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(87) Abstract

An active noise control system (12) for minimizing undesirable acoustic noise in a defined volume, wherein the undesirable acoustic
noise is generated by high frequency structural vibrations emanating from a vibration source structurally coupled to the defined volume at
a structural interface. The active noise control system (12) comprises a sensor subsystem (26) disposed in combination with the defined
volume (14) for sensing the undesirable acoustic noise in the defined volume (14), an actuator subsystem (28) disposed proximal to the
structural interface (22), and a controller (30) functionally interconnecting the sensor subsystem (26) to the actuator subsystem (28), the
controller (30) being operative to receive input from the sensor subsystem (26) and to transmit command signals to the actuator subsystem
(28) in response thereto for generating selected high frequency counter—vibrations that are interactive with the high frequency structural
vibrations to minimize the undesirable acoustic noise in the defined volume (14).
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Active Noise Control System For A Defined Volume

Statement of Priority
This Non-Provisional U.S. Application claims the benefit of commonly-owned

U.S. Provisional Application No. 60/056710, entitled STRUCTURE-BORNE ACTIVE
NOISE CONTROL FOR ENCLOSURES, filed August 22, 1997.

Technical Field
This invention relates generally to active noise control systems for defined
volumes, and more particularly, to an active noise control system for minimizing

undesirable acoustic noise in a helicopter cabin.

Background of the Invention

Interior acoustic noise is a primary concern in the operation of helicopters. While
there are numerous sources of acoustic noise-generating vibrations in an operating
helicopter, such as the main rotor assembly, the main gearbox, the engines, the tail rotor
assembly, the hydraulic system, aerodynamic forces, etc., the high frequency structure-
borne vibrations emanating from the main gearbox have the most pronounced effect on
interior acoustic noise, i.e., in the cockpit and/or cabin.

In a Sikorsky Aircraft Corporation S-92™ helicopter (S-92™ is a trademark of the
Sikorsky Aircraft Corporation), the main gearbox includes three stages of reduction
gearing: a first stage for each engine output comprising input and output bevel gearing, a
second stage comprising two driver bevel pinions driving a main bevel gear, and a final
stage comprising a stacked compound planetary gear train having a plurality of primary
planetary pinions interacting with a sun gear, and a plurality of secondary planetary
pinions interacting with a fixed ring gear (a more detailed description of the operation of
the S-92 helicopter's main gearbox can be found in U.S. Pat. No. 5,472,386, STACKED
COMPOUND PLANETARY GEAR TRAIN FOR AN UPGRADED POWERTRAIN
SYSTEM FOR A HELICOPTER, granted to Kish, and assigned to United Technologies
Corporation).
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The high frequency vibrations emanating from the main gearbox are coupled to the
helicopter airframe structure via main gearbox support members, and induce vibratory
responses of many airframe structure natural modes. These vibratory responses excite
acoustic natural modes of the cockpit and/or cabin acoustic volume and produce
undesirable acoustic noise levels within the helicopter cockpit and/or cabin.

In normal operations, dominant cockpit and/or cabin acoustic noise levels of the S-
92 helicopter are primarily the result of high frequency vibrations originating from gear
meshing between the secondary planetary pinions and the fixed ring gear in the stacked
compound planetary gear train. As illustrated in FIG. 1, the vibrations produced by the
first and second reduction stages of the S-92 helicopter's main gearbox, and the vibrations
produced by the gear meshing between the primary planetary pinions and the sun gear,
occur at very high frequencies 2, 4A, 4B (greater than 1000 Hz), and generate acoustic
noise in the cabin and/or cockpit that is minor relative to acoustic noise generated by the
gear meshing between the secondary planetary pinions and the fixed ring gear (which
occurs at a fundamental frequency 6 of approximately 687.7 Hz at 100% Nr, and can vary
between approximately 618.9 Hz at 90% Nr and approximately 722.1 Hz at 105% Nr).
Specifically, the high frequency vibrations produced by the gear meshing between the
secondary planetary pinions and the fixed ring gear generate acoustic noise in the cabin
and/or cockpit that fall into the speech interference range, thereby making them
undesirable.

Such acoustic noise generally cannot be effectively abated by passive-type acoustic
treatment of the cockpit and/or cabin interior. Passive treatment, such as acoustic panels
or blankets, may be partially effective for very high frequency induced acoustic noise, but
are not very effective vis-a-vis induced acoustic noise in the 300 to 1000 Hz range. In
addition, the weight penalty incurred by the use of such acoustic panels or blankets
negatively impacts the performance capability of the helicopter.

Another passive technique involves the use of vibration isolators at the interface
between the main rotor assembly/main gearbox and the airframe structure. Such vibration
isolators transmit only a reduced portion of the acoustic noise-generating high frequency
vibrations into the helicopter airframe due to their inherent softness. These vibration

isolators, however, must be interposed in the primary load path of the helicopter, and
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gearbox deflections under steady flight loads may cause high speed engine-to-
transmission drive shaft deflections that may adversely impact shaft reliability and could
also induce false commands into the flight control system.

In US. Pat. No. 5,310,137, HELICOPTER ACTIVE NOISE CONTROL
SYSTEM, granted to Yoerkie et al., and assigned to United Technologies Corporation
(hereinafter "'137 patent"), an active noise control system for a helicopter is disclosed that
is operative to effectively nullify one or more high frequency vibrations emanating from
a gearbox at a gearbox/airframe interface, thereby significantly reducing the interior noise
levels of the helicopter. The active noise control system is design optimized to minimize
the number of actuators required, and is design optimized to minimize contamination
forces arising from operation of the system actuators. The active noise control system
includes modified transmission beams that are mechanically stiffened to function as rigid
bodies with respect to the one or more of the high frequency vibrations, a plurality of
actuators disposed in combination with the modified transmission beams. a plurality of
sensors disposed in combination with the modified transmission beams in a collinear,
spaced apart functional correlation with respective actuators. and controllers
interconnecting individual actuators with respective functionally correlated sensors.

A drawback to the active noise control system disclosed in the '137 patent is that
although the placement of the actuators and sensors on the transmission beams results in
localized nullification of high frequency vibrations at the sensor locations. the location of
the sensors and actuators remotely from the gearbox/airframe interface may permit the
"leaking" of high frequency vibrations into the helicopter's airframe through the space
between the gearbox/airframe interface and the sensor locations. Therefore. although the
sensors may return data to the controller indicative of nullified high frequency vibrations,
there still exists a possibility that undesirable acoustic noise is being generated in the

cabin.
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Disclosure of the Invention

It is therefore an object of the present invention to provide an active noise control
system for a defined volume that effectively minimizes undesirable acoustic noise in the
defined volume.

Another object of the present invention is to provide an active noise control system
for a defined volume that effectively minimizes undesirable acoustic noise in the defined
volume, wherein the undesirable acoustic noise is generated by high frequency structural
vibrations emanating from a vibration source.

These objects and others are achieved in the present invention by an active noise
control system for minimizing undesirable acoustic noise in a defined volume, wherein
the undesirable acoustic noise is generated by high frequency structural vibrations
emanating from a vibration source structurally coupled to the defined volume at a
structural interface.

The active noise control system comprises a sensor subsystem disposed in
combination with the defined volume for sensing the undesirable acoustic noise in the
defined volume, an actuator subsystem disposed proximal to the structural interface, and
a controller functionally interconnecting the sensor subsystem to the actuator subsystem,
the controller being operative to receive input from the sensor subsystem and to transmit
command signals to the actuator subsystem in response thereto for generating selected
high frequency counter-vibrations that are interactive with the high frequency structural
vibrations to minimize the undesirable acoustic noise in the defined volume.

Still other objects and advantages of the present invention will become readily
apparent to those skilled in this art from the following detailed description, wherein the
preferred embodiments of the invention are shown and described, simply by way of
illustration of the best mode contemplated of carrying out the invention. As will be
realized, the invention is capable of modifications in various respects, all without
departing from the invention. Accordingly, the drawings and description are to be

regarded as illustrative in nature, and not as restrictive.
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Brief Description of the Drawings

FIG.1 is a graph illustrating a frequency spectra of vibrations generated by a
Sikorsky Aircraft Corporation S-92 helicopter;

FIG. 2 is a schematic view of a helicopter having an active noise control system
embodying features of the present invention;

FIG. 2A is a schematic view of a helicopter having an alternative embodiment of
the active noise control system of FIG. 2;

FIG.3 is a perspective view of an S-92 helicopter main gearbox illustrating
elements of the active noise control system of FIG. 2;

FIG. 4 is a top view, partly broken away, of the main gearbox of FIG. 3; and

FIG.5 is a top view, partly broken away; of the main gearbox of FIG. 3. with

elements of the active noise control system removed for visual clarity.

Best Mode for Carrying Out the Invention

Referring now to the drawings wherein like reference characters identify
corresponding or similar elements throughout the several views. FIG. 2 is a schematic
illustration of a Sikorsky Aircraft Corporation S-92™ helicopter 10 (S-92™ is a
trademark of the Sikorsky Aircraft Corporation) having an active noise control system 12
embodying features of the present invention, for minimizing undesirable acoustic noise in
the cabin 14 of the helicopter 10. As used herein, the cabin 14 can also include the
cockpit 15 of the helicopter 10 and other interior compartments (not shown).

Figure 3 depicts a main gearbox 16 for the S-92 helicopter 10. As is known in the
art. the main gearbox 16 mechanically couples the turbine engines (not shown) to the
main rotor drive shaft 11 and tail rotor drive shaft (not shown) of the helicopter 10, and
functions to transmit torque from the turbine engines to the respective drive shafts. The
main gearbox 16 includes a plurality of attachment feet 18 for securing the main
gearbox 16 to a plurality of main gearbox support members 20. thereby defining a
plurality of structural interfaces 22 at the securing locations. Referring to FIGS. 2 and 3,
the plurality of main gearbox support members 20 are in turn structurally coupled to a

cabin structure 24 that defines the cabin 14.
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The active noise control system 12 comprises a sensor subsystem 26 disposed in
combination with the cabin 14, an actuator subsystem 28 disposed proximal to the
structural interfaces 22, and a controller 30 functionally interconnecting the sensor
subsystem 26 to the actuator subsystem 28.

In the described embodiment, the sensor subsystem 26 comprises a plurality of
conventional microphones 32 disposed within the cabin 14. It will be appreciated that the
number of microphones 32 and their locations will vary depending on a number of
factors, including the extent of global acoustic noise reduction desired in the 'cabin 14, the
costs associated with deploying a specific number of microphones 32, and the computing
power necessary and/or available to process the signals generated by a selected number of
microphones 32. In alternative embodiments, as depicted in FIG.2A, the sensor
subsystem 26 can comprise a plurality of conventional accelerometers 33 disposed in
combination with the cabin structure 24. In yet other alternative embodiments, the sensor
subsystem 26 can comprise a combination of microphones 32 disposed within the
cabin 14 and accelerometers 33 disposed in combination with the cabin structure 24.

Referring to FIGS. 2-5, the described embodiment of the actuator subsystem 28
comprises a plurality of inertial mass actuators 34 disposed in combination with the
attachment feet 18 of the main gearbox 16. Each of the attachment feet 18 includes a
plurality of flanges36,37,38 extending therefrom, wherein the plurality of
flanges 36, 37, 38 are spaced proximal to the structural interfaces 22, and wherein each of
the flanges 36, 37, 38 is configured to receive at least one actuator 34. Specifically, as
illustrated in FIGS. 4 and 5, the flange 36 includes two mating surfaces 36a, 36b, wherein
each mating surface 36a, 36b has a threaded bore 40 formed therein perpendicular to the
plane of the mating surface 36a, 36b, and wherein the threaded bores 40 are configured to
receive threaded bolts 42 that extend through the actuators 34. In the flange 36, the
mating surfaces 36a, 36b are oriented such that when the threaded bolts 42 are fastened
into the threaded bores 40, the actuators 34 are aligned along perpendicular axes. In the
described embodiment, flange 37 includes one mating surface 37a, and flange 38 includes
three mating surfaces 38a, 38b, 38¢ that provide for mounting of the actuators 34 along

mutually perpendicular axes. The cumulative effect of this embodiment is that the
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actuators 34 mounted on the various flanges 36, 37, 38 are aligned along parallel and
perpendicular axes.

In alternative embodiments, the respective mating surfaces of the flanges 36, 37, 38
may be configured/oriented such that the actuators 34 are mounted along non-parallel
and/or non-perpendicular axes.

As will be appreciated by those skilled in the art, the number and orientation of the
actuators 34 in combination with the flanges 36, 37, 38 dictate the type and direction of
forces and/or moments (i.e., degrees of freedom) the actuators 34 generate at each of the
structural interfaces 22. Therefore, in alternative embodiments. the number and
orientation of the actuators 34 and flanges 36,37, 38 can differ from those of the
described embodiment, to conform with operational requirements for a particular
application. It will also be appreciated that although in the described environment, the
inertial mass actuators 34 are fastened to the mating surfaces 36a. 36b. 37a. 38a. 38b, 38¢
with threaded bolts 42, in alternative embodiments, other conventional actuators can be
disposed proximal to the structural interfaces22, using conventional mounting
techniques. to generate high frequency counter-vibrations for use in minimizing
undesirable acoustic noise in the cabin 14.

In the described embodiment, the controller 30 is of a conventional type for
receiving input signals from the microphones 32 and for transmitting command signals to
the actuators 34 in response thereto in accordance with the programming of the
controller 30. In the described embodiment, an electrical amplifier 31 is interposed
between the controller 30 and the actuators 34 to amplify the command signals
transmitted to the actuators 34.

Referring to FIGS.1 and2, during operation of the helicopter 10. the main
gearbox 16 generates high frequency vibrations that are transmitted from the attachment
feet 18 to the plurality of main gearbox support members 20 through the structural
interfaces 22, and are then transmitted from the main gearbox support members 20 to the
cabin structure 24 and then into the cabin 14 as acoustic noise. In the described
embodiment for the S-92 helicopter 10, the high frequency vibrations generated by the
main gearbox 16 from gear meshing between the secondary planetary pinions (not

shown) and the fixed ring gear (not shown) at a fundamental frequency of

-7-



10

15

20

25

30

WO 99/10877 PCT/US98/17121

approximately 687.7 Hz at 100% Nr (identified in FIG. 1 as 6), produce undesirable
acoustic noise when transmitted into the cabin 14. Therefore, in the described
embodiment, the active noise control system 12 is optimized to minimize high frequency
structural vibrations generated by the main gearbox 16 at a frequency range of
approximately 618.9 Hz at 90% Nr to approximately 722.1 Hz at 105% Ni, thereby
minimizing acoustic noise in the cabin 14 between those frequencies. However, in
alternative embodiments, the active noise control system 12 can be optimized to
minimize high frequency structural vibrations and acoustic noise at other frequencies, or
combinations of frequencies, as dictated by the operational characteristics of a particular
helicopter or other application.

Referring to FIGS. 2-5, in operation, the undesirable acoustic noise generated in the
cabin 14 by the high frequency structural vibrations are detected by the microphones 32,
which in turn deliver signals to the controller 30 indicative of the frequency and
magnitude of the undesirable acoustic noise. The controller 30 filters the signals received
from the microphones 32 to isolate the frequency or frequencies targeted for
minimization (i.e., the undesirable acoustic noise frequencies). Concurrent with the input
of the signals from the microphones 32 to the controller 30, the controller 30 receives
input 29 from a tachometer (not shown) disposed in combination with a rotating gear (not
shown) within the main gearbox 16, to establish a reference phase for the active noise
control system 12. Then, using a conventional minimum variance control algorithm in
combination with the signals received from the microphones 32 and the tachometer, the
controller 30 delivers command signals through the electrical amplifier 31 to each of the
plurality of actuators 34 to generate high frequency structural counter-vibrations proximal
to the structural interfaces 22. These high frequency structural counter-vibrations are
optimized by the controller 30 with magnitudes, frequencies, and phases to interact with
the high frequency structural vibrations to minimize transmission of the high frequency
structural vibrations through the structural interfaces 22, thereby minimizing the
undesirable acoustic noise in the cabin 14.

Although the described embodiment of the active noise control system 12 is
disposed in combination with the gearbox 16 and cabin 14 of a helicopter 10, in

alternative embodiments, the present invention can be disposed in combination with any

-8-
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defined volume structurally coupled to a vibration source (e.g., a helicopter cabin and tail
gearbox, an automobile interior and engine). In addition, in alternative embodiments, the
defined volume does not have to be fully enclosed, and can comprise any volume at least
partially defined by a structure or multiple structures.

It will be readily seen by one of ordinary skill in the art that the present invention
fulfills all the objects set forth above. After reading the foregoing specification, one of
ordinary skill will be able to effect various changes, substitutions of equivalents and
various other aspects of the invention as broadly disclosed herein. It is therefore intended
that the protection granted hereon be limited only by the definition contained in the

appended claims and equivalents thereof.
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What is claimed is:

1.

‘An active noise control system for minimizing undesirable acoustic noise in a

defined volume, the undesirable acoustic noise being generated by high

frequency structural vibrations emanating from a vibration source structurally

coupled to the defined volume at a structural interface, the active noise

control system comprising:

(@)

(b)
©

a sensor subsystem disposed in combination with the defined volume
for sensing the undesirable acoustic noise in the defined volume;

an actuator subsystem disposed proximal to the structural interface; and
a controller functionally interconnecting said sensor subsystem to said
actuator subsystem, said controller being operative to receive input
from said sensor subsystem and to transmit command signals to said
actuator subsystem in response thereto for generating selected high
frequency counter-vibrations that are interactive with the high
frequency structural vibrations to minimize the undesirable acoustic

noise in the defined volume.

The active noise control system of Claim 1, wherein the defined volume

comprises an enclosure defined by a surrounding structure.

The active noise control system of Claim 2, wherein:

(a)
(b)
(©
(d)

said enclosure is a helicopter cabin;

said surrounding structure is a cabin structure;

the vibration source is a gearbox; and

the structural interface is a plurality of support members structurally

coupling said gearbox to said cabin structure.

The active noise control system of Claim 3, wherein said actuator subsystem

comprises a plurality of structural actuators disposed in combination with

said plurality of support members.

-10-
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The active noise control system of Claim 3, wherein said sensor subsystem
comprises a plurality of microphones disposed in combination with said

helicopter cabin.

The active noise control system of Claim 1, wherein said controller is further
operative to receive a tachometer input signal for providing a phase reference

for said command signals transmitted to said actuator subsystem.

An active noise control system for minimizing undesirable acoustic noise in a

volume defined by a structure, the undesirable acoustic noise being generated

by high frequency structural vibrations emanating from a vibration source

structurally coupled to the structure at a structural interface. the active noise

control system comprising:

(a) a sensor subsystem disposed in combination with the structure for
sensing the high frequency structural vibrations:

(b) an actuator subsystem disposed proximal to the structural interface; and

(c) a controller functionally interconnecting said sensor subsystem to said
actuator subsystem, said controller being operative to receive input
from said sensor subsystem and to transmit command signals to said
actuator subsystem in response thereto for gencrating selected high
frequency counter-vibrations that are intcractive with the high
frequency structural vibrations to minimize the undesirable acoustic

noise in the volume.

The active noise control system of Claim 7, wherein the volume comprises an

enclosure defined by a surrounding structure.

The active noise control system of Claim 8, wherein:
(a) said enclosure is a helicopter cabin;
(b) said surrounding structure is a cabin structure:

(c) the vibration source is a gearbox; and

-11-
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(d) the structural interface is a plurality of support members structurally

coupling said gearbox to said cabin structure.

The active noise control system of Claim 9, wherein said actuator subsystem
comprises a plurality of structural actuators disposed in combination with

said plurality of support members.

The active noise control system of Claim 9, wherein said sensor subsystem
comprises a plurality of accelerometers disposed in combination with said

cabin structure.

The active noise control system of Claim 7, wherein said controller is further
operative to receive a tachometer input signal for providing a phase reference

for said command signals transmitted to said actuator subsystem.

An active noise control system for minimizing the transmission of

undesirable high frequency vibrations into a defined volume, the undesirable

high frequency vibrations being generated by a vibration source structurally

coupled to the defined volume at a structural interface, the active noise

control system comprising:

(a) sensor means disposed in combination with the defined volume for
sensing the undesirable high frequency vibrations; and

(b) structural vibration means disposed proximal to the structural interface;
and

(c) controller means functionally interconnecting said sensor means to said
structural vibration means, said controller means being operative to
receive input from said sensor means and to transmit command signals
to said structural vibration means in response thereto for generating
selected high frequency counter-vibrations that are interactive with the
undesirable high frequency structural vibrations to minimize the
transmission of the undesirable high frequency structural vibrations into

the defined volume.
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The active noise control system of Claim 13, wherein the defined volume

comprises an enclosure defined by a surrounding structure.

The active noise control system of Claim 14, wherein:

(a) said enclosure is a helicopter cabin;

(b) said surrounding structure is a cabin structure;

(c) the vibration source is a gearbox; and

(d) the structural interface is a plurality of support members structurally

coupling said gearbox to said cabin structure.

The active noise control system of Claim 15, wherein said structural vibration
means comprises a plurality of structural actuators disposed in combination

with said plurality of support members.

The active noise control system of Claim 15, wherein said sensor means
comprises a plurality of microphones disposed in combination with said

cabin.

The active noise control system of Claim 15, wherein said sensor means
comprises a plurality of accelerometers disposed in combination with said

cabin structure.

The active noise control system of Claim 13, whercin said controller means is
further operative to receive a tachometer input signal for providing a phase
reference for said command signals transmitted to said structural vibration

means.

-13-
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