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Get to “det Smooth”

In 1982, the then AHS Northeastern Region, sponsored a national meeting
entitled “Helicopter Technology for the Jet Smooth Ride"

Since then, innovation has yielded inventions/ tools to achieve that goal i.e.
Globally low vibration:

Higher Harmonic Control

Fuselage/On-rotor Active Vibration Control

|solation

Why Global ?
Less fatigue for both crew and passengers over long missions
Eliminate equipment failures due to vibration
Cockpit equipment gets the benefit of low pilot vibes
Equipment elsewhere (tail cone) often experiences high vibes
Lighter avionics might be possible with lower vibration

Distribution Statement A: Approved for public release: distribution is unlimited.
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The 1981 the AHS Northeast Region National Specialists meeting:
“Technology for a Jet Smooth Ride”
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Where are we now? \ . .
Figure 2. Achieved and projected

. . . vibration levels
-Can meet < .05 g in the cockpit or cabin but often not both

-Even meeting < .05 g in the cockpit is a challenge with rigid rotors

(Welsh)
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Helicopter vibration levels have plateaued
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Driven by Invention, we have the ingredients to
achieve virtually Zero Vibration ... Globally...

Frahms
Absorber, Pendulum, Bifilar
1911

Multicyclic Control
Higher Harmonic Control

Individual Blade Control
1963 (UH-1A) -1982 (OH-6A), 1986 (S-76A)

Isolation
DAVI, IRIS, LIVE, SARIB

Fuselage Active
Vibration Control

1976 1978 1980 2008  SIFG, FG, CFG
1995 AVC Counter-Force
AVC, CFG at choke points
X2, HMVS
2008 2012
MR 1,
Pylon
> Vv

A path to a Jet-Smooth ride

-"Team” systems at the two major load paths i.e main rotor pylon and tail planes
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Primary vibration path; 6 vibratory hub loads
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AFz

Y

Fy
My _ Six hub
L |_ ~ S loads
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Vibratory loads produced by the rotor follow an ellipsoid

Forces produced by the rotor follows a “tilted” ellipsoid in three dimensions
Moment does the same but follows a differently shaped tilted ellipsoid

Z, main rotor shaft, up

Frequency of force vector orbit
= number of blades * rotational speed of rotor

X, Aft
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Two vibration frequencies dominate
helicopter fuselage vibration: 1P and NP

Typical vibration levels for 4-bladed helicopter in high-speed flight without vibe control

Caused by
6 - forward flight
7’
7’
5= Caused by blade
dissimilarity only 7/

Acceleration,

_&\—Und ctable

——_ —
1P 2P 3P 4P 5P 6P
Frequency, multiples of rotor speed (4Hz)
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Lower vibration enables Ionger safer missions
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Vibration reductions have potential to yield
operating cost reductions

USAAMRDL TECHNICAL REPORT 73-11
VIBRATION EFFECTS ON HELICOPTER

RELIABILITY AND MAINTAINABILITY Technology advancements
-
Ang:InB:. Veca 1 00
April 1973 90 ]
S-61 Study
% of D 807
% of Direct o 0 .
Maintenance 4% -5% 7%
Cost 70 — v
"""""""" -V
60 —
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Average Vibration Level, G’s
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Decreasing Vibration Enables Decreases in Avionics Weight

Stress in a solder joint of a circuit board decrease with decreases in vibratory acceleration

3o relative vibration limit :

0000228 . ) .
Steinberg’s Fatigue Limit Equation 7 m e (maximum desired PCB displacement)
Chrv L
| L | _ _ where B = length of PCB edge parallel to component {in.)
| | Relative Morion L = length of electronic component (in.)
h = height or thickness of PCB (in.)
C = constant for different types of components (see Eq. 9.50)
r = relative position factor for components (see Eq. 9.500

Z ne=0phGa*/D
B M D= ER3M2(1-v2)
— : Zvibe<Z
aphGa*/D < .00022B/(Chr*sqrt (L)
.

Figure taken from :
https://www.vibrationdata.com/tutorials ®

G/h< (1.83 -5)BE/(Cr*sqrt (L) apa‘(1-v?))

As G is decreased, h can also be decreased proportionally

20% reduction in electronics weight ~ 100-200 Ib empty weight reduction

Distribution Statement A: Approved for public release: distribution is unlimited. 23
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H. FRAHM. Patent For Vibration

DEVICE FOE DAMPING VIBRATIONS OF BODIES,
APPLICATION FILED 0OT, 30, 1904,

989,958. Batntod Apr. 1§, 1011 Absorber, Hermann Frahm,
Hamburg, Germany, 1911

Lig A
A T
A e N h\"\
},‘x.i_fy" N Rotor Loads (6)

Motion virtually
MGB unchanged
g g Absorbers
lessens
Airframe fuselage
motion

Basic System

Fuselage
Response
Force —With
%ﬁ?ﬂ’.ﬁt’.ﬂ' Jz e ]w Absorber
o, M;@ - Hermeann oo
: Aorrney P

. . . . Excitation Frequency
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UH-60L VIBRATION ABSORBER SUITE

Evolution of Active Vibration
Control Technology

W. A. Welsh
Sikorsky Aircraft Co.

AHS 4th Decennial
Specialists' Conference on Aeromechanics
January 21. 2004

Observations:

/ -Weight reduction limited
f | Forward Cabin Vertical | by material strength
Nose Vertical Stub Wing 4P Absorber “Weight ~ 1.5 % of GW
4P Absorber 4P Absorber -Vib, utility sys ~.15 g

-Performance limited by
interaction

It — rm e tm s m et — f mm— e = —a— o r— e — s =
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R.R.R. Sarazin Invented the Pendulum and Bifilar Absorber
To Reduce Radial Engine Vibration

Nov. 22, 1938. R. R. R. SARAZIN 2,137,591

VIBRATION DAMPING DEVICE

pistripution statement A: Approved 1or pupblic release: distripution IS untimited.
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V-22 In-Plane Pendulum Absorbers

https://www.flickr.com/photos/129448336@N07/20025271400/

Distribution Statement A: Approved for public release: distribution is unlimited.
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Vertical Pendular absorbers

Bell 412 pendular absorbers

Distribution Statement A: Approved for public release: distribution is unlimited.
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United States Patent Office

3,540,809
Patented Nov. 17, 1970

1

3,540,809
VIBRATION DAMPED HELICOPTER ROTOR
William F. Paul, Trumbaull, and Kenneth C. Mard, Strat-
ford, Conn., assignors to United Aircraft Corporation,
East Hariford, Conn., a corporation of Delaware 5
Filed Sept. 20, 1968, Ser. No. 761,187

Int. Cl. B6de 27/32
U.S. CL 416—1 20 Claims

10

Nov. 17, 1970 W. F. PAUL ETAL

VIBRATION DAMPED HELIGOPTER ROTOR
Filed Sept. 20, 1968

FIG.6 o
/f—»g—wﬂ
> ﬁ’é-L:'EJF/F

Py
-
y PR

VY G ZZ s
i V2

3,540,809

4 Shests—Shest 2

2

of rotation, and are tuned to cancel rotor in-plane vibra-
tions.

In accordance with a further aspect of the invention,
more than one set of three or more bifilar vibration damp-
ers may be utilized, with each set tuned to damp a dif-
ferent frequency rotor vibration.

In accordance with a further aspect of the present in-
vention a vibration damper is provided which is effective
without respect to the number of blades to the rotor and
which continues to be effective even when the excitation

Bifilar pendular masses
Create progressive i.e. 3/rev in-plane
“circular” load

Distribution Statement A: Approved for public release: distribution is unlimited.
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Bifilar absorber produces a “circular” in-plane force
at 3P for a 4-bladed rotor
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Accelerations, g Units

First Flight Test of HHC was by Bell in 1962 using a mechanical linkage
to induce 2P blade feathering

11l
TCREC Technical Report 62-109
2
) AN EXPERIMENTAL INVESTIGATION
= v @ o . £ == | OF A SECOND HARMONIC FEATHERING DEVICE
Y= 180" 150° 150" 30" 130 =
. o= ON THE UH-1A HELICOPTER
L Lo
< as 6
0 - Hdo I g2 st biteea
7 1 f—: Contract DA-44-177-TC-806
r % 2
r f June 1963
I .ﬁ.: ' /_ ' i
?’ prepared by: i ||
- ' BELL HELICOPTER COMPANY LU
- Fort Worth, Texas
r’ " II:I |
~ Lol Vertical Vikrat iops 4 1 3 1 48 U
o _ _ |
0 40 80 -
Fig a o ] e] (] B, SECOND HARMONIC CONTROL MECHANISM
=130° 140" 120° 160° 18v
15 Hln 1, Description of the Principle
-
4 The SHC mechanism was designed to mix into the normal control
3 system of the helicopter, a twice per main rotor revolution oscillation,
,ru’{;“ F Yei . which could be controlled in amplitude and phasing with respect to blade
lu_ = s t".'l' vlh'.t !m. azimuth, This was accomplished with a mechanism which converts the rotary
R d motion from the rotor mast into a 2/rev vertical slider motion, The opera-
i tion of the SHC mechanism can be explained with the sketch below,
] =
% L rey : f 1/2 ROTOR REV, ——— |
F- '.:_: ! —— - . ' i r SHC SHAFT-
o s
L
i W —~ _.
11 o6 / ‘
4 o i 1y

Airspeed -~ Knots

ﬁg
+no r-‘-_—‘ﬂl— =
t.2850 @ Hbmin (azimuth phase angle for minimum vibrations and loads)
£.285% 8 Yoy Wnax ® Wnin 900)
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First use of T-matrix control was to reduce
blade loads on the Dorand Jet Flap rotor
during wind tunnel testing, ~1971

MULTICYCLIC JET-FLAP CONTROL FOR ALLEVIATION OF HELICOFTER
BLADE

STRESSES AND FUSELAGE VIBRATION

John L. McCloud, IIT* and Marcel Kretz*"
Ames Research Cemter, Moffett Field, California 94035

Blade-Bending Stresses

As discussed in Reference 5, the relationships
between the time histories of jet-flap deflections

and the resulti stresses can be
expressed by aCtransfer matrix.” ) The time histories

*This method of analysis was first suggested and

developed by Dr. Jean-Noel Aubrun of Giravions
Dorand.,

https://lwww.aviastar.org/helicopters_eng/dorand_dh-011.php

*Research Scientist
Amez Ressarch Center. Maffett Field. Calif. 84035

**Chief Engineer
Giravions Dorand, 92150 Suresnes, France
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Quasi-Steady Adapftive “T-Matrix” Controller

Still used on over 1000 UH-60M, several hundred MH-60R, MH-60S and S-92 helicopters

J=2"2+1" W i+an’ W, Al

where Wy 15 a weighting matnx for confrols, Wge. 15 a
weighting matrix for rate of change of confrols. The
relationship betwreen the confrols and the n'rev vibration
level 15 given by a lmeanzed relafionship

AZ=T Ai+w

The control law resulting from mimmizing the performance
mdex 15 given by

i, =1, -Y, (Wi, +T, Z,)

Y, =(L T+ W, + W)~

where the subsenipt k has been added to indicate the
recursive 1mplementation of the coofrol algontho.
Controller stabality 1= augmented when a step-size multipher,
F=1.0, 15 mtroduced so that

i, , =i, -pY, (Wi, +T,"%,)

The matrix, T, may vary with flight condiion so the control
algonthm emplovs a Ealman filter based, on-line parameter
estimation procedure to keep the transfer fuinction current.

[1]

This algorithm works well in
steady flight but not in transients
i.e. pull-ups, flare to hover etc.

NASA CR 152377, Analytical Design and
Evaluation of an Active Control System for
Helicopter Vibration Reduction and Gust
Response Alleviation, Taylor, Zwicke, Gold, Miao,
July 1980.

NASA TM 84336 , Adaptive Inverse Control for
Helicopter Vibration Reduction, Stephen Jacklin
1983

pistribution statement A: Approved tor public release: distribution is unlimited.
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Real-time Adaptation

NASA CR 152377

ANALYTICAL DESIGN AD EVALUATION OF AN ACTIVE CONTROL SYSTEM FOR
HELICOPTER VIBRATION REDUCTION AND GUST RESPONSE ALLEVIATION

By R. B. Taylor, P. E. Zwicke, P. Gold and W. Miao

July, 1980 The quantity Wjj can be considered the forcing vector for changes in
state (}(‘I}_. Equa;:ian (4.7) implies that the state vector (the jth row of
- the nxm T-matrix) at time sequence i+l equals its value at time sequence
e on op AW ACTIVE CONTROL STSTEA POR 190-20363 i plus a random change, Thi- random change conveys to the mathematical
BELICOPTER VIBRATION REDNCTION AND GUST formulation that the elements of the T-matrix vary with flight condition.
RESPONSE ALLEVIATION (Tnited Technologies Oncias EEEHE Equations (4‘5) and (4“;] present a well-defined problem, and the kalman
Research Center) 165 p HC AO8/8F AO1 G3/08 26014

tilter solution provides a real-time identification and tracking of the T-

matrix. The Xalman filter solution as taken from Reference 27, Chapter 12,
Distribution of this report is provided in the interest of information is:
exchange. Responsibility for the contents resides in the authors or

organizations that prepared it. a _ 8 ul -
xj i+ xji + Kilzji Hixji} (4.8)
- T. =1
K: = P.H'R, |
Prepared under Contract No. NAS2-10121 by 1 iR 1.9
United Technologies Research Center , Py =P + G (4.10)
East Hartford, Connecticut

and
Sikorsky Aircraft
Stratford, Connecticut
for

AMES RESEARCH CENTER
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

T-Matrix is adapted in real time

Distribution Statement A: Approved for public release: distribution is unlimited. 4
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“Harmonic estimator” eliminates need for real time FFT

Sub-Nyquist sampling is feasible because signal frequency content is completely known

Reference Signal ffrom Tail Rofor Pickup)

|

Control Unit 1124

113 P~ |hy 122 _it6a 118 120 118
A )M o i r h s
u
Hep e HE Controler X ZrpOrder | r
Sampler - Downsampler Remodulate
Harmonic Estimator;
Demodulate and
Lowpass Filter
e Sensors o Structure 1= Acluators Amps s
- 105 P L g
1o~ Noise Source System

(10) Patent No.: US 7,224,807 B2

(45) Date of Patent:

May 29,

2007

H=[1 cos(fsty) sin(fst,) cos(fit) sin(fitz); . . . 1%
2y =2 HPHO-H 2y 4 )

The vector H includes all of the tones that are of interest
in the application; the above equation includes the desired
disturbance frequency {, a second frequency f,, and also
includes DC to estimate the sensor offset. Any number of
frequencies can be included in this vector. Not only will this

Distribution Statement A: Approved for public release: distribution is unlimited.
This page does not contain export controlled technical data
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VERTICAL 4P ACCELERATION ~ Gs
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8

0.08
T TELEMETRY DATA PACKAGE
5 HidH FREQUEMCY HHC
ACTUWATORS (34

4 MICROCOMPUTER
& KU
& HYDRALULIC PLMF

o ) 2 ] | 1 |

L 1
HOGE a0 L] 0 100

Fig. 24 Closed-loop HHC - 4P vertical pilot

First Closed Loop HHC flight test on OH-6A (~1984)
Demonstrated encouraging vibe reductions

O BASELINE Higher Harmonic Control — A Historical Perspective

Charles E. Hammond
Retired

Lockheed Martin
Orlando, Florida, US.A.

A\ CLOSED-LOGP HHKC

Presented at the AHS International
74th Annual Forum & Technology
Display, Phoenix, Arizona, USA,
May 14-17, 2018. Copyright © 2018
by AHS International, Inc. All rights
reserved.

Figure 14. OH-6A HHC flight test aircraft.

1 FREGRACK ACCELEROMETERS
[FILDT BEATI

KIAS

scat accelerations versus airspeed,

wWood, E.R., Powers, R.W., Cline,
J.H., and Hammond, C.E. "On Devglop—
ing and Flight Testing A Higher

H i Control System," Presented . . i ) .
a:mg:c Joth  Annual Forum of the Fig, 5 OH-6A installation of higher harmonic
American Helicopter Society,

st. Louis, Missouri, May 1983. Also, control system,

"HHC Program Review" by Hughes
Helicopter, Inc., May 10, 1984, Mesa,

Arizona. Statement A: Approved for public release: distribution is unlimited.
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Higher Harmonic Control on the S-76°®
3 controls for 6 loads

§-76 CONTROL SYSTEM HIGHER
HARMONIC CONTROL MODIFICATIONS

HHC activator
to forward

e xé’{}w HHC activator !
i —"'-"-w to lateral :
.._;3&\\?,.;%}%7 Sarvo HHC aciivator

Lo to aft
seno

“___the total weight of the open loop HHC system 1s 75 Tbs which 1s
0.75% of the design gross weight of the S-76.._". from ADAPTATION
OF A MODERN MEDIUM HELICOPTER (SIKORSKY $-76) TO
HIGHER HARMONIC CONTROL, O’Leary, Kottapalli, Davis, 1984
AHS forum.

Observations
-Reliability may require redundancy
yielding weight risk
-Power requirements are high
-Weight ~.7 % of GW, w/bifilar~1.6
-2 to 3 actuators, delta pitch limits effectiveness
-Vib for utility ~.2g, VIP potential moderate 4

This page does not contain export controlled technical data



IN - LBS VIBRATORY x 107

IN - LBS VIBRATORY x 107

| ™R SHAFT BENDING - 3P

HHC OFF

16 4
124

60 ll:ﬂ ‘II.N 1iﬂ 1;U
AIRSPEED - KTS

47 MR SHAFT BEMDING - 5P

HHC OFF
HHC ON

€ 30 40 80 B0 100 120 140
AIRSPEED - KTS

FIGURE 13 MAIN ROTOR SHAFT BENDING VS

AIRSPEED FOR OPTIMUM HHC INPUTS

' HHC OFF
] HHC ON

0 20 40 B0 @0 100 120 140

AIRSPEED - KTS

FIGURE 15 NOSE VERTICAL VIBRATION VS
AIRSPEED @ 107% Nr
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Open Loop HHC on an S-76 demonstrated
reductions in Mx, My, Fx and Fy and global
vibration reductions

HHC can’t, alone, reduce vibration to acceptable levels

REQUIRED 2nd STAGE HYDRAULIC

m-
g FLOW
% 18+
¥ 12
g - ; 4.5 gpm
E SRR T e R R e S s Pump
- 1 ' - E Capacit
“nzi:iumlnimimun pactly
AIRSPEED - KTS
FIGURE 25 S-T8A HHC INPUTS REQUIRED TO
REDUCE COCKPIT VERTICAL

VIBRATION TO LESS THAN 0.1 G'S

FLIGHT TESTS OF AN OPEN LOOP HIGHER HARMONIC CONTROL SYSTEM
ON AN S-76A HELICOPTER

by

DAVID M. WALSH
Flight Test Engineer
Sikorsky Aircraft Division

United Technologies Corporation
West Palm Beach, Florida

Presented at AHS Forum 42, 1986
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X-Wing HHC on Wind Tunnel Model with Circulation Control Rigid Blades
uses multiple, fixed-frame butterfly valves (open-loop)

VALWVES AEMOVED)] 1

Fig. 2

Fig. 3

The on-line displays used to monitor
valve angle setting and the resultant root
pressure for a typical flight condition
are illustrated in Figure 4. The angular
positions of the trailing and leading edge
valves is shown in Figure 4a and
root pressure waveform display is illust-

TOBLADE DUCTS rated in Figure 4b.
NOR-ROTAT VALVE POSITION
OLITER PLEMLBA B0 TRAILING EDGE.

[ LEADING EDGE

%0
.

™

w0

VALVE 50
©

-

10

o

1234867 80WNAMISIEITNRNRAN
¢ m owow

on-line valve position
display.

BLADE ROOT PRESSURE RATIO

. 4(a)

STATIONARY VALVE
PARTS

WALVE SHAFT

On-line blade root pres-
sure display.

Fig.

Pneumatic control system.

DIAMETER
NOMINAL TIP SPEED

TADED DATIO

AIRFOIL THICKNESS RATIO

TWIST
SLOT PRELOAD
SLOT FULL OPEN PRESSURE

470 FT/SEC
1.18:1
0.134

A ROOT
A5 TIP

0 DEG
32PsSIG
6.0 PSIG

operties of the model.

ey

Model plenum, ducting,
recelvers and valve motors.
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HIGHER HARMONIC AND TRIM CONTROL OF THE X-WING
CIRCULATION CONTROL WIND TUNNEL MODEL ROTOR

W. A. Welsh
and
R. H. Blackwell,

Presented at the 45th Annual Forum of the
American Helicopter Society, Boston, Ma.,
May, 1989.

Jr.
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After Three Flight Tests Between 1983
and 1986, HHC Interest Declined

:1“Iil|1]l, D., “Flight Test of an Open Loop Higher
Harmonic Control System on an 5-T6A H-;.'Illn.'-.q:llq.:r."
Proceadings of the Amencan Helicopler Society 427 Annual
Forum, June 1986, pp. B31-843

A “Polychroniadis. M., mnd Achache, M., “Higher
60 Harmonwe Control:  Flight Test on an SA 340 Rescarch
Wood, E.R Powers, R.W cline Giarelle,” Proceedings of the Amenwan Helicopler Society
, -R., . R.W., ,
J.H., and Hammond, C.E. "On Develop- 42™ Annual For i, Jume 1986, pp. 8 11-820,
ing and Flight Testing A Higher
5 O Harmonic Control System," Presented
at the 39th Annual Forum of the
American Helicopter Society,

St. Louis, Missouri, May 1983. Also,
VHHC Program Review" by Hughes

40 He]'.iccpter, Inc., May 10, 1984, Mesa,
Arizona.
Number of
publications 30
DAVI LIVE ACSR
20 Invented, Invented,  |nyented,
Flannelly Halwes King
1966 1980 1989
10 III
0 _— III I

1960 1970 1980 1990 2000 2010 2026

10- year period ending
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Helicopter Seat Isolation using the “Dynamics Antiresonant

Vibration Isolator (DAVI) Evolved into Transmission Isolation

Figure 4, Damped DAVI Schematic

THE DYNAMIC ANTIRESONANT VIBRATION ISOLATOR

William G. Flannelly
Assistant Chief of Vibrations Research
Kaman Aireraft Corporation
Bloomfield, Connecticut

AHS Forum 22, 1966

HELICOPTER ROTOR ISOLATION EVALUATION UTILIZING THE DYNAMIC
ANTIRESONANT VIBRATION ISOLATOR* '

A. D. Rita

Chief of Test Operations
Kaman Aerospace Corporation

J. H. McGarvey
Aerospace Engineer
Eustis Directorate-USARAMRDL

R. Jones

Principal Research Engineer -
Kaman Aerospace Corporation

Presented at the AHS Forum 32, 1976

Distribution Statement A: Approved for public release:

TRANSMISSIBILITY, Tp

5 B 80 e
c e e e e e e
CRram OMED D

-0

FREQUENCY RATIO A = ' fu g

Figure 5. Theoretical Response Curve for DAVI a

I
‘:q:g:a\
. . MOUNT TO FUSELAGE

MOUNT TO TRANSMISS

ELASTOMERIC JJRING

0.7 0.8 1.0 1.4 1.8 2.2 2.8 3.0 3.4

i SPHERICAL TYPE BEARING
) (1soLateD pivoT)

pression.

INERTIA WEIGHT

SPHERICAL PISTQR TYPE ?EAR!NG
NON-1SOLATHD PIVOT.

MOUNT TO FUSEL

Figure 3.

TUNING ADJUSTMENT

INERTIA BAR

smission Mount DAVI

This page does not contain export controlled technical data

Flexural Pivot DAVI Model

T
DIRERS100AL
DAL KOUNT

-

G BIRECTIONAL ©
Lavi LIFT Ling

Figure 2. Scheaatic of the UI-1 DAVI [solaticn System -

ribution is unlimited.

41



LIVE - LIQUID INERTIA VIBRATION ELIMINATOR
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427 Pylon Isolation
System

LIVE® (Fluidlastic®)
Isolators provide vertical
isolation of pylon as well
as isolation of the
vertical component of
roll motion

Fore-and-Aft Restraints

provide pitch
compliance with
properly tuned pylon
pitch natural frequency

Pylon pitch axis
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BELL 429, 7000 lbs

+ 2 Crew Frahms \ -
+ Oriented Vertically g,

Fig. 7. 429 selected production Frahm locations.

Exerpt from the paper: . .
4/rev vibrations were minimized with a passive pylon isola-

tion system consisting of two liquid inertia vibration elimi-
nators (LTVE) (Ref. 1). The LIVE isolator pylon mounts are
oriented and tuned to isolate 4/rev vibrations along the mast
axis. Passive Frahm (aka “tuned mass™) absorbers (Ref. 2)
tuned to 4/rev were used to absorb the residual 4/rev cabin
vibrations. Two vertically oriented Frahms are mounted to
the keel beams under the crew seats of the 429.

Distribution Statement A: Approved for public release: distribution is unlimited.
This page does not contain export controlled technical data

Fig. 17. Pylon side beam verification model.
Upper Fiuid Reservoir

e l Outer Cylinder
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Airframe reaction l
Lower Fiuid Reservoir

VIBRATION ANALYSIS AND TESTING OF BELL 429 HELICOPTER

Kyle Riedel
kriedel @bellhelicopter.textron.com
Engineer
Bell Helicopter Textron Inc.. Fort Worth. Texas

Presented at the American Helicopter Society 66th Annual
Forum. Phoenix. Arizona. May 11 — 13. 2010. Copyright ©
2010 by the American Helicopter Society International. Inc.
All rights reserved.
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Eurocopter’s (now Airbus) SARIB gearbox isolation (NH-90)
— () Pivot

4k Support

SARIB = Systeme a Resonateurs Integres dans les Barres
System with resonators integrated into bars ?
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Boeing Vertol's

IRIS: Improved Rotor Isolation System

SECOND EUROPEAN ROTORCRAFT AND POWERED
LIFT AIRCRAFT FORUM

(1976)

ROTOR ISOLATION OF THE HINGELESS ROTOR
BO-105 AND YUH-61A HELICOPTERS

Rene A, Desjardins
Manager, Rotor Head, Controls and Vibration Design

W. Euan Hooper
Director of Technology
The Boeing Vertol Company
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Figure 34, YUH-61A Vertical Airframe Vibration Under
Isolators at 150 Kts
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ACSR: Active Control of Structural Response

Isolation (Bell)

Rotor Loads (6)

Motion
MGB increased
gi Hydraulic, low-motion actuator
lessens
fi |
Airframe use. age
motion
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Westland W-30

MINIMISATION OF HELICOPFTER VIERATION THROUGH

FIGURE §. Vibration Caonfral A]g‘ﬂri‘lm Parformance = Manoguvre Aesponse . o £

!
/ EoF by
f Dr S P King
e Chief Dynamicist
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= o N “ae, Principal Enginesr
. = . Westland Helicopters Limited
== d =, Yeovil, Samerset, England
| | -
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FIGURE 6. Westland 30 Senss 100 Fa® Construction and Location

King, S. P, and Staple, A. E.,, "Minimization of helicopter vibration through ~ peee--
active control of structural response," Proceedings of the 12th European
Rotorcraft Forum, October 1986, Paper 14 (also published in AGARD-CP-423,
Rotorcraft Design for Operations, October 1986, pp 14-1-14-13).

L. X FIGURE 8. Modified Elastomeric Support (including Force Actuator)
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An award winning system that uses computer controlled foroces o
reduce the helicopter's basic vibration to very low levels. Effective
throughout the flight envelops, ACER contributes to reduced life

cycle costs through:

*

*

*

Westland

EH101 Active Control Response System

Reduced structural fatigue

Greater avionic systems reliability

Improved crew and passengsr comfort
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EH101 Active Control Response System





An award vinning system thal uses compuler controled fc

reduce the helicopter’s basic vibration to very

ihroughout the fiht envelope, ACSR oonibutes to reduced life

cle onss through

+ Reduced siuctural fatique

ity

Grealer avionic systems e

+ Improved crew and passenger








In-Fuselage “Counter-Force” Active Vibe Control

Rotor Loads (6)

§ Active Force Generators
v

Airframe
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AVC Flight Tested on a Black Hawk: Using Vibration

Accel.
(G's)

™ Contraller

FLIGHT TEST OF AN ACTIVE VIBRATION CONTROL SYSTEM
ON THE UH-60 BLACK HAWK HELICOPTER

W. Welsh C. Fredrickson C. Rauch
Dynamics Engineer Flight Test Engineer Systems Engineer
s Moog Inc.
United Technologies Corp. East Aurora, N.Y.
Sikorsky Aircraft Corporation
Stratford, Ct.

L Lyndon
Principal Engineer
Westland Helicopters Ltd.
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Presented at the American Helicopter Society 5lst

Annual Forum, Fort Worth, TX, May 9-11,1995. tatement A: Approved for public release: distribution is unlimited.

Copyright (© 1995 by the American Helicopter
Society, Inc. All rights reserved.
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S-92® Uses Combined Active + Passive Methods

Bifilar .
pendulum
absorber

Maoog Vibration Control
Actuation System

Evolution of Active Vibration
Control Technology

Hamilton Sundstrand W A Welsh
Computer . .
Sikorsky Aircraft Co.
AHS 4th Decenmial

Specialists' Conference on Aeromechanics
January 21, 2004
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Zero-Vibe™ using counter-force i.e. force generators
grouped around the “choke point” i.e. the main gearbox

Force generator produces a uni-axial force

¥4 N\

-
Generators or

Figure 4. Cutaway view of the X2 Teclmologym Demonstrator

Dynamics Design Characteristics of the Sikorsky X2 Technology™ Demonstrator Aircraft

R. Blackwell* T. Millott*~

Sikorsky Aircraft Corporation
Stratford, CT 06615

*Technical Fellow. email: rblackwell@sikorsky.com. **Senior
Dynamicist, email: tmillott@sikorsky.com Presented at the
American Helicopter Society 64® Annual Forum, Montreal,

Canada. April 29-May 1. 2008. Copyright © 2008 by the e o it i LA . §
American Heicopter Socier Figure 20. Installation of the FGs on the AVC space
frame
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Two Counter-rotating “Force Generators”
on the Hub or in the Fuselage Can Produce any Load Shape

FG 1
(3P)

Forward flight

Hover
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FG 2

(5P) Total Force

on aircraft

> Two independently controlled eccentric masses
to make a circular force

X2

_

to produce an ellipse
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HMVS Lab Testing
Lord Corporation Facility
Cary, NC
July-August 2012

—‘;\\

e

B HMVS-Off

B HMVS-On

+

4P, G's

Ground and Flight Testing of a Hub Mounted Vibration Suppression System

Joseph Andrews. William Welsh
Sikorsky Aircraft Corporation
Stratford, CT

Russ Altieri
LORD Corporation
Cary, NC

James DiOttavio
US Ammy Aviation Developu‘:em Directorate (ADD) 1 2 3 4 5 6 7 8 9
Ft Eustis. VA
Presented at the American Helicopter Society 70th Annual Forum,
Montreal, Quebec, Canada, May 20-22, 2014. Copyright © 2014 by the
Amencan Helicopter Society International, Ine. All nghts reserved.

Accelerometer Location
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Additional Vibration Reductions Were Achieved by Addressing the
Secondary Source with Actuators on the Tail (2018)

Hub Mounted Vibration
Suppressor (HMVS) counters:
in-plane rotor loads

Cabin sensors;
provide vibration levels to
control computer

Control
Computer

Cabin actuators counter:
rotor moments

Tail actuators counter:
wake on the tail

Achieving Near Zero N/Rev Vibration with Zero-Vibe™ Technology

Michael Menico James DiOttavio Daniel Kakaley
Dynamics Engineer Flight Test Engineer Sr. Engineer, Mechanical Research
Sikorsiy, A Lockheed Martin Company U.S. Army Aviation Development Directorate LORD Corporation
Stratford, CT Ft Eustis, VA Cary, NC

Presented at the AHS International 74th Annusl Forum &
Technology Display, Phoenix, Arzoma, USA, May 14-17, 2018
Copyright © 2018 by AHS International, Inc. All rights reserved.
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t on the tail surfaces

impingemen

can produce another “load path” for NP loads and vibration

CFD (Star-CCM) shows wake
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Addressing both the rotor pylon and tail plane load paths
can be necessary to achieve very low vibration

Cockpit Jvibe vs. Airspeed
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Combined AVC + HHC on the Co-Axial Raider® helicopter

(2025)

Vibration Suppression Approach Comparison
(Composite vibration averaged at all feedback sensors in cockpit & cabin)
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Active Rotor (for both 1P and NP)

Sikorsky, Boeing, Eurocopter

4 Flaps can minimize
3 of 6 rotor loads

Oscillate the entire blade or
a trailing edge flap...........

Motion Use the rotor as a anti-vibe
MGB zeroed force generator
Lessen
Airframe fuse.lage
motion
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Boeing SMART Rotor L|m|te<.i Author|t¥ Trailing Edge
Flap Piezo material actuators

Wind Tunnel Test of the SMART Active Flap Rotor

Friedrich K. Straub Vaidyanathan R. Anand Terrence S. Birchette Benton H. Lau
Boeing Technical Fellow Dynamics Engineer Design Engineer Aerospace Engineer
The Boeing Company The Boeing Company The Boeing Company NASA AmesR.C. ) Rod End Bearing ~0.751n
Mesa, Arizona Mesa, Arizona Mesa, Arizona Moffett Field, California Flexural Linkage
friednich k. straub@boeing com vaidyanathan ranand@boeing. com terrence. s. birchette@bosing. com benton h lan@nasa. gov

Presented at the American Helicopter Society 65th Annual Forum,
Grapevine, Texas, May 27-29, 2009. Copyright © 2009 by the
American Helicopter Society International Inc. All nights reserved.

_ Access Cover Outboard Actuator Flap
5

S

Figure 1c: SMART Blade. flap. actuator cross-section

Rotor Data —_ P

+— Rotor Balance

& \ In-plane Mic.
I Main Strut B _

Traversing
Mic. Amray

— U
Gearbox
BVI Mic.

Slip Ring

Tail SImt'r/.' \Pon / I

Starboard Strut

Figure 3a: SMART rotor in the NFAC 40- by 80-
foot wind tunnel (looking upstream)

Figure 1b: SMART rotor blade on whirl tower 61
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Eurocopter’s Trailing Edge Flap With Piezo Electric Actuators

Flight Tested 2006

Preload
Adjustment

Frame

Piezo
Actuator
Flap
Tension Rod
BK117 S7045 with active flaps rotor
4/rev Cabin Vibration (z-Direction)
0.2
B Refefmunon
Recent advances in Eurocopter’s passive and active vibration control 015k —I— Conirel On
®
Peter Konstanzer' Bemhard Enenkl = )
peter konslanzen@euracopler.com bernharnd. enenklEeurocopler. com o . :
EUROCOPTER DEUTSCHLAND GmbH, Munich, Germany E F .- )
= | T

A =
Pierre-Antoine Aubourg Paul Cranga nosE
plerre-antoine aubourg@eurocopter.com paul cranga@eurocopler.com 3

EUROCOPTER SAS, Marignane, France u_‘_H + Iﬂh' - ".r::ul + H'ﬂ s '!h' - H""'ﬁu
Flight Speed - kis (IAS)
Presented at the American Helicopter Society 4™ Annual Forum, Montréal, Canada, Apri 20 - May 1, 2008. Copyright @ 2008 by the Figure 20: Vertical 4/rev cabin vibration vs. level
American Helicopter Sociefy Intemnational, Inc. All rights reserved. flight EPEEd
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. Qi N
Sikarsly patetaones

A United Technologies Company

Whirl and Wind Tunnel Testing of th
Sikorsky Active Flap Demonstration Rotor

Sikorsky Aircraft

Peter F. Lorber Flight Sciences

Benjamin Hein Advanced Concepts

John O’Neill, Benjamin Isabella Experimental Aeromechanics
Joseph Andrews, Jonathon Wong, Mikel Brigley Dynamics & Internal Acoustics
Phillip LeMasurier Aero & External Acoustics

United Technologies Research Center
Brian E. Wake Technical Fellow

67t AHS International Annual
Forum and Technology Dispfay

Virginia Beach, VA,
May 3-5, 2011
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Sikorsky Active Flap Rotor

67 AHS Infernationa
Farunm and Technology

Virginia Beach, W

May 3-5, 2011 .
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Sikorsky Active Flap Rotor 95% vibration reductions

demonstrated in the “fuselage”
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Conclusions

Technology has developed enough to Gl/obally (cockpit, cabin, tailcone )
eliminate vibration in helicopters by using combinations of technologies
v AVC at choke points + HHC
v AVC at choke points + IBC
v' Isolation at choke points (Main and tail rotors)

Revive HHC...at least for low amplitudes, it’s virtually free !
v' Seal wear ?

Develop “Dynamic Controllers™ for transient vibration suppression
“Counter-Force” or “Choke point™ approaches show a lot of promise

Reduce empty weight by reducing equipment qualification vibration levels
via MIL-STD-810
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Questions?
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Ground and Flight Testing of a Hub Mounted Vibration Suppression System

Joseph Andrews, William Welsh

Sikorsky Aireraft Corporation
Stratford, CT
Russ Altieri
LORD Corporation

Cary, NC

Full demonstration in 2014-2015

Weight savings ~ 50 |bs Step 1 — HMVS demo-completed
Replace bifilar with Dual Frequency Hub

Mounted Vibration Suppressor (HMVS)

= =
1 3B
:‘;ﬁ an
L e

3

Frrp——

GB mounts Step 2 — DEMO full Zero Vibe™"

Install 4 Lord circular force generators (CFGs),
mounted on/near main transmission (MGB)

FWD

LORD

AskUsHow™"

CFGs
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ZERO-VIBE™
HMVS flight tests successfully completed

First Flight — July 2013
Last Flight — March 2014

Achieved : 150 kts, 45 deg
angle of bank, autorotations

Bifilar Only

~ M
‘ : : : ]
Re o -'"‘n‘.w,"

Pilot Heel 3 Wl "
Vertical | """”ﬁ”””””iﬁ 777777777 "‘"t 7777777777777777 \
4/rev 1 1 ‘

SR Y TRV

25
Time, sec

FELKER AIRFIELD
FT. EUSTIS, VA

Distribution Statement A: Approved for public release: distribution is unlimited.
This page does not contain export controlled technical data

69



Mock-up Model of IBC Actuator
on UH-60 Hellcopter at Ames

Mock-up model of IBC actuator machined from
aluminum block by ZFL

No mechanical interference problems found
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IBC Actuators Made for LRTA Test Stand

FULL-SCALE WIND TUNNEL TEST OF AN INDIVIDUAL BLADE
CONTROL SYSTEM FOR A UH-60 HELICOPTER

Stephen A. Jacklin, Aerospace Engineer
NASA Ames Research Center, Moffett Field, CA
sjacklin@mail.arc.nasa.gov

Axel Haber, Deputy Director of Research and Development
ZF Luftfahrttechnik GmbH, Kassel-Calden, Germany
axel.haber@zf.com

Gary de Simone, Manager of Advanced Technology
Sikorsky Aircraft Corporation, Stratford, CT
gdesimone@sikorsky.com

Thomas R. Norman and Cahit Kitaplioglu
NASA Ames Research Center, Moffett Field, CA
tnorman and ckitaplioglu@mail.arc.nasa.gov

Patrick Shinoda
US Army AeroflightDynamics Directorate (AMCOM), Moffett Field, CA
pshinoda@mail.arc.nasa.gov

Presented at the American Helicopter Society 58"

Annual Forum, Montréal, Canada, June 11-13, "' ; -
2002. Copyright ® 2002 by the American Helicopter Fig.1. Large Rotor Test Apparatus and UH
Society International, Inc. All rights reserved. rotor installed in 80- b’y" 120-Foot Wind Tunnel.
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Fig. 5. Vibration spectrum at 46 kts. Fig. 13. Vibration spectrum with 1.0° of 3/rev IBC

applied at 315° phase angle. (46 kts, baseline levels
shown in Fig. 3.)

Presented at the American Helicopter Society 58"
Annual Forum, Montréal, Canada, June 11-13,
2002. Copyright ® 2002 by the American Helicopter
Society International, Inc. All rights reserved.
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