) shown in the schematic are preferably optimized to achieve adesired performance.
Preferably with loop optimization, there are five parameters for optimization in the
control scheme:

Input gain g;

Compensator gains g2, g3, g4

Feedback loop gain gs

Preferably with loop optimization, there are two considerations:
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1) The system should not exceed the physical limits;

2) The system should have sufficient stability margins.
Preferably these gains are designed through a coupled optimization study and a stability
analysis, a number of cost functions can be used for optimization and they will result in

different solutions, with examples and their comparison presented here:

@1:[1(0)‘)—1"’“*) _{F(co,,)—an)

wl w2
@2{1(@)—1”) +[F(wn)—Fm,j +(P(wn)—1’m)
wl w2 w3
¢3=[1(a>1)—1m) +(F(wn)-F,,q) +(P(wn)—Pm)
wl w2 w3

where Iz and Py, are the maximum allowed current and power respectively. The Frey
is the desired force.

For simplicity and demonstration purposes, two gains are optimized, g; and gs , with the
following values used:

] Imax = 5amMps, Pmax = 100 watts and Frq = 3000 N
] w1=300,w2=1and w3=6
" w1 =10Hz, w,=21.6 Hz

The below table shows the optimized gains for the three cost functions. The system is
optimized for 13Kg moving mass

Cost Function | g4 gs

Dy 0.95555 0.10654
@, 1.0396 0.2585
@, 0.96887 0.13062

The plots of FIG. 8-17 show the performance of the method/system. In implementation
and lab testing the loop changes were implemented in the LCICU amplifier card and the
system was tested. For testing, the following values were used:
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g1 =0.295, g2 =50, g3 = 2*pi*2.4, g4 = 2*pi*354, g5 =0.1245 ; the testing
was done for an actuator mass of 14.2 and resonance of 21.72 ; the
optimization was done for mass of 13 ; the test demonstrated that the system
performance was within specs. It is noted that the mass estimation is
important to limit the force, since we tuned the resonant acceleration and not
the force.

It will be apparent to those skilled in the art that various modifications and
variations can be made to the present invention without departing from the spirit and
scope of the invention. Thus, it is intended that the present invention cover the
modifications and variations of this invention provided they come within the scope of the

appended claims and their equivalents.
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Claims:

1. A vibration canceling force generator for actively generating a vibration canceling
force, said vibration canceling force generator comprising:

a resonant actuator having a natural resonant frequency, and a resonant actuator
electronic control system having a command input for receiving a command signal, said
resonant actuator electronic control system providing an electrical drive current to said
resonant actuator to drive said resonant actuator about said resonant frequency when
commanded by a received command signal, said resonant actuator having a feedback
output, said feedback output fed back into said resonant actuator electronic control
system wherein said resonant actuator electronic control system adjusts said electrical
drive current based on said resonant actuator feedback output to generate said vibration

canceling force.

2. A vibration canceling force generator as claimed in claim 1 wherein said resonant

actuator natural resonant frequency is in a range of 15 to 40 Hz.

3. A vibration canceling force generator as claimed in claim 1 wherein said resonant

actuator natural resonant frequency is in a range of 18 to 26 Hz.

4. A vibration canceling force generator as claimed in claim 1 wherein said resonant

actuator has a damping level less than four percent of critical damping.

5. A vibration canceling force generator as claimed in claim 1 wherein said resonant

actuator is a lightly damped resonant actuator.

6. A vibration canceling force generator as claimed in claim 1 wherein said command

signal is an analog input voltage.
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7. A vibration canceling force generator as claimed in claim 1 including an electrical
connector interface for disengagably connecting said resonant actuator to said resonant

actuator electronic control system.

8. A vibration canceling force generator as claimed in claim 1, wherein said resonant

actuator feedback output is an electrical output.

9. A vibration canceling force generator as claimed in claim 1, wherein said resonant
actuator feedback output is an electrical potential difference through said resonant

actuator.

10. A vibration canceling force generator as claimed in claim 1, wherein said resonant

actuator feedback output is an electrical charge flow rate through said resonant actuator.

11. A vibration canceling force generator as claimed in claim 1, wherein said resonant
actuator feedback output is an electrical charge flow rate through said resonant actuator

and an electrical potential difference through said resonant actuator.

12. A method of making a vibration canceling force generator, said method comprising
the steps of: providing a resonant actuator having a natural resonant frequency, providing
a resonant actuator electronic control system having a command input for receiving a
command signal and a power amplifier for providing an electrical drive current to drive
said resonant actuator, connecting said resonant actuator with said resonant actuator
electronic control system wherein said resonant actuator electronic control system
electrical drive current drives said resonant actuator about said natural resonant frequency
when commanded by a received command signal, with said resonant actuator feeding an
electrical output back into said resonant actuator electronic control system wherein said
resonant actuator electronic control system adjusts said electrical drive current based on

said resonant actuator electrical output.
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13. A method as claimed in claim 12 wherein providing a resonant actuator includes

providing a resonant actuator with a natural resonant frequency in a range of 15 to 40 Hz.

14. A method as claimed in claim 12 wherein said resonant actuator has a damping level

less than four percent of critical damping.

15. A method as claimed in claim 12 wherein said method includes providing an
electrical connector interface for disengagably connecting said resonant actuator to said

resonant actuator electronic control system.

16. A method as claimed in claim 12, wherein said resonant actuator electrical output is

an electrical potential difference through said resonant actuator.

17. A method as claimed in claim 12, wherein said resonant actuator electrical output is

an electrical charge flow rate through said resonant actuator.

18. A method as claimed in claim 12, wherein said resonant actuator electrical output is
an electrical charge flow rate through said resonant actuator and an electrical potential

difference through said resonant actuator.

19. A method of controlling vibrations, said method comprising the steps of: providing a
resonant actuator having a natural resonant frequency, providing a resonant actuator
electronic control system for providing an electrical drive current to drive said resonant
actuator, connecting said resonant actuator with said resonant actuator electronic control
system, driving said resonant actuator about said natural resonant frequency with said
resonant actuator feeding an electrical output back into said resonant actuator electronic
control system and adjusting said electrical drive current based on said resonant actuator

electrical output.

20. A method as claimed in claim 19 wherein providing a resonant actuator includes

providing a resonant actuator with a natural resonant frequency in a range of 15 to 40 Hz.
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21. A method as claimed in claim 20 wherein said resonant actuator has a damping level

less than four percent of critical damping.

2. A method as claimed in claim 20 wherein said method includes providing an
electrical connector interface for disengagably connecting said resonant actuator to said

resonant actuator electronic control system.

23. A method as claimed in claim 20, wherein said resonant actuator electrical output is

an electrical potential difference through said resonant actuator.

24. A method as claimed in claim 20, wherein said resonant actuator electrical output is

an electrical charge flow rate through said resonant actuator.

75. A method as claimed in claim 20, wherein said resonant actuator electrical output is
an electrical charge flow rate through said resonant actuator and an electrical potential

difference through said resonant actuator.

26. A method as claimed in claim 20,wherein said resonant actuator electrical output is an

actuator sensor electrical output.

27. A vehicle vibration canceling system, said vehicle vibration canceling system
comprising: a resonant actuator having a natural resonant frequency, and a resonant
actuator electronic controller, said resonant actuator electronic controller providing an
electrical drive current to said resonant actuator to drive said resonant actuator about said
resonant frequency, said resonant actuator having a feedback electrical output, said
feedback electrical output fed back into said resonant actuator electronic controlier
wherein said resonant actuator electronic controller adjusts said electrical drive current

based on said resonant actuator feedback electrical output.
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28. A vehicle vibration canceling system as claimed in claim 27 wherein said resonant

actuator natural resonant frequency is in a range of 15 to 40 Hz.

29. A vehicle vibration canceling system as claimed in claim 27 wherein said resonant

actuator has a damping level less than four percent of critical damping.

30. A vehicle vibration canceling system as claimed in claim 27 wherein said resonant

actuator is a lightly damped resonant actuator.

31. A vehicle vibration canceling system as claimed in claim 27 including an electrical
connector interface for disengagably connecting said resonant actuator to said resonant

actuator electronic controller.

32. A vehicle vibration canceling system as claimed in claim 27 wherein said resonant
actuator feedback output is an electrical potential difference through said resonant

actuator.

33. A vehicle vibration canceling system as claimed in claim 27 wherein said resonant

actuator feedback output is an electrical charge flow rate through said resonant actuator.

34. A vehicle vibration canceling system as claimed in claim 27 wherein said resonant
actuator feedback output is an electrical charge flow rate through said resonant actuator

and an electrical potential difference through said resonant actuator.

35. A vehicle vibration canceling system as claimed in claim 27 wherein said resonant

actuator electrical output is an actuator sensor electrical output.

36. A method of making a helicopter vibration canceling system, said method comprising
the steps of: providing a resonant actuator having a natural resonant frequency,
providing a resonant actuator electronic control system for providing an electrical drive

current to drive said resonant actuator, connecting said resonant actuator with said
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resonant actuator electronic control system wherein said resonant actuator electronic
control system electrical drive current drives said resonant actuator about said natural
resonant frequency, with said resonant actuator feeding an electrical output back into said
resonant actuator electronic control system wherein said resonant actuator electronic
control system adjusts said electrical drive current based on said resonant actuator

electrical output.

37. A method as claimed in claim 36 wherein providing a resonant actuator includes

providing a resonant actuator with a natural resonant frequency in a range of 15 to 40 Hz.

38. A method as claimed in claim 36 wherein said resonant actuator has a damping level

less than four percent of critical damping.

39. A method as claimed in claim 36 wherein said method includes providing an
electrical connector interface for disengagably connecting said resonant actuator to said

resonant actuator electronic control system.

40. A method as claimed in claim 36, wherein said resonant actuator electrical output is

an electrical potential difference through said resonant actuator.

41. A method as claimed in claim 36, wherein said resonant actuator electrical output is

an electrical charge flow rate through said resonant actuator.

42. A method as claimed in claim 36, wherein said resonant actuator electrical output is
an electrical charge flow rate through said resonant actuator and an electrical potential

difference through said resonant actuator.

43. A method of controlling helicopter vibrations, said method comprising the steps of:
providing a resonant actuator having a natural resonant frequency, mounting said
resonant actuator in a helicopter, providing a resonant actuator electronic control system

for providing an electrical drive current to drive said resonant actuator, connecting said
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resonant actuator with said resonant actuator electronic control system, driving said
resonant actuator about said natural resonant frequency with said resonant actuator
feeding an electrical output back into said resonant actuator electronic control system and

adjusting said electrical drive current based on said resonant actuator electrical output.

44. A method as claimed in claim 43 wherein providing a resonant actuator includes

providing a resonant actuator with a natural resonant frequency in a range of 15 to 40 Hz

45. A method as claimed in claim 43 wherein said resonant actuator has a damping level

Jess than four percent of critical damping.

46. A method as claimed in claim 43 wherein said method includes providing an
electrical connector interface for disengagably connecting said resonant actuator to said

resonant actuator electronic control system.

47. A method as claimed in claim 43, wherein said resonant actuator electrical output is

an electrical potential difference through said resonant actuator.

48. A method as claimed in claim 43, wherein said resonant actuator electrical output is

an electrical charge flow rate through said resonant actuator.
49. A method as claimed in claim 43, wherein said resonant actuator electrical output is
an electrical charge flow rate through said resonant actuator and an electrical potential

difference through said resonant actuator.

50. A method as claimed in claim 43, wherein said resonant actuator electrical output is

an actuator sensor electrical output.
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FIG. 8

Actuator Force for 0.75 volt command
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Actuator Current for 0.75 volt command

Actuator Current (amps)
N
[4))

0.5

0 — —
19 20 21 22 23 24 25
— — — Cost Function #1 Frequency (Hz)
Cost Function #2
--------- Cost Function #3




PCT/US2005/020580

WO 2006/083295

12/15

mmand

(o]

Actuator Voltage for 0.75 volt ¢

FIG. 10
180
160+ ------
60

(s)jon) abjejop 1ojenjoy

Frequency (Hz)

— — — Cost Function #1

Cost Function #2
.--- Cost Function #3

FIG. 11

Actuator Power for 0.75 volt command
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Actuator Power for 0.75 volt command

FIG. 12
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FIG. 14

and at 22.1 Hz

Actuator Response to 0.75 Volts Comm

1 ] ]
Pry - aungll] [ 1 1 |

| T 1 [}
I v o ) T

1 i T F 1

1 1 ' A |

f ' i | S T
R Wit o T T T T T

A\W‘ ] ] 1 )

1 ] T

| 1 \ ) 1H.w:/
Sl F O r === - - - - [ -

T ] 1 1 |

| 1 ] T——————

] i l ’ I
CT el T T T l==---- oo o

1 L ] ]

1 | 1 T e,

' 1 i i
IS - o —e=qqupapaly W e m - = 4o e [

015 02 025 03 035 04 045 05

i

15

(ww) dsiq ssey 10)enjoy

-15

0.05 01

0

D

S’

o

E

T
—N®
T 3k 3¢
[ oul el g
L0090
LSRR
ccc
33 3
e
2R
O O O
000
N
|

1

Actuator Force for 0.75 volt command

FIG. 15

3500

(N) 8104

1500

25

24

o
N
o)
N
I
N
2
N
N @
3
o
o
L
-
N
o
[aV}
jel o]
S 0L
B3E
S E
et
N = (&
-0 2 <L
[
[
!
]



PCT/US2005/020580

WO 2006/083295

15/15

Tol
T N
!
]
[}
]
]
! <
-~ T T~ TN
]
1
]
]
]
_ o
- F--+Q
—
! N
! L
I R
1 >
J Zm
T TTTN O
- ]
' o
t [0
[
" L
1
T - ||ll1
v aininle N
E
]
1
i
]
cCo
L 1R85
1 = e
1 O 3
= O
1 da
1 o o0
[ -
| a=
} @ |
n 0 o |
Al |
|

FIG. 16

(sdwe) yuaiing Jojenjoy

FIG. 17

|
]
|

!
|
|
r

f
|
|
|
I I
|
I
]
|

180

120~ —
0

80 4 — ——

60

(s)jon) abiejop Jojenjoy

23 24 25

22
Frequency (Hz)

19

— — — — Prediction

Measured



INTERNATIONAL SEARCH REPORT

Inational application No

PCT/US2005/020580

A. CLASSIFICATION OF SUBJECT MATTER

INV.

F16F7/10

According to International Patemt Classification (IPC) or to both national classification and iIPC

B. FIELDS SEARCHED

Minimum documentation searched (classticalion system foliowed by classification symbols)

F16F B64C

Documentation searched other 1han minimum documentation 1o the extent that such documents ate included 10 the fields searched

Electronic data base consulted during the iternational search (name of data base and, where practical, search terms used)

EPO-Internal, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Ciation of document, with indication, where appropriate, of the relevant passages Relevant to claim No
X US ‘4 922 159 A (PHILLIPS ET AL) 1-50-
1 May 1990 (1990-05-01)
the whole document
Y US 5 920 173 A (MERCADAL ET AL) 1-50
6 July 1999 (1999-07-06)
the whole document
Y US 4 479 098 A (WATSON ET AL) 1-50

23 October 1984 (1984-10-23)
the whole document

D Further documents are listed in the continuation of Box C.

[)D See patent famdy annex

* Special categories of cited documents .

'A* document defining the general state of the art which is not
considered 1o be of particular relevance

‘E* earlier document but published on or afer the mternationai
filing date

'L* document which may throw doubts on prionty claim(s) or
which is ciied to establish the publication date of anather
citation or other special reason (as specified)

'0* document referring to an oral disclosure, use, exhibition or
other means

*P* document published prior 1o the international filing date but
later than the priority date claimed

*T* later document published after the international filing date
or prority date and not in conflict with the apphcation but
cited 1o understand the principle or theory underlying the
invention

*X' document of particular relevance, the claimed invention
cannot be considered nove! or cannot be considered to
involve an inventive step when the document 1s taken alone

'Y* document of particular relevance; the claimed mvention
* cannot be considered 1o involve an inventive step when the
document 1s combined with one or more other such docu~
ments, such combination being obvious to a person skilled
in the an

*&" document member of the same patent family

Date of the actual completion of the international search

Date of mailing of the intemational search repon

27 June 2006 04/07/2006
Name and mailing address of the ISA/ Authorized officer
European Patent Cffice, P B 5818 Patentlaan 2
NL - 2280 HV Rijswik
Tel. (+31-70) 340-2040, Tx 31651 epo nl, 5
Fax. (+31-70) 340-3016 Pirog, P

Form PCT/ISA/210 {second shaet) (Aprit 2005)




INTERNATIONAL SEARCH REPORT

information on patent family members

ational application No

PCT/US2005/020580
Patent document Publication Patent family Pubhlcation
cited in search report date member(s) date
US 4922159 A 01-05-1990  NONE
US 5920173 A 06-07~-1999  NONE
US 4479098 A 23-10~1984  NONE

Form PCTASA/210 (patent family annex) (Apnil 2005)




	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

