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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
 Isolation

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

Get to “Jet Smooth”
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The 1981 the AHS Northeast Region National Specialists meeting:  
“Technology for a Jet Smooth Ride”

Where are we now?

-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)

15



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

Helicopter vibration levels have plateaued
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Driven by Invention, we have the ingredients to 
achieve virtually Zero Vibration … Globally…

A path to a Jet-Smooth ride
          -”Team” systems at the two major load paths i.e main rotor pylon and tail planes
 

Multicyclic Control
Higher Harmonic Control
Individual Blade Control

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

Fuselage Active 
Vibration Control
SIFG, FG, CFG
1995 AVC Counter-Force

AVC, CFG at choke points
X2 ,    HMVS
2008   2012 

Frahms
Absorber, Pendulum, Bifilar
1911

Isolation
DAVI, IRIS, LIVE, SARIB
1976  1978  1980   2008

MR
Pylon

Tail
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Fx

Fy

Fz

Mx

My
Mz

Primary vibration path;  6 vibratory hub loads

Six hub
loads
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Vibratory loads produced by the rotor follow an ellipsoid

Z, main rotor shaft, up

X, Aft

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

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

19



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

Two  vibration frequencies dominate 
helicopter fuselage vibration:  1P and NP
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ISO 2631
Lower vibration enables longer, safer missions
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Vibration reductions have potential to yield 
operating cost reductions

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

Decreasing Vibration Enables Decreases in Avionics Weight

Figure taken from :  
https://www.vibrationdata.com/tutorials
2/electronic_rd_n.pdf

3σ relative vibration limit :  

Zvibe=αρhGa4/D

D= Eh3/12(1-ν2)

Zvibe<Z

αρhGa4/D < .00022B/(Chr*sqrt (L)

G/h< (1.83 e-5)BE/(Cr*sqrt (L) αρa4(1-ν2))
As G is decreased, h can also be decreased proportionally

23

20% reduction in electronics weight ~ 100-200 lb empty weight reduction
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Patent For Vibration 
Absorber, Hermann Frahm, 
Hamburg, Germany, 1911

MGB

Airframe

Rotor Loads (6)

Absorbers

Motion virtually
unchanged

lessens 
fuselage
motion
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R.R.R. Sarazin Invented the Pendulum and Bifilar Absorber
To Reduce Radial Engine Vibration 
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https://www.flickr.com/photos/129448336@N07/20025271400/

V-22 In-Plane Pendulum Absorbers
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Bell 412 pendular absorbers

Vertical Pendular absorbers
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Bifilar pendular masses
Create progressive i.e. 3/rev in-plane 

“circular” load 
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F

F

F

Bifilar absorber produces a “circular” in-plane force
at 3P for a 4-bladed rotor
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First Flight Test of HHC was by Bell in 1962 using a mechanical linkage
to induce 2P blade feathering
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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

https://www.aviastar.org/helicopters_eng/dorand_dh-011.php
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Quasi-Steady Adaptive “T-Matrix” Controller 
Still used on over 1000 UH-60M, several hundred MH-60R, MH-60S and S-92 helicopters

This algorithm works well in 
steady flight but not in transients 
i.e. pull-ups, flare to hover etc.
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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
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NASA CR 152377

Real-time Adaptation

….

T-Matrix is adapted in real time
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“Harmonic estimator” eliminates need for real time FFT
Sub-Nyquist sampling is feasible because signal frequency content is completely known
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First Closed Loop HHC flight test on OH-6A (~1984)
Demonstrated encouraging vibe reductions

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.
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Higher Harmonic Control on the S-76®

3 controls for 6 loads 
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Presented at AHS Forum 42, 1986

Open Loop HHC on an S-76 demonstrated 
reductions in Mx, My, Fx and Fy and global 

vibration reductions

4.5 gpm
Pump
Capacity

HHC can’t, alone, reduce vibration to acceptable levels
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X-Wing HHC on Wind Tunnel Model with Circulation Control Rigid Blades
 uses multiple, fixed-frame butterfly valves (open-loop)
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After Three Flight Tests Between 1983 
and 1986, HHC Interest Declined
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AHS Forum 22, 1966

Presented at the AHS Forum 32, 1976

Helicopter Seat Isolation using the “Dynamics Antiresonant 
Vibration Isolator (DAVI)  Evolved into Transmission Isolation
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PRESENTED AT THE 36TH ANNUAL FORUM OF 
THE AMERICAN HELICOPTER SOCIETY 
WASHINGTON, D. C. MAY 3980
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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

Exerpt from the paper: 
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Eurocopter’s (now Airbus) SARIB gearbox isolation (NH-90)

45

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

(1976)
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ACSR:  Active Control of Structural Response

MGB

Airframe

Rotor Loads (6)

Isolation (Bell)

Motion
increased

Hydraulic, low-motion actuator

lessens 
fuselage
motion
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Westland  W-30

King, S. P., and Staple, A. E., "Minimization of helicopter vibration through 
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).
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EH101 Active Control Response System
Westland
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EH101 Active Control Response System
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In-Fuselage “Counter-Force”  Active Vibe Control

MGB

Airframe

Rotor Loads (6)

Active Force Generators
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AVC Flight Tested on a Black Hawk: Using Vibration 
Absorbers with Synthetic Damping (1995)
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S-92® 
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Zero-Vibe   using counter-force i.e. force generators 
grouped around the “choke point” i.e. the main gearbox

53

Force generator produces a uni-axial force
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Two Counter-rotating “Force Generators” 
on the Hub or in the Fuselage Can Produce any Load Shape
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A
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Total Force
on aircraft

C
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Two independently controlled eccentric masses
to make a circular force

X 2 

to produce an ellipse

Forward flight

Hover
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ZERO-VIBE   Ground Demo
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Additional Vibration Reductions Were Achieved by Addressing the 
Secondary Source with Actuators on the Tail (2018)

56

System 
Mod
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• Co-rotating blade root vortices
• Bias hub/blade root disturbances to left side of H-tail

CFD (Star-CCM) shows wake impingement on the tail surfaces 
can produce another “load path” for NP loads and vibration

57

Siemens PLM Software 2018 
Simcenter conference-Americas
Detroit, MI, 10-15-2018
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Figure 1: UH-60M ASN 07-20034 in the 
Zero-Vibe  Configuration

Addressing both the rotor pylon and tail plane load paths 
can be necessary to achieve very low vibration
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1P Sensors
(qty 2)

Pilot
InputAVC

Sensors (10) 
Used for Control 

Solution

Processing
Rate Limiting
PrioritizationProcessing

Pilot Inputs

MR Servos 
(qty 6)Timing Signal

AVCC
FCC

Closed Loop 
Control 

Calculation

Servo Control Commands

Provide 1P Timing Signal

Timing 
Signal

Airspeed
Tk_map look-up

Combined AVC + HHC on the Co-Axial Raider® helicopter 
(2025)

FARA OTAP 
W911W6-19-9-0005
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Active Rotor (for both 1P and NP)

MGB

Airframe

4 Flaps can minimize 
3 of 6 rotor loads

Oscillate the entire blade or 
a trailing edge flap………..
Use the rotor as a anti-vibe
force generator

Sikorsky, Boeing, Eurocopter

Motion
zeroed

Lessen
fuselage
motion

60



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

Limited Authority Trailing Edge 
Flap Piezo material actuatorsBoeing SMART Rotor
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Eurocopter’s Trailing Edge Flap With Piezo Electric Actuators
Flight Tested 2006
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Sikorsky Active Flap Rotor
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Sikorsky Active Flap Rotor 95% vibration reductions 
demonstrated in the “fuselage”

65



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

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

•  
•  
•   

• Revive HHC…at least for low amplitudes, it’s virtually free !
 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

Conclusions
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Questions?
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ZERO-VIBE
Full demonstration in 2014-2015

Step 1 – HMVS demo-completed
Replace bifilar with Dual Frequency Hub
Mounted Vibration Suppressor (HMVS) 

FWD RHS
MGB mounts

CFGs

Step 2 – DEMO full Zero VibeTM 
Install 4 Lord circular force generators (CFGs), 

mounted on/near main transmission (MGB) 

Weight savings ~ 50 lbs
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ZERO-VIBE
HMVS flight tests successfully completed

FELKER AIRFIELD
FT. EUSTIS, VA

First Flight – July 2013
Last Flight – March 2014

Achieved : 150 kts, 45 deg 
angle of bank, autorotations
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Mock-up Model of IBC Actuator
on UH-60 Helicopter 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
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