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1. INTRODUCTION

Vibrations reduction is playlng an ncreasingly significant role
as a performance impiovement factor in the design of new
helicopfers. Vibrations affect crew performance, alrframe and
avlonics refiabliity as well as malnfenance costs.

There are many active and passive ways of deoling with
vibrations,

Namely, they can be reduced with passive devices such as
rotor and alrframe absorbers of suspension systems which are
beaing developed by most manufacturers but these, unforfunctely,
Impose signiflcant welght penalties amounting fo 1 to 2% of the
helicopter ait-up weight,

Active devices such as Blade Pitch Higher Harmonle Control
and Active Conirol of Structural Response or Force Transfer were
consequently studied and demonstrated significant vibrations
reduction. These devices wlll save welght and improve future
helicopters rellabllity,

the second permanent challenge the engineer has to face s
how o increase the asromechanlcal stability of articulated,
bearingless or hingeless rotors. When soft - in- plane, this type of
rofor must usually be equipped with a lecd-lag damper to
prevert air or grournd resonance instabllity.

A large number of factors such as alf-up weight, g level, main
rotor rotating frequsncy. ground configuration ete, are playing
aole In hellcopter operation and dynamics englneers cannot
avold frequency codlescence between 1otor and akframe in
every configuration.

Damping becomes therefore necessary and can be Increased
with actlve control of aeromechanical stabllity. This control
may then avold the need for lead - kg dampers and contribufe
to a simpler and cheaper rotor design.

This paper dicusses the dynamic design fechnique as applied
by ECF.

2. GENERAL PRESENTATION

In forward flight, aerodynamic loads are applled to the blades
and thelr dynamlc responses fo these loads generate alternate
forces af the rotor hub, The fuselage dynamic response to these
alterncte forces then generate rotor hub displacements and the

blade dynamic respense to these displacements maocdiity the
aerodynamlc loads (See flgure 1).
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Figure 1 - Helicopler dynamic response

3. DYNAMIC FORCES MEASUREMENT AT THE ROTOR HUB

Evaluation of the rotor hub dynomic forces (and moments) is
one of the most significant aspects as far as dynamic tuning Is
concerned [n the development of any helicopter, ECF applies
three evaluatlon methods :

3.1 Loads transmilted to fuselage interfaces

Fixed systeom measurernents proceed with shriain gauges tocates
In the struts and in the gearbox - to - tfransmission deck finkage.



The rotor hub dynamic forces and moments are then defermined
by sublracting biades dynamic response (due to the rotor hub
movement) and MGB dynami¢ response.

3.2. Rotor mast bending

Measuring In two mast sections helps determine bending
moments and in- plane forces af the rofor head (by subtracting
biades dynamic response due to the rotor hub movement).
These measuremeants are very accurate for conventlonal rofor
masts Le. metal masts but unsuitable for the new generation
masts |.e, short masts made of composite materials with highly
non linear Influence matrlx,

3.2.1. Modal identitication with strain gauges on rotor blades
ECF uses this method to determine rofor hub dynamlc forces
and moments by ldentifyling the confributions of each blade
mode.

This method Is based on local blade moment measurermnents
whete each modal confribution Is determined through Its local
bending moment (See figure 2), The rotor hub dynamic loods
can then be computed by adding thelr modal values (See
figure 3) andt by subtracting blades dynamic response due to
the rotor hub movement.
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This method allows for ¢ beffer understanding of the biade
dynamic response to minimize rotor hub excltation, The last two
methods gave satisfactory corelated results In the 349GV
Gazelle research programme (See Ref. 5). Following this
validation programime, the modal kdenfification method s
used for ali subsequent measurements.

4. AERODYNAMIC AND DYNAMIC PARAMETERS

The aerodynamic parameters are mainly selected to improve
helicopter performance In hover or forward flight, not for thelr
vibrafion reduction capabiilities. The main parameters are:

- Induced veloclties

« Planform shape : rectangular of tapered
- Tip shape : swept, anhedral

- Twist

These aerodynamic parameters influence the biades dynamic
propertles through:

Nafural frequencles
- Generallzed masses
- Modal shapes

- Modal damping

Obviously, It is difficulf to understand the interferences between
these two aspects {performance aind vibrations) in an industrial
environment, We wlll give an overview of the influence of each
of these parameters.

4.1. Induced velocities

Induced velocitles due to the fuselage or to the blades vortex
Interactions are a significant parameter, Fuselage optimization
to reduce cerodynamic drag leads to design compact rotor
heads. ¥ was demonstrated during the expearimental DIPX380
programme that fuseiage induced velocities play afundamental
ole In the rotor head aerodynamic excitation (See figures 4
and &),

Flgure § compares the dynamlc moments edlculated with and
without fuselage Induced velocities to those moments measured
In fhight,

The aerodynamic perturbations generated by the ditframe
increase tha 4 per rev hub moment, The infroduction of these
perturbations in the calculations improves correlation with test
results.,

Another significant Interaction is thaf generated by each blade
fralling vortex. Studylng this interaction with numericad
catculations increases CPU costs but Is proving necessary for a
proper understanding of dynamic loads.
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Figure 6 shows how Important those calculatlons are for the
3-blade rotor of the 349GV Gazelle helicopter.
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Figure 6 - Blades vorfex Induced velocities.

4.2. Blade characteristics
4.2.1 Number of blades

Alternctte loads in the rotating system are transmiltted fo the
flxed system. For isotrople rotors, only the ot harmonics
components are fransmitted. The other hkymonics cancel out,
The number of biades Is thus a highly significant factor as far os
vibrations cre concerned. General conclusions can then be
drawn: the higher the number of blades. the lower the dynamic
loads at the rotor head. The X380 research programime lliustrates
this. Figure 7 shows the In- plane moment excltations of the 4-
blade Dauphinand § - blade X380 hallcopters. X380 excitatlons
are reduced by a factor 2.
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Figure 7 - In-plane moments as a function of speed for 4
blades and & blades Dauphin,

These loads are fransmitted fo the alrftrame vida the suspension
device. The fuselage response also depends on the fuselage
transmissiblifty which verles with the excitation frequency.

The fuselage tfransfer Is maore than thvee times lowet ot 30 than
at 24 Hz (See figure 8) and produces a satisfactory vibration
leval (0.18g approx. af 160kt without any suspsenslon system.

Y £ (Vertical acceleration for 1000 N.m hub pitch excitation)
0.3

é ~ 4 BLADES  :5 BLABES
2 B i :
on 2 A ﬂzf” )f \(g\,\\\ : (measui:ement)

AN !

E /j—-ﬂbﬂ \\v\\ é ;

Y Y i

- \\ 03

0.1 */fc \‘:r"\v '

E E \\{;}—5/ z >
O:"'( v ey ||2|411., L g
15 20 25 30 35

FREQUENCY (Hz)

Figure & - DTPX380 fuseiage response

4.2.2 Plantorm, tip shape and twist

The latest aerodynamic studies are producing new blades that
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care no longer rectanguiar but fapered with evolving tips. Thelr
twist can be modliied and an anhadral added fo Improve their
performances in hover or at high speed. The planform Influen-
ces the spanwise distribution of the aerodynamilc toads as well
as the dynamic properties of the blades. Tapering leads, for
example, to low generallzed masses for those modal shapes
wheare dynamic response and vibiatlon level are Increased. The
different results avallable inthe lifterature conflem that high twist
Is favourable for hover and low speed paformance. The linear
aerodynamic theory shows that higher harmonlcs biade fiatwise
loads are proportionnal to twist,

4.2.3 Structural properties of the blades

The current blade design mefhodology is an optimization of
oerodynamic performances ds well as a change In intetnal
structure to improve dynamic behaviour. The simplest
methodology Involves retaining a margln between blade
modal frequencies and hub excitation frequencies (n * maln
rotor frequency), It Is possible to Increase the generalized mass
or shift the modal frequency of the modas the most crifleal for
vibrations with tuning masses. Optlmization techniques Involve
local stiffress and mass ad]ustments to reduce globally
cerodynamic excliations and biade response to get fow N per
rav hub locds (moment, vertlcal and iateral shears), This type
of optimlzation sponsored by DRET and STPA Is undertaken by
ECF In cooperation with ONERA, A preliminary study has shown
that the dynamic moment can be reduced by more than 508
at the flight optimization polnt (See figure 9).
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5. HELICORPTER VIBRATORY RESPONSE

The dynamics of the whole helicopter Is described in Fig. 10
below.

where

AERODYNAMICS

(1} are the cercdynamic loads
applied to the rotor blades

@ 1s the infiuence of rotor
dynarmics on aerodynamics

(3) are the forces applied by the
rotor to the airframe

4y are the dlsplacements
applled by the alftame fothe
rotor

(5) Is the coupling between
alrframe dynamics and
aerodynamilcs

(N (2

ROTOR

EHA DYNAMICS

EH @

AIRFRAME
DYNAMICS

Figure 10 - Helicopter dynamics

Predicting the hellcopter vibratory response then imposes
faking together Into account :

- aerodynamics
- rofor dynamics
- alrframe dynamics

It 15 assumed In this chapter that

- there Is no Interaction between aerodynamics and airframe
dynamics {coupling (5) Is not taken info account)

- aerodynamics s not moditied by the rotar hub dynamics
(cerodynamics s taken Info consideration with the isolated
rotor). Nevertheless, this effect con be taken Info account with
numerical R85 code (See Ref. 2) but It requires high computing
CPU time,

The modeals routinely used by ECF for hetlcopter wvibratory
response prediction are presented below,

5.1 Airframe dynamics

The helicopter airframe dynamic behaviour s represented in
free - friee configuration by lts modal features which are:

- Natural frequency wgy

- Generalized mass mg;

- Modal damping ratio £g;
- Moddd shape Xg)

it can be pointed out here that only the first alrframe modes are
of interest because the hellcopter vibratory excitations are of
the tow frequency type.
These modal features can be Identifled during shake fests inthe
{aboratory or computed from a finite element model of the
airframe (See flgure 11),

¢ oHODES PROZRES
Eini o.0af 188 niRi %P 02s

o oy

COMPUTED

Figure 11: DGY airframe mode
5.2 Rotor dynamics
The rotor dynamic behaviour Is modelized Ina fixed coordindie

systemn by s impedance of the rotor hub. This impedance, a
&*6 complex matrix, Is determined with fhe foliowing equation:

a1
Ity = —— )
a up fur=20

where f Is the vector of the dynamic rotor hub excitations Inthe
fixed coordinate system (6 complex components) and ur is the
vector of the rotor hub dynamic displacements (6 complex
components).

The ZQ(&))” fermiepresents the Influsnce of aunit variation of the
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1 component of the rotor hub displacement (ransiation or
rotation) onthe Ith component ofthe rotor hub excitation (force
of moment).

The dlifferent terms of thls impedance can be obtalned in
different ways :

- Aralytledal computing bosed on o knowledge of the modal
fectures of a cantllevered rotor blade (osrodynamic damping
Is faken Into account)

- Numerleal computing with an isolated rotor dynamic behaviour
code {code RES, see Ref, 2)

- Rotor rig festing Inthe laboratory with rotor hub displacements
excitatlons and rotor hub reactions measurements

¥ can be noted here that the diagonal terms of the rotor hub
Impedance matrix represent the rofor dynamic mass multiplied
by w?. Figures 12 and 13 give an example of the DGV rotor in-
plane and out - of - plane dynamic masses as o function of the
reduced frequency. It con be polnfed out that the rotor
dynamlc mass can be very different from its mass and this shows
how Important if Is to take the rotor dynamics Info account In
the helicopter vibratory response prediction,
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£.3 Aerodynamics

Aesrodynamlcs s represented by the roftor hub excitatlon vector
(forces and moments) In a fixed coordlnate sysfem and with
Isolated rotor condition (uy = 0.

This vector, which Is dependent on both cerodynamics and
rofor dynamlcs, oan be derived from

- Numerical computing with on isolated  rofor dynamic

bhahaviour code (Coda R84S, see Rel, 2)

- Flight fest mecisurements with strain gauges on rotor bkides
of shaft which need to be corrected by the airframe dynamics
(up = 0 in Alghb

5.4 Rotor-cirframe coupling and vibratory response

The method used here s essentially based on d linearization of
the rotor hub dynamlc loads (See Ref, 3) and tha following
assumption Is considered :

f{ur. o) = g () + Znlw) uy

Both the eigen values of the rofor-aliframe system (stabliity
andalysis) and the forced response of the rotor - aliframe system
(filght vibratory response) can then be computed (See figure
14) from the data given in the sectlons above.
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Figure 14: Rotor-airframe coupling meathod
In a fixed coordinate system

Figure 15 below shows the DGV vibratory response computed,
with or without rotor - clrframe coupling. in the pliot seat at 190
ki, it can be noted here how Important it Is to take rotor-
alframe coupling Into account fo predict the helicopter
vibratory response.
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6. PASSIVE AND ACTIVE VIBRATIONS CONTROL

Although dirfframe dynamices, roter dynamics and aerodynamics
were optimized. the helicopter overall vibration level can prove
unsatisfactory and needs to be controlled and Improved with
an exfermal device. These systems are of fwo types, passive and
actlve, and the following chapters are a description of fhe main
vibratlon control systems used or developed by ECF.
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Figure 16: Heficopter passive and active vibration control

6.1 Passive viteation control

The twa main passive vibratlon conitrol systems used by ECF are
dynamic absorbers and MGB suspension systems.

Operdling Principies

The dynhamlc absorbers located in the rotor hub or the cabin
generate Iinertia forces via a fiapping mass counteracting the
main fotor excitations (rotor hub) or the structuralt response to
the main rotor excliations (cablin).

The MGH suspension systems (BBQ and SARIB) modify the MGB-
tuselage links (flexdbillty and/or flapping masses) for the MGB

and flapping masses vibratlons to generate inertia forces
counferacting the main rotor excitations,

Optimizatlion and Performances Predictions

The performances of passive vibration confrol systems are
opflmized in four steps:

1) Simplified modelization of hellcopter dynamics. This usuaity
Is an anaiytical modelization with a low number of degrees
of freedom which helps both to undersiand the physical
principles of the system as well as to roughly estimate the
optimum masses and/or stiffnesses.

DThe systemn. Including masses and stiffnesses previously
detarmined, Is Included In the full hellcopter moedetization
(see Chapfer 5 above) to obiain the hellcopter modal
foatures, and the vibration level can then be computed with
the following equations

ugle) = Xg Hg(e) ™! Xg! Ts Fto

Hglwy = (mgi(-w? + wsi? + 2j§gwsie))

3) Performances are optimized with paramefric studies applied
to the system masses (vector Amez) and/or stiffnesses {vector
Amg) by computing the modlfled vibration level with the
following equations ;

ugles. Ame.Ake) = Xg Hs(w.Amc.Ake) ! Xs! Tg Fglen

Helw.Amc Ak = {mgi(- w? + wep? + 2JEsiwgiw))

- X! Ake Xk + @2 Xmct Ame Xme

4} The optimum masses and stiffnesses determlned obove are
Included in the full helicopter modelization, returning to the
second step bdckwards whenever a more gaccurgte
optimization is required, which Is then used to predict the
system performances.

Performances

The passive vibration confrol systems can help to obtain a
satisfactory helicopter vibration level but thelr main drawbacks
are

- The weight pendities they impose

- The fact that they cannot adapt themself to a change In
structural configuration (fuel welght, stubwing loads, crew
and passenger welght etc), flight condltlons (speed. curve
etc), or misslon Gransport, firing ete), so that the helicopter
vibratory level may detericrate and prove unsciisfactory in
some flight and structure configurations.

6.2 Active vibration control

The actlve vibration control sysfems developed by ECF are:

- The Blade Pitch Higher Harmonlc Control, (See Ref. 1)

- The Active Control of Structural Response (ACSR) or Force
Transfer (ACFT), (See Ref. 4)

Operating principles

These different systems conirol some actuctors to minimize the
response of some sensors, These systems are mainty composed
of three elements :

HThe sensors that are elther acceleromesters In the cabin and/
or a firing sight or gun or also gauges on the MGE- fuselage
links

2 The computer receiving the sensors response and calculating
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the commands minimizing a function of this response (called
performance criteria)

3)The actuatorsrecelving commands from the computer. These
are sertes mounted with the flight actuators In the Blade Pitch
Higher Harmonlc Confrel and they replace the MGH strufs In
the Active Confrol of Structural Response and Force Transfer

It can be pointed out here that the Blade Pitch Higher Harmonic
Control and the Active Confrol of Structural Response or Force
Transfer are fundamentally different in that ¢

- The Blade Pifch Higher Harmonic Control modifles the external
source (corodynamic loads) to minimize the performance
criteria

- The Active Confrot of Structural Response or Force Transfer
modifies the structural dynamics to minimize the perfor-
mance criterla

Optimization and Performance Prediction

ACSR/ACFT

The performances of the Active Control of Stuctural Response
(ACSR) or Fatce Transfer (ACFT) are predicted with a global
lirear maodelization,

The command minimizing the performance criterla Pl

Pl = umh Wy Um

with the following behaviour measurernent low:

Um = Uno +8Bm v
Umg = Xm Hs" ! Xs' Ts fg
B = Xp Hg 1 X!

Is provided by

v = - B Wy Bry)™! B Wy Umg

Blade Pitch HHC
The blade pltch HHC performances are predicted with a local
linear modelization.
The command minimizing the performance critera Pl ;
Pl = Umh Wu Um

with the following behavlour medsurement law :

Uplvp +AV) = Umovmt Bmvy) Av
UmoWe = X Hs! Xsl T fotu
BV = Xm Hs™ ! Xsf 75 Yovp
a1
Yvp = —_
av | vp
Is provided by :
n
v = Hn (ZAv)
n-oo =l

Avy = - BN Wy Brav) + WAY ™1 Brhovi) Wy umvey

Performances

The active vibration contfrol systems offer higer performances
than passive ones (see Figure 17 below) essentially because
they are capable of adapting to changes in structutal and/ot
flight configuration. The maln drawbacks of these systems are
thelr technologioal complexity and costs (aotuator costs).
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Figure 17: DGVZ passive and active (ACSR) forced response

7. AEROMECHANICAL STABILITY AUGMENTATION BY ACTIVE
CONIROL

Rotor fuselage instabllitles are o permanent englneering chal-
tenge and this chapter primarily discusses ground and air
resonance, although other instabilities such as flap - kig coupling
and flutter would also deserve aftention.

Past efforts were malnty focussed on passive mechanical
devices such s lead-lag dampers or under-carriages to
avold coalescence of fuselage body modes with rofor lead -
lag modes. Optimizing involves moving the 1stregressive lead -
lag frequency away from the helicopter's modal frequencies,
both an the ground and In the air,

A wide varlety of configuratlons is usuaily encountered with
different welghts, Inerfice efc. for a given helicopter. The
fuselage modal frequencles vary significantly and in many
cases, it Is not possible to obtaln large gaps between the
fuselage'srigld modes and regressive lead - log modes, Sufficient
damping must then be provided af both the fuselage and rotor
fo avoid the instabllity.

it Is belter to have, for ground resonance purposes, a high 1st
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lead -lag frequency which avolds overdampling the rotor,

This high frequency 1s obfalned In light helicopters with
elastomeric dampers which do not Impose heavy load, stress,
waight or volume constraints, This technology offers many
advantages In terms of cost and mainfenance. The problem
with operating rotors af a high 1st lead - lag frequency is that air
resonance may occur and this problem Is more acute with figld
rotors because damping Is then mainly structucal,

Stress, welght and volume constraints prohlbit using elastometic
dampers In heavier helicopters and the common approach in
this case Is to use fully or partially hydrauiic dampers providing
a high damping ratio ot relatively low stifthasses. The penalties
associated with this technology are high development and
maintenance costs.

Optimizing at fanding gear level Involves selecting the landing
gear geometry as well as the tyres and dampers’ dynamic
stiffness In accordance with ather constrainfs e.g. foxiing and
crash for proper posttioning of rigld body modes relative o
regressive lead - lag frequency.

Damper optimization covers chamber volume, oil volume and
orifice tamlnation to obtaln high damping ratios at the low
frequencles and displacements typlcal of ground resonance.

Those efforts notwithstanding. ground and air resorance may
still eccur because of poor equipment malntance, lmproper
servicing of even fallure for some componenis,

Actlve control systems have been and are stiil being Investigated
extensively to overcome fhe potential problems associated
with passive systems.

Several criterla are applied to those systems for comparlson
PUTPOses:

- Dompling augmentation versus flrequency displacement

- Rotor damping versus fuselage damplng augmentation

- IndMidual blade control versus swashplate control

- Rotating systern versus fixed system control

Severai criteria will apply to the type of control that wiit be used:
- Cost

- Sofety

- Performance

~ Ruggedness

- Design qualities

The challenge Is obviously to get rid of lead - lag dampers to
obtain cheaper and lighter designs.

The development of active control of ground resoncnce Is now
part of Eurocopter research programme and its valldity shall be
demonstrated in the near fufure according to the principles
presented in Flg. 18 below,

MAIN ROTOR
,
FLAPPING {8)
to-l FUSELAGE
h CONTROL
ey LEAD LAG (5)
Y
HYDRAULIC

COMMAND UNIT

T UNIT

Figure 18: Active condrol of ground rescnance (principle)

The theoretical calculations that were made show (Fig. 19) that
the system is unstable without and stable with active control,

DAMPING (RAD/S)

L1 1 T 1

e WITHOUT AGTIVE QONTROL .
{ fommmreees WITH ACTIVE GONTROL S

%) i

30 35 40
ROTATIONAL SPEED (RAD/S)

Figure 19: Active control of ground resonance (simulations)

8. CONCLUSION

The research work undertaken by Eurocopter France is malniy
an attempt to Improve the current understanding of helicopter
dynamics. stabllity and aeroelastic tesponse.

The main idea is that the helicopter, with Inhetently low
vibratlons and proper stabliity, is proving cheapest, most
rellable and least malntenance infensive.

Actlive contrals as, for example:

- Active Control of Structurat Response or Force Transfer

- Higher Harmonic Control

- Active Control of Ground Resonance

are cusrently under development and afull scale demonstration
programme Is now in progress.
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NOTATIONS

s fransposate of the matrix A

: fransposate and conjugate of the matrix A
: girframe mass matrix

: girframe stiffness mctix

: airframe D.OWF. vector

: rofor hub B.O.F. vector

: controled measured vector

: uncohfroled measured vecfor

: ponderatlons matiix on the measures

ponderations markrix on the pitch blade command variations

airframe natural frequency (Ith mode)

: dirframe modal damping ratio (|'rh mode)

alrframe generalized mass (i mode)
: ditframe modal shape (th mode)
: aliframe modal shape on the D.OF. related to mass modifications

: alrframe modat shape on the D.O.F. related to stiffness modificatlons

dirframe modal shape on the measured D.O.F,

airframe modal shape on fhe controled D.OWF.
: mass modifications vector

: stifiness modifications vector

: airframe modal fransfer

: coupted dirfframe - rotor modal transfer

: alfframe rotor hubs location matrix

1 Isoloded rotor Impedance

sensitivity of the rotor hub excliations to the plich biade command
: rotor hub excitations

: isolcted rofor hub excltations

1 command vector

: numnber of biades



