(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Burcau

AT O OO R

(10) International Publication Number

WO 2005/033544 A2

(43) International Publication Date
14 April 2005 (14.04.2005)

(51) International Patent Classification’: F16F (81) Designated States (unless otherwise indicated, for every

kind of national protection available): AE, AG, AL, AM,

(21) International Application Number: AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,

PCT/US2004/032245 CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,

GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,

(22) International Filing Date: KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA, MD,

30 September 2004 (30.09.2004) MG, MK, MN, MW, MX, MZ, NA, NI, NO, NZ, OM, PG,

PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL, SY, TJ, TM,

(25) Filing Language: English ;& TR, TT, TZ, UA, UG, US, UZ, VC, VN, YU, ZA, ZM,

(26) Publication Language: English  (84) Designated States (unless otherwise indicated, for every

kind of regional protection available): ARIPO (BW, GH,

(30) Priority Data: GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,

10/676,775 1 October 2003 (01.10.2003) US ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),

European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,

(71) Applicant: SIKORSKY AIRCRAFT CORPORATION FR, GB, GR, HU, IE, IT, LU, MC, NL, PL, PT, RO, SE, SI,

[US/US]; Legal-IP Dept., Mail Stop S316A, 6900 Main SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
Street, Stratford, CT 06615-9129 (US). GW, ML, MR, NE, SN, TD, TG).

Published:

(72) Inventor: FREDERICKSON, Kirk, Charles; 146 S.

Benham Road, Seymour, CT 06483 (US). —  without international search report and to be republished

upon receipt of that report

(74) Agent: SUFFREDINI, Brian, R.; Sikorsky Aircraft Cor-  For two-letter codes and other abbreviations, refer to the "Guid-
poration, Legal-IP Dept., Mail Stop S316A, 6900 Main ance Notes on Codes and Abbreviations” appearing at the begin-
Street, Stratford, CT 06615-9129 (US). ning of each regular issue of the PCT Gazette.

(54) Title: HARMONIC FORCE GENERATOR FOR AN ACTIVE VIBRATION CONTROL SYSTEM

57033544 A2 | IV Y0 O OO

& (57) Abstract: A force generator for an active vibration control (AVC) system provides a mass located upon an inner circular mem-

& ber which is movable within an outer circular member to simultaneously complete one revolution about its axis as it orbits within
the outer circular member to compensate for sensed vibrations. A crank mounts the inner circular member and a counterweight. The
crank is rotated by a prime mover such as an electric motor. The mass will therefore generate a sinusoidal inertial force in a straight

a line. Multiple systems are suitably arranged to be used in conjunction with one another to provide a wide range of inertial force
outputs.



WO 2005/033544 PCT/US2004/032245

[1]

(2]

[3]

[4]

[3]

[6]

HARMONIC FORCE GENERATOR FOR AN ACTIVE VIBRATION
CONTROL SYSTEM

BACKGROUND OF THE INVENTION

The present invention relates to producing large, controllable, vibratory forces to

compensate for sensed noise or vibrations, and more particularly to a force generator
which is part of an active vibration control (AVC) system for an aircraft.

The dominant source of vibration in a helicopter is that generated by the main
rotor system at the blade passing frequency (rotation rate times the number of rotor
blades). Forces and moments are transmitted usually through the transmission via
fuselage attachments, to produce vibration in the fuselage.

One conventional approach to reducing such vibration involves replacing a rigid
gearbox mounting strut with a compliant strut and parallel hydraulic actuator. A
controller commands the actuei‘,cors such that the gearbox is selectively vibrated to produce
inertial forces which minimize fuselage vibrations. Although effective, this approach is
inadequate in a vehicle having a gearbox which is directly attached to the airframe i.e.,
without struts.

Another conventional approach utilizes force generators consisting of counter-
rotating eccentric masses that rotate at the frequency of the primary aircraft vibration and
generate a fixed magnitude vibration force. A second pair of eccentric masses is phased
relative to the first pair to yield any force magnitude from zero to maximum force. This
system, although effective for direct gearbox mounting, requires a parasitic mass of
considerable magnitude which may result in an unacceptable weight penalty.

Accordingly, it is desirable to provide an active vibration control system which
generates relatively large controllable vibratory forces with a lower weight and smaller
size than conventional systems.

SUMMARY OF THE INVENTION

The force generator according to the present invention provides a mass located

near the periphery of a circular member which is movable to simultaneously complete
one revolution about its axis as it orbits within an outer circular member to create an
inertial force to compensate for sensed vibrations. A crank drives the inner circular
member and a counterweight. The crank is rotated by a prime mover such as an electric

motor.
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[7] As the inner circular member diameter is one half of the outer circular member
diameter, a mass on the circumference of the inner circular member traces a two cusp
hypocycloid (a straight line). If thé inner circular member moves with constant angular
velocity, the mass on the circumference moves with a simple harmonic motion. The mass
will therefore generate a sinusoidal inertial force in a straight line. Multiple systems are
to be used in conjunction with one another to provide a wide range of inertial force
outputs. Such a smooth sinusoidal vibratory force output is particularly suitable for the
compensation of helicopter main rotor vibrations.

(8] The present invention therefore provides a force generator which generates
relatively large controllable vibratory forces with a lower weight and smaller size than

conventional systems.

BRIEF DESCRIPTION OF THE DRAWINGS

[9] The various features and advantages of this invention will become apparent to

those skilled in the art from the following detailed description of the currently preferred
embodiment. The drawings that accompany the detailed description can be briefly
described as follows:

[10] Figure 1 is a general view of an exemplary rotary wing aircraft embodiment for

use with the present invention;

[11] Figure 2A is a general face view of a force generator according to the present
invention;

[12] Figure 2B is a general side view of the force generator of Figure 2A;

[13] Figure 3 is a schematic view of a mass movement in accordance with the present
nvention;

[14] Figure 4 is a formulaic schematic diagram of a mass movement in accordance

with the present invention;
[15] Figures 5a-5h are a representative schematic sequence illustrating a mass

movement in accordance with the present invention;

[16] ‘ Figure 6A is a general face view of a force generator according to the present
invention;

171 Figure 6B is a general side view of the force generator of Figure 6A;

[18] Figure 7 is another force generator according to the present invention;

[19] Figure 8 is another force generator according to the present invention;
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Figure 9 is another force generator according to the present invention;
Figure 10 is another force generator according to the present invention;
Figure 11 is another force generator according to the present invention; and

Figure 12 is another force generator according to the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

Figure 1 schematically illustrates an aircraft 10 having a main rotor assembly 12.
The aircraft 10 includes a fuselage 14 having an extending tail 16 which mounts an anti-
torque rotor 18. Although a particular helicopter configuration is illustrated in the
disclosed embodiment, other machines will also benefit from the present invention.

The main rotor assembly 12 is driven through a transmission (illustrated
schematically at 20) by one or more engines 22, Vibrations from the rotating main rotor
assembly 12, transmission 20, and the engines 22 are thus transmiited to the helicopter
fuselage 14. This vibration transmission is particularly manifest in rigid gearbox
mounted systems.

An active vibration control (AVC) system 21 includes one or more force
generators 24 mounted within the fuselage 14, however, there are numerous locations
within the aircraft 10 for locating the force generators 24. A plurality of sensors 26 are
mounted at various locations and communicate with a processor 28. The sensors 26 are
preferably mounted in the cockpit or cabin areas adjacent to crew or passenger stations.
The sensors 26 are preferably accelerometers which generate signals representative of
dynamic changes at selected locations as the main rotor assembly 12 rotates. The
processor 28 generates output signals to operate a power source 30 such as an electric
motor, air motor, hydraulic motor, turbine or the like. The power source 30 operates to
control the phase and magnitude characteristics of the force generator(s) 24 in response to
the processor 28.

In operation, vibratory forces are produced by the main rotor assembly 12 due, for
example, to asymmetric air flow in forward flight. Such vibratory forces arising as the
main rotor assembly 12 rotates are, in the absence of any compensating systems,
transmitted from the rotor 12 to the fuselage 14. Operation of the force generator(s) 24 is
continuously varied by the processor 28 to cater to changing dynamic characteristics such
that vibratory forces caused by the rotor assembly 12 and/or other vibratory sources are

reduced or eliminated.
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Figures 2 and 6 illustrate devices that generate sinusoidal forces of constant
magnitude at a given operating speed. In practice, an active vibration control (AVC)
system utilizes pairs of such devices, individually phase controlled, to generate specified
forces with magnitudes between zero and twice the magnitude of each device. Figures 7
through 12 illustrate configurations of controllable force generators, each comprising a
pair of the mechanisms described in Figures 2 through 6.

Referring to Figure 2A, a force generator 24a is illustrated. A first circular
member 32 is defined about a first axis of rotation A to define a first inner diameter 34
and a first radius R. The first circular member 32 is preferably a ring gear with the ring
gear pitch circle as the first inner diameter 34.

A second circular member 36 is defined about a second axis B to define a second
radiusr. The second radius r is one-half the first radius R. The second circular member
36 is preferably a planet gear engaged with the first circular member 32. The second
circular member 36 is movable to simultaneously complete one revolution about the
second axis B and one orbit around the first axis A.

A crank 38 (also illustrated in Figure 2B) mounts the second circular member 36.
The crank 38 rotates about the first axis A and supports a counterweight 40. The crank
38 isrotated by the power source 30 (Figure 2B). The counter weight counters the weight
of the second circular member 36. A mass 42 is located at a circumference of the second
circular member 34 to generate a vibratory inertial force as the second circular member
36 simultaneously complete one revolution about the second axis B and one orbit around
the first axis A to define a two cusp hypocycloid (the geometric principal can be
understood by referring to Figure 3 where the inner circle is shown in several positions).

Referring to Figure 4, the operation of the force generator 24a is formulaically
illustrated. The first circular member 32 has center a and radius R while the second
circular member 36 has center o and radius r. The members 32, 36 are related by:
R=2r

The circumference of second circular member 36 is:
c=2nr

The circumference of first circular member 32 is:

C=2nR=2c
The second circular member 36 rolls around the inside of the first circular

member 32 with angular velocity Q. As the second circular member 36 completes one
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orbit, the second circular member 36 simultaneously completes one revolution about
center o. Therefore, the angular velocities of radii ao and op are identical.

The position of mass 42 (p) along the Y axis is defined as:
Yo=rsin ®=rsin Ot
Yp =2rsin Ot

Velocity of mass 42 (p):
Yp (dot) = 2rQ cos Ot

The acceleration of mass 42 (p):
Yp (double dot) = -2rQ* sin Qt

The inertial force generated by a mass at point p is therefore:
F=ma
F=mRQ* sin Ot

Generally, a point such as mass 42 on the circumference of a circle rolling inside
another circle traces hypocycloids. If the second circular member 36 diameter is exactly
one half of the first circular member 32 diameter, a point on the circumference of the
second circular member 36 creates a two cusp hypocycloid which is a straight line. If the
second circular member 36 moves with constant angular velocity, the point on the
circumference moves with a simple harmonic motion. The mass 42 which is located at
point p on the circumference will therefore generate a sinusoidal inertial force in a
straight line (further illustrated in Figures 5a-5h). Such a smooth sinusoidal vibratory
force output is particularly suvitable for the compensation of main rotor rotation
vibrations.

Referring to Figure 6A, another force generator 24b is illustrated. A crank 38b
(also illustrated in Figure 6B) mounts the second circular member 36 and an opposed
circular counter member 44 about an axis C. The second circular member 36 and the
opposed circular counter member 44 both roll within the first circular member 32. That
is, the second circular member 36 and the opposed counter member 44 may be planets
which orbit within the first circular member 32. The opposed counter member 44
essentially replaces the counterweight 40 of Figures 2A, 2B such that a relatively lighter
weight system 24b is achieved.

Referring to Figure 7 another force generator 24c is illustrated. The force

generator 24c includes a duplicate pair of force generator subsystems 24¢' and 24c"
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driven by separate motors 30' and 30". Multiple systems are suitable arranged to be used
in conjunction with one another to provide a wide range of inertial force outputs. Each
subsystem 24c' and 24¢" is essentially the force generator 24a disclosed in Figures 2a and
2B. Individual control of the subsystems 24¢' and 24¢" allows the force generator 24c to
provide a force of specified amplitude, frequency and phase in a single axis.

Referring to Figure 8 another force generator 24d is as disclosed in Figure 7, but
with a common first circular member 32'. That is, a single ring gear is utilized to support
amultiple of second circular member 36a, 36b planets to provide relatively lightweight
and compact arrangement.

Referring to Figure 9 another force generator 24e is illustrated. The force
generator 24e includes a duplicate pair of force generator subsystems 24e' and 24e"
driven by separate motors 30" and 30". Each subsystem 24e' and 24e" is essentially the
force generator 24b as disclosed in Figures 6a and 6B. It should be understood that
various crank 38f configurations (Figure 10) will also benefit from the present invention.

Referring to Figure 11 another force generator 24g is illusirated. The force
generator 24g includes a duplicate pair of force generator subsystems 24¢' and 24g"
driven by separate adjacently located motors 30' and 30",

Referring to Figure 12 yet another force generator 24h is illustrated. The force
generator 24h includes a duplicate pair of force generator subsystems 24h' and 24h"
driven by a remote common motor 30c through a remote gearbox G (illustrated
schematically). The remote motor 30c and gearbox G are located outside of the first
circular member 32 providing yet another configuration. Other variations in packaging
space and layout arrangements will also benefit from the present invention which may be
particularly tailored to a desired application or vehicle location.

Although particular step sequences are shown, described, and claimed, it should
be understood that steps may be performed in any order, separated or combined unless
otherwise indicated and will still benefit from the present invention.

The foregoing description is exemplary rather than defined by the limitations
within. Many modifications and variations of the present invention are possible in light
of the above teachings. The preferred embodiments of this invention have been
disclosed, however, one of ordinary skill in the art would recognize that certain
modifications would come within the scope of this invention. It is, therefore, to be

understood that within the scope of the appended claims, the invention may be practiced
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otherwise than as specifically described. For that reason the following claims should be

studied to determine the true scope and content of this invention.
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CLAIMS
‘What is claimed is:
1. A force generator comprising:

a first circular member defined about a first axis to define a first inner
diameter, said first circular member having a first radius;

an second circular member defined about a second axis to define a second
radius, said second radius one-half said first radius, said second
circular member movable to simultaneously complete one
revolution about said second axis and one orbit around said first
axis; and

a mass located at a circumference of said second circular member to

generate a vibratory inertial force.

2. The force generator as recited in claim 1, wherein said vibratory inertial

force is a sinusoidal inertial force in a straight line.

3. The force generator as recited in claim 1, wherein said path of the mass is

two-cusp hypocycloid.

4, The force generator asrecited in claim 1, wherein said first circular member

comprises a ring gear,

5. The force generator as recited in claim 1, wherein said second circular

member comprises a planet gear.

6.  The force generator as recited in claim 1, further comprising a crank which

mounts said second circular member, said crank rotates about said first axis.

7.  The force generator as recited in claim 6, further comprising a motor which

drives said crank.
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8. The force generator as recited in claim 6, further comprising an opposed

circular counter member mounted to said crank.

9. The force generator as recited in claim 1, wherein said opposed circular

counter member comprises a planet gear.

10. The force generator as recited in claim 1, further comprising a counter

balance for said second circular member.

11. The force generator as recited in claim 1, wherein said first circular

member comprises a ring.

12. The force generator as recited in claim 11, wherein said second circular

member comprises a wheel which rolls within said ring.
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13. A method of force generation for active vibration control comprising the

steps of:

(1)  defining a circular path about a first axis;

(2).  defining a second circular member about a second axis;

(3)  locating a mass at a circumference of the second circular member; and

€] controlling movement of the second circular member about the circular
path such that the second circular member simultaneously
completes one revolution about the second axis and one orbit
around said first axis to generate a vibratory inertial force.

14. A method as recited in claim 13, further comprising the step of:

counterbalancing the second circular member.
15. A method as recited in claim 13, further comprising the step of:

interconnecting the second circular member and a opposed circular

counter member, the opposed circular counter member movable about the circular path.

16.

17.
@

crank; and

®

18,
®)

A method as recited in claim 13, further comprising the step of:

moving the second circular member at a constant angular velocity.

A method as recited in claim 13, further comprising the step of:

interconnecting the second circular member and a counterbalance with a
rotating the crank about the first axis.

A method as recited in claim 13, further comprising the step of:

transmitting the vibratory inertial force of said step (4) to a helicopter

fuselage to minimize the sensed vibratory response to forces from a main rotor

assembly.
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