
CEAS 2017
Helicopter 
 

Helico

ABSTRA

The mai
pilot cyc
roll moti
airframe
lateral c
dynamic
much hig

KEYWO

Helicopt

1 IN

The pec
high-freq
where c
rotorcraf
swashpla
to the a
through 
in desta
higher-o
 

1.1 

It is wel
cyclic sti
of the r
flapping 
divided i

 

 

 

Since pi
would tr

7 paper no. 296
 Roll-Axis Instab

opter Roll

D

N

ACT 

in objective 
clic inputs in 
ion. The pap
e body-rotor 
controls app
cs of pilot n
gher-order fr

ORDS 

ter, Pilot Assi

NTRODUCT

culiarity of ro
quency blade
control mom
ft control m
ate mechani
ircraft. The 
which pilot 

abilization of 
order rotor dy

Rotor mult

l-known that
ick. These p
rotor rotatio
motion, thi

in three disti
Fast motio
(angular fr
Intermedia
inputs and 
Slow motio
helicopter s

lot control in
ransmit to th

6 
bilities induced 

-Axis Ins

Delft Universit
Kluy

National Inst
Bulev

of this pape
lateral cyclic

per will use a
system as 

plied through
euromuscula
requency rot

isted Oscillat

TION 

otorcraft w.r.
e excitations

ments are tr
oments are 
sm to the bl
main objecti
cyclic inputs
the helicopt

ynamics will 

tiblade mod

t, in order to
ilot inputs ar

onal frequen
is motion as
nct time sca

ons, correspo
equency in t

ate fast motio
body rotatio

on, correspo
speed. 
nputs depen
he rotor on th

by Pilot Cyclic C

tabilities
E

Ma
ity of Techno
yverweg 1, 26

m.d

titute for Aero
vardul Iuliu M

r is to give a
c interacts w
a “Newtonian
the pilot ap

h his/her ar
ar inputs an
tor dynamics

tions, Rotorcr

.t. fixed-wing
s. This is bec
ransmitted d

transmitted 
ade pitch, ca
ive of this pa
s in lateral cy
ter roll motio
be given.  

des and the

o control the
re applied at
ncy) through
s seen from
les: 

onding to tra
the order of t
on, correspo
ons; 
onding to th

nd mostly on
he intermedi

Control: A Physic

induced 
Explanatio

Marilena D. Pa
ology, Faculty
2629HS Delft,
d.pavel@tude

 
Achim Ionită

rospace Rese
Maniu 220, Bu

 

a basic unde
with high-ord
n formulation
pplies his/he
m (which m
d contractio

s than though

craft Pilot Cou

g aircraft is 
cause of the 
directly from

indirectly fr
ausing the ro
aper is to gi
yclic interact
on. First, the

eir coupling

e helicopter, 
t 1/rev-frequ
h the swash

m a frame of

ansients asso
the rotor rota
nding to the 

he steady st

n aircraft bod
iate and slow

cal Understandi

by Pilot C
on 

avel 
y of Aerospac

t, The Nether
elft.nl 

ă 
earch Elie Car
Bucharest, Ro

erstanding of
er rotor dyna
n” representi
r control. It 

may involve 
on dynamics 
ht at the pre

uplings, Lead

that low-freq
fact that, in

m pilot stick 
rom the pilo
otor to flap a
ve a basic u
ts with high-
e explanatio

s to the air

the pilot app
uency to the 
hplate mecha
f reference 

ociated with 
ational frequ
steady state

tate respons

dy motions i
w time-scales

 

ng 
Copyright © 20

Aero
6th 

Cyclic Con

ace Engineerin
rlands 

arafoli (INCAS
omania 

f the mecha
amics destab
ng the main
will be dem
also pilot b
of his/her m

sent.  

d-lag mode, R

quency pilot 
n contrast wit

to the airc
ot stick to th
and thence tr
nderstanding
order rotor d
n of the me

frame mod

plies cyclic in
rotor (i.e. fr
anism. Discu
rotating with

the eigenfre
uency); 
e response o

se of the bl

it would follo
s. This would

 
017 by Pavel MD

ospace Eu
CEAS Con

ntrol: A Ph

ing 

S) 

nisms throug
bilizing the h
n forces actin
monstrated t
biodynamics,
muscles) ma

Rotor dynam

t inputs can 
th fixed-wing

craft, in the 
he rotor thro
ransmitting m
g of the mec
dynamics an
eaning of he

des  

nputs throug
requency in t
ussing on th
h the blade

equency of t

of the blade t

lade to varia

ow that thes
d seem to be

Page | 1 

D, Ionita A. 

rope 
ference

hysical 

gh which 
helicopter 
ng on the 
that pilot 
 i.e. the 
ay excite 

mics  

generate 
g aircraft 
case of 

ough the 
moments 
chanisms 

nd results 
elicopters’ 

h his/her 
the order 
he blade 
, can be 

the blade 

to control 

ations of 

se inputs 
e obvious 



CEAS 2017
Pavel MD, 

at first s
scale is 
motions 
respond 
asympto
be misle
 
To unde
frequenc
rotating 
fixed to 
the form
This ma
transform
cancellin
appears 
rotor mo

 

 

 

 
The mul
through 
fixed air
circumst
relevant
in the ro
aircraft b
Concern
transpos

 

 

 

 
Well kno
correspo
phenom
happens
involves 
to the fl
cyclic co
roll moti
accompl
aeroelas
needs to

the non

mode 

blade m
Represe

7 paper no. 296
Ionita A. 

sight, since t
more releva
are usually

 instantaneo
otic approxim
eading. Low-f

erstand this 
cy excitation
frame of ref
the helicopt

m of flap and
ay be done
mation is a
ng effects du

that, in gen
odes as: 

a relatively
1/rev lowe
an interme
frequency 
a high freq
than the is

ltiblade trans
this, rotor b

rframe syste
tances it is 
t for pilot-airc
otating frame
body motion

ning the lead
ses from the 

a collective
lead-lag dir
a progress
of gravity i
a regressin
gravity in t

own problem
ond to the 
enon involve
s when the h
besides cou

lapping moti
ontrols or a w
ion. Ground 
lished throug
stic couplings
o transform f

rotating fram

  ) an

ode as seen
nting also t

6 

hese time-sc
nt for vibrat

y neglected 
ously to cont
mation to the
frequency pi

mechanism t
ns to the he
ference rotat
ter body. It 
d lag motion
e by applyi
 multiblade 

ue to differen
neral, the tra

y low-freque
r than the iso
ediate 'conin
shift from th
quency ‘adv
olated blade

sformation is
blade excitat
em as coning
therefore co
craft dynami
e. If this hap
 and become
-lag motion 
rotating sys

e (drive trai
rection with 
ing lead-lag 
n the same d

ng lead-lag m
the opposite 

ms involving 
“ground res
es a couplin
helicopter is g
upling betwee
ion. In both 
wind gust on
and air reso

gh: 1) the us
s in the roto
frequency of

me frequenc

d represent 

 in the nonr
he body rol

cales are clea
ion, aero-ela
in the aircr

trol inputs, p
e complete f
lot inputs co

through whic
elicopter bod
ting with the
is therefore 

n from a rota
ng the so-
transformat

nt blades of t
ansient blade

ency ‘regress
olated blade 
ng' (called a
e rotating to

vancing’ (call
 lead-lag freq

s fundament
tions in the 
g and cyclic 
onceivable th
ics, despite t
ppens to be t
e important i
of the blade
tem to the n
n) lead-lag 
no shift of th
mode corres
direction as t

mode corresp
direction as 

couplings be
sonance” and
g between t
grounded (se
en rotor regr
instabilities,

n the fuselag
onance can b
se of lag dam
r resulting in
f the blade le

ies (i.e. regr

these freque

otating body
l and/or pitc

arly relevant
astic stability
raft-pilot loo
pitching moti
flapping beh

ould generate

ch low frequ
dy, one nee
e blades, but 

essential to 
ating frame 
-called mult
tion which 
the rotor. W
e motion sp

sing’ (called 
 lead-lag freq
also collectiv
o the fixed fra
led also pro
quency. 

tal to compr
form of flap
(regressing 

hat, for exam
the fact that
the case, the
in the pilot-a
which will b

non-rotating 
mode where
he rotor cent
sponding to 
the rotor rot
ponding to a 
the rotor rot

etween the 
d “air reson
the regressin
ee for exam
ressing lead 
, a simple pe
ge, can lead 
be solved by

mpers, howev
n “damperles
ead-lag mod

ressing lead

encies in a d

y frame as a
ch mode in 

t for pilot and
y, etc. In acc
op modelling
ion and helic
avior. Howe

e high-freque

uency pilot in
eds to consid

rather in the
first transfo
to a nonrota
iblade (Cole
also takes i
hen the Cole

plits into thre

also regress
quency; 
ve) rotor mo
ame, and  

ogressive) m

rehend the p
p and lag mo

and advanc
mple, the re
 it originates
e regressing 
aircraft loop. 
be of interest
system in: 
e all the bla
ter of gravity
a high frequ
ation; 
low frequen

tation (this is

lead lag dyn
nance” insta
ng lead-lag 
ple [1]-[3]).
lag mode an
erturbation, 
to instability

y increasing 
ver this resu
ss” configura
de from the r

-lag mode 

diagram givi

 function of 
this diagram

 

Copyright © 20

Aero
6th 

d aircraft sys
cordance with
, and the b
copter veloci
ver, such an
ency blade ex

nput can be 
der the roto
e non-rotatin
orm the roto
ating (fixed) 
eman) trans
into account
eman-transfo
ee levels brin

sive) rotor m

ode transfer

ode of frequ

pilot-helicopte
otion are tra
cing) rotor m
egressing mo
s from the fa
mode will pr
 

t in this pape

des move s
y; 
uency whirlin

ncy whirling o
s for a stiff-in

namics and t
bilities. Grou
mode and b
Air resonanc

nd body roll m
e.g. caused 

y appearing 
the damping
lts in extra w
ations. To pre
rotating fram

   and

ng the frequ

rotor speed 
m one can d

Pa
017 by Pavel MD

ospace Eu
CEAS Con

stems. The f
th this, the fa
blade is ass
ity. This is in
n approxima
xcitations.  

transmitted 
or behavior 
ng frame of r
or blade excit

aircraft bod
sformation [
t the summ
ormation is a
nging the co

mode of freq

rred directly

uency +1/re

er dynamics 
ansferred bac
modes. Unde
ode indeed 
ast timescale
robably coup

er, the lead-l

simultaneous

ng of the roto

of the rotor 
nplane rotor)

the vehicle d
und resonan
body roll mo
ce (AR) phen
motion also c
 by a pilot a
mainly in the
g levels. This
weight, 2) int
redict GR and
me frequency

d advancing

uency of the

( ), see F
determine re

age | 2 
D, Ionita A. 

rope 
ference

fast time-
ast blade 
sumed to 
n fact an 
tion may 

as high-
not in a 

reference 
tation, in 
dy frame. 
[4]. This 

mation or 
applied, it 
oncept of 

quency -

y without 

ev higher 

because 
ck to the 
er certain 
becomes 

e motions 
ple to the 

lag mode 

sly in the 

or center 

center of 
). 

dynamics 
nce (GR) 
otion that 
nomenon 
couplings 
action on 
e aircraft 
s may be 
troducing 
d AR one 
y (  ) to 

 lead-lag 

e lead-lag 

Figure 1. 
egions of 



CEAS 2017
Helicopter 
 

intersect
Resonan
to the a
involved
 

Figure 

 
1.2 

Based o
ground a
in 2008 
to allevia
changed
helicopte
air reson

7 paper no. 296
 Roll-Axis Instab

tion of the 
nce Region a
area of regre
d in the insta

1: Ground a

Pilot involv

on flight expe
and air reso
reference [5
ate the air r

d due to pilot
er operation 
nance instab

6 
bilities induced 

regressing 
and Ground R
essing lead-la
bility.  

and Air reso

vement into

erience with
nances phen

5] showed th
resonance m
t involvemen
condition, a

bility manifes

by Pilot Cyclic C

lead-lag mo
Resonance re
ag mode so 

onance diag

o the rotor 

 modern he
nomena expl
hat an initial 
ode (the cou

nt. More exac
ir resonance

sting as a bo

Control: A Physic

ode to the 
egion in Figu
that in GR a

gram at he

multiblade

elicopters, it 
lained above
air resonanc
upled regres
ctly, accordin
e was not an
ody roll oscill

cal Understandi

body pitch 
ure 1. Usual
and AR only

elicopters 

modes  

appears tha
e changing th
ce controller 
ssing lead-lag
ng to their st
 issue for th
lation which 

 

ng 
Copyright © 20

Aero
6th 

and roll m
lly these inte
 the regress

 

at the pilot c
heir characte
initially deve

g -body roll 
udy it appea
e pilots oper
was existen

 
017 by Pavel MD

ospace Eu
CEAS Con

mode denote
ersections co
sing lead-lag

can contribut
eristics. For 
eloped for th
mode) need

ared that, in 
rating the EC
nt but below 

Page | 3 

D, Ionita A. 

rope 
ference
d as Air 

orrespond 
 mode is 

te to the 
example, 
he EC135 
ded to be 
the basic 

C135, the 
the pilot 



CEAS 2017
Pavel MD, 

percepti
Hold (AC
apparen
mode. T
roll resp
resonanc
resonanc
 
Other ex
through 
SH-60B 
the pilot
là “Pilot 
(PAO) p
adverse 

 

 

 
During A
helicopte
series of
velocity.
was obs
to comp
literature
pitch mo
et. al [
manoeu
lead-lag 
separate
excited b
a manoe
Also, the
energy f
mechani
usually b
 

2 TH
M

In order
represen
starts w
transmit
dynamic
blade, in
sine term
(main ro
center o
the fuse

7 paper no. 296
Ionita A. 

on level. Ho
CAH) contro
t that, incre

This time the
ponse. In or
ce controller
ce mode, ind

xamples of p
the Automa
Seahawk, an

t inputs man
Assisted Os

phenomena a
couplings in
PIOs -Pilot 
oscillations
significant 
time delay
control beh
PAOs -Pilot
control inp

ARISTOTEL p
er during the
f gates trave
 When flying

served that w
plete maneuv
e of specialt
otions throug
10] showed
vre, the adv
mode is a m

ed from the 
by the pilot a
euvre results
e stiffer pilo
from pilot to 
ism through
believed, driv

HE MECHAN
MODES 

r to understa
nt the modes
when a later
tted to the s
cs θ1C and θ
nducing a cy
ms). Howeve
otor MR lag 
of mass from
elage, that ar

6 

owever, whe
ol system for
easing too m
e oscillation 
rder to dam
r needed to
dependently 

pilot inputs i
atic Flight Co
nd the CH-5
ifested as inv
scillations” (
are a class o
 the pilot-ve
Induced Os

s by applying
phase lag w

ys introduced
havior introd
t Assisted Os
uts given fro

project in Eu
e roll step m
ersing the ru
g the roll ste
while one pilo
ver. At this p
ty related to 
gh the pilot d
d that when
vancing lag m
much higher
pilot-vehicle

and become 
s in a pilot m
t arm gives 
the rotor an

h which the 
ves unstable 

NISM OF PI

and the mec
s involved in
ral cyclic pit
swashplate a
θ1S for the co
yclic flapping 
er, as blade 
dynamics 

m its axis of r
re transmitte

en the helico
r flying attit

much the rol
was perceive

mp the air re
o be develop
from the ma

nteracting w
ntrol System
3E Super Sta
voluntarily (u
PAOs) were 
of Rotorcraft
hicle system

scillations - w
g control inpu
with respect 
d by the pilo
uced by FCS
scillations - a

om the pilot, 

rope ([7]-[9]
aneuver [9].
unway from 
ep maneuver
ot triggered t
point it shoul

the low-freq
dynamics. H

n the pilot ‘
mode can be
r-frequency o
e interaction
unstable, th

mode that inte
a more stro

nd back. The
pilot excites
the high fre

ILOT DESTA

chanism thro
n the instabil
ch control is

and then to 
osine and si
motion (ma
flaps it also

1C and 1S fo
rotation, whic
ed as lateral 

opter was en
tude comma
ll rate feedb
ed by the pi
esonance m
ped which e
ain flight con

with the first 
m (AFCS) wer
allion helicop
uncommande
occurring fo

ft-Pilot Coupl
 (PVS). RPCs

which occur w
uts which are
to the aircra
ot while con

S and control 
are higher fr
which may d

], [15]) PAO
. In the roll 
one side to

r from an init
the PAO insta
ld be underli
quency regre
owever, mor
‘stiffens’ his

ecome unstab
order mode 
ns. Trying to
he authors sh
ersects the a
ongly coupled
e remaining p
s the advan

equency adva

ABILIZATIO

ough which t
lity and, see
s given by 
the blade as
ine terms). T
ain rotor MR 
o lags and th
or the cosin
ch will furthe
and longitud

nhanced wit
nd or flight 
back gain, d
ilot as an os

mode when r
effectively da
trol system.

vertical and
re reported f
pters with ex
ed) controls 
or these veh
lings (RPC), 
s can manife
when the pilo
e essentially 
aft/rotorcraft
ntrolling the 
interfaces ca

requency ph
destabilize th

s were revea
step maneuv

o the other i
tial velocity o
ability in the 
ned that all 
essing lag m
re recently, r

arm in ord
ble. This is a
than the airf

o understand
howed that a
advancing lea
d flap-lag m
part of the p
ncing lead la
ancing lead la

ON OF HELI

the lateral PA
e Figure 2 a
the pilot. T
s cyclic pitch
This will mo
flap dynami

herefore the 
e and sine t
er induce vib
dinal vibratio

 

Copyright © 20

Aero
6th 

h an Attitud
path followi
rove unstab

scillatory ring
rate feedbac
amped the c
 

d lateral fuse
for the CH-46
xternal loads
demonstrati

hicles.  Pilot
i.e. instabili
st as: 
ot inadverten
in the wrong

t response. H
aircraft or 

an all be the
enomenon r

he aircraft. 

aled in the si
ver the pilot 
n a specified
of 80 knots w
roll axis, the
PAO instabil

mode that co
research pub
der to cont
an interesting
frame modes
d why the a
a pilot stiffen
ad lag mode 

motion enabli
aper will und
ag mode an
ag mode.  

ICOPTER RO

AO instability
adapted from
hrough AFC

h dynamics (
dify the ang
cs 1C and 
blade will a

terms). This
bratory roll a
ons in the coc

Pa
017 by Pavel MD

ospace Eu
CEAS Con

de command
ing tasks, it

ble the air re
ging in the h
ck was used
coupled bod

elage bendin
6D/E Sea Kn
s [6]. In thes
ing that insta
t assisted os
ities originat

ntly causes d
g direction, o
High gain ta
changes in 

e cause of a P
related to inv

imulator for 
was flying t

d distance a
with two tes
e other pilot 
lities discuss
upled to the
blished by To
trol a high 
g result as a
s and should
advancing m
ing his/her a

e branch of F
ng the “pum
derstand the
nd, contrary 

ROTOR LEAD

y evolves on
m ref. [11]. T
CS, the pilot 
(main rotor 
gle of attack
1S for the co
also have a c
s will move t
and pitch mo
ockpit and to 

age | 4 
D, Ionita A. 

rope 
ference

d/Attitude 
t became 
esonance 
helicopter 
d, an air 
dy-roll air 

ng modes 
night, the 
se cases, 
abilities a 
scillations 
ting from 

divergent 
or have a 
sks, long 
the pilot 
PIO.  
voluntary 

a Bo-105 
hrough a 

and initial 
t pilots it 
was able 
ed in the 

e roll and 
od, Pavel 
precision 
dvancing 
d be well 

mode was 
arm to fly 
Figure 1. 
mping” of 
e physical 

to what 

D-LAG 

ne should 
The cycle 

input is 
MR pitch 

k of each 
osine and 
cyclic lag 
the rotor 

oments in 
the pilot 



CEAS 2017
Helicopter 
 

seat. Th
cyclic co
 

Figure 

In order
physical 
energy f
each oth

 

 

 

 
Consider
constant
inertial f
variable 
m at its
shaft. Fo
is not gi
velocity 
 
 bl (0,

 

where 
the unit

direction

7 paper no. 296
 Roll-Axis Instab

he pilot will re
ontrol stick in

2: The late

r to verify the
approach. T

flow which e
her (refs [12]

if there are
the possibi
any extern
freedom co
a harmonic
system if th

r a simplifie
t speed shaf
frame. A hub
angular velo

s end. In ord
or the mome
ving explicitl
of the blade 

    bl0, ) E

 bl bl bE i , j

t vector in x

n).  

6 
bilities induced 

eact to these
nputs and the

eral PAO me

e lateral PAO
The main id
enables the 
]-[14]). Usin
e degrees of 
lity of dynam
nal excitatio
onsidered wi
c force acting
he force is in

ed model for
ft (angular v
b is connecte
ocity  
der to balanc
ent, the blade
ly the import
 is: 

  

T

l bl, k  is the

x direction, 

by Pilot Cyclic C

e vibrations t
e above-cycle

echanism of

O instability m
ea in a phys
degrees of 
g this energe
freedom wh

mic instability
ns (coupling
ll pump ener
g on a vibrat
n phase with 

r the rotor-a
velocity ) w
ed to the sha
. To the hub
ce the avera
e flapping m
tance of flap

 

e row of unit 

blj  is the u

Control: A Physic

through his/
e is again re

f instability

mechanism p
sical approa
freedom inv
etic approac
hich mutually
y; 
g terms) in 
rgy into that 
ting system 
the velocity 

aircraft as s
which may t
aft by means
b is attached
age centrifug

motion is not 
p motion in A

vectors defi

unit vector in

cal Understandi

her “biodyna
peated.  

y at helicop

presented ab
ch is that in

volved in the
h to the prob
y pump ener

phase with
DOF; 
of the same 
of the vibrat

seen in Figu
ranslate long
s of a spring
d a massless 
gal force, a c
included in t

AR problem. L

 

ning the refe

n y direction

 

ng 
Copyright © 20

Aero
6th 

amics”, i.e. w

pters (adapt

bove the pre
n a selfexcite
e instability t
blem it follow
rgy into each

h the velocit

frequency p
tion. 

ure 3. The 
gitudinally a
K , so that 
beam with 

counterweigh
the model as
Looking at F

erence frame

n and blk is 

 
017 by Pavel MD

ospace Eu
CEAS Con

will apply invo

 

ted from re

esent paper w
ed system th
to pump ene
ws that: 
h other, this 

ty of the d

produces wor

model cons
nd laterally 

t the hub ma
a concentrat
ht is attache
s point A of F
Figure 3, the

  

e of the blad

the unit ve

Page | 5 

D, Ionita A. 

rope 
ference
oluntarily 

ef. [11]) 

will use a 
here is a 
ergy into 

indicates 

egree of 

rk on the 

sists of a 
w.r.t. an 

ay have a 
ted mass 
ed to the 
Figure 1 
e angular 

(1) 

de ( bli  is 

ector in z 



CEAS 2017
Pavel MD, 

The abso
 
r R(1

 
The abso
 
r R(1,

where [

our case

 
r R(1,

 
The forc
 

bl xF (F ,

 
Accordin
 

            
1 D’Alem
principle
equal to

7 paper no. 296
Ionita A. 

Fi

olute displac

 bl1, 0,0) E

olute velocity

 bl0,0) E R

blx] represe

e: [ ]

 


bl x

 bxl bl0,0)[ ] E

ce due to the

 y bl, F ,0) E  

ng to D’Alem

                 
mbert princi
e consists of 
o ma, but dire

6 

gure 3: Rot

cement of the

  

y: 

blxR(1,0,0)[ ]

ents the matr

 
0

0

0 0


 

  

 R(1,0,0)[

e “lead-laggin

bert principle

                 
ple allows c
representing

ected opposi

ybl

tor-body m

e blade is the

 

 blE  

rix time deriv

0

0

0

 





. The 

 2
blx bl] E R 

ng” mass on 

 

e1, this mean

  
converting d
g the statem
te to the acc



model for he

en: 

vative of the 

absolute acc

 2R ( ) ,    

the hub is th

ns the inertia

dynamic prob
ment of New
celeration, a.





elicopter rol

 

 

unit vector 

celeration of 

 bl, 0 E

hen: 

 

al forces:  

blems in sta
wton’s second
. 

 

Copyright © 20

Aero
6th 

 

ll axis moti

0

{ } 0


 
 


r

E r

q

the blade is:

atic ones. T
d law F=ma 

xbl

Pa
017 by Pavel MD

ospace Eu
CEAS Con

on 

  

  

0 { }

0

 


 

r q

p E

p

 

: 

  

  

Typical usage
by an “iner

age | 6 
D, Ionita A. 

rope 
ference

(2) 

(3) 

that is in 

(4) 

(5) 

e of this 
tial load” 



CEAS 2017
Helicopter 
 

x

y

F mR

F mR


 

 
Lead-lag
 

yF R K 
2

  
 

with 

The forc
 

r xF (F ,

with [ ]

rF  it foll
 

linearize
rF 

 
2.1 

Firstly, c
the eige
 

sh

1

2
1

2





 

 

 
Assume 
 

0 co 

 
It follow
 

0   

0  

 
First, de
hub due
 

7 paper no. 296
 Roll-Axis Instab

2R( )

R



 


  

g moment eq

K 0    
0    

2

K

mR
 . 

ce on the sha

 y rF ,0)[ ] E

cos s

sin c

0





 


ows that: 

ed mR 2

Corioli







Case A - Pi

consider the 
nfrequencies




  

an oscillator

  0os t 

ws that the la

 sin t  

2
0 cos  

escribe the le
e to the blade

6 
bilities induced 

quation: 

aft, taking int

2mR (1,0,0 

sin 0

cos 0

0 1









the 

2, ,

is Centrifug

   



 

lot mode in

AR situation 
s are: 

ry motion: 

1
cos t

2
   
 

g velocity an

0

1
sin

2
  

 0

1
t

4   

ead-lag motio
e lead-lag mo

by Pilot Cyclic C

 

 
 

to account th

 r0) E  

rotation ma

 0

al Inertial



nteracting w

as represen

 

0 cos
2

    
 

nd lag accele

n
2

 
 
 

 

2 cos
2

   
 

on as an ext
otion can be 

Control: A Physic

he extra cou

atrix from E

rE

 

with regres

ted by point 




 

erations are:




 

ternal excitat
 found by su

cal Understandi

 

 
 

nter-weight 

 

rE to  blE (

 

ssing lead-la

A in Figure

 

 

 

 

tion for the s
ubstituting (1

 

ng 
Copyright © 20

Aero
6th 

is: 

  bl rE [ ] E

ag mode (v

e 1 and assum

shaft. The ef
3) and (14) 

 
017 by Pavel MD

ospace Eu
CEAS Con

  

  

  

  

r ). Lineariz

  

vertical bra

me that the 

  

  

  

  

ffective force
into equatio

Page | 7 

D, Ionita A. 

rope 
ference

(6) 

(7) 

(8) 

(9) 

zing force 

(10) 

nch) 

values of 

(11) 

(12) 

(13) 

(14) 

es on the 
n(10): 



CEAS 2017
Pavel MD, 

xr

yr

F 2m

F mR





 
Since on
shaft in 
phased 
the forc
Figure 4
 

Figu

One can
to the ri
to the le
motion. 
rotation.
 
Secondly
can mov

blades w
longitud

sh shx x

D'Alemb



7 paper no. 296
Ionita A. 

 2

mR mR

R



 

  

  





ne investigate
a resonant p
w.r.t. the lea
e on the sh
4. 

ure 4: Lead

n see that, re
ight. One rev
eft, etc. Whe
Concluding,

.  

y, describe t
ve only long

will move u
inal displace

 h0 shcos t 

bert principle 

xbl

0

Fyr

=0

6 

2
0

2
0

R sin
2

5
mR co

4





  
 



es the system
point, it follo
ad-lag motio
aft can be r

d-lag motio
corr

egarding the 
volution late
en desired, 
, there is a 

the shaft mo
gitudinally (d

p and down
ment will be

sh0x cos
2

 


will be used

Fxr





(Coriolis)

os (cf
2






 
 
 

m at resonan
ws that the 

on. Using (12
represented 

n of one bla
responding 

forcing term
r, at  m
this may be
“rotating” fo

otion as an e
direction x0),

n with the s
: 

 



 

d next to dete

Fyr







inertia)

nce, and bec
blade lead-la
2) and (15), 
(each lead-l

ade as exte
force on th

ms acting on 
maximum lag
e also checke
orce acting 

external exci
, being excit

shaft with a

ermine the fo

0



 

cause the ext
ag motion giv
the motion 

ag cycle tak

ernal excita
he shaft- Ca

the shaft, a 
g occurs with
ed by substi
on the shaf

itation for th
ted in its ei

acceleration

 

orce on blad





 

Copyright © 20

Aero
6th 

ternal lead-la
ves rise to a 
of one blade

kes two revo

ation for the
ase A 

force will be 
h an attenda
tuting i
ft, against th

he blades. As
genfrequenc

shx . Looking

e due to the 

Fxr



Pa
017 by Pavel MD

ospace Eu
CEAS Con

  

ag motion ex
a shaft motio
e over 4 per

olutions) as s

e shaft and

e exerted on 
ant force on 
nto the equ
he rotor dire

ssume that t
cy sh (1/ 2 

g at (12), t

  

e shaft motio

0

F



age | 8 
D, Ionita A. 

rope 
ference

(15) 

xcites the 
n 90 deg 
riods and 
shown in 

 

d the 

the shaft 
the shaft 
ations of 
ection of 

the shaft 
2) . The 

the shaft 

(16) 

n: 

Fyr



CEAS 2017
Helicopter 
 

0f f 

and the 

 

Fi

Furtherm

 

 

The extr

0

M fR

1
f R si

2

 





Equation

 

Assume 
be: 

sh shx x

The late

0f f sin

The late
 

7 paper no. 296
 Roll-Axis Instab

cos
2

 
 
 

 

motion of th

gure 5: Lon

more, it appe

Fxr is in pha

An extra le
there is no 

ra lead-lag m

 
lin

R sin

3 1
in s

2 2

 





   
 

n (18) does n

now that th

 h0 shsin t 

eral force on 

2

 
 
 

 

eral shaft mot

D’A

=0

6 
bilities induced 

he shaft durin

ngitudinal s
corre

ears that: 

ase with shx

ad-lag mom
energy input

moment due t

nearized

0

0

f R cos

sin f
2

 

 


    

not contain a

he shaft can 

sh0x sin
2

 
 
 

 

blade due to

tion during 4

Alembert





by Pilot Cyclic C

ng 4 periods 

shaft motio
esponding f

, thus energ

ent as a res
t from the sh

to the longitu



0

sin
2

R 1 2cos

  

 

  
 



any compone

move only la

o the shaft m

4 periods can



D’A

Control: A Physic

is now as re

on as extern
force on the

gy input goes

sult of the sh
haft to the bl

udinal shaft 





0cos f R

cos2

 

 





ent in phase 

aterally (dire

motion is give

n be represen



Alembert

cal Understandi

 

epresented in

nal excitatio
e blade – C

s in the shaft

haft accelera
ade.  

motion can b

R cos
2

   
  

with lag velo

ection y0). T

 

en according 

 

nted now as 





 

ng 
Copyright © 20

Aero
6th 

n Figure 5.  

on for the b
ase A 

t. 

ation is out o

be calculated

0sin cos 

ocity(13).  

he shaft late

to D'Alembe

seen in Figu

0



D’

 
017 by Pavel MD

ospace Eu
CEAS Con

  

 

blade and t

of phase wit

d as: 

s cos
2

   
 

  

eral displacem

  

ert principle a

  

ure 6.  

’Alembert

Page | 9 

D, Ionita A. 

rope 
ference

(17) 

the 

th  , so 



 (18) 

ment will 

(19) 

as: 

(20) 



CEAS 2017
Pavel MD, 

Figure 

It can be

 

 

The extr

0

M fR c

1
f R si

2







In this c
in groun
frequenc

 
Consider
case, the
 

0f f sin

 
The extr
 

7 paper no. 296
Ionita A. 

6: Lateral 

e seen that: 

Fyr is in pha

An extra le
there is ene

ra lead-lag m

 
linea

cos

3 1
n s

2 2

 



 

   
 

case, relation
nd resonanc
cy in the 

r next that t
e D’Alembert

pilotn f
2

  
 

 

ra lead-lag m

xbl

0

=0

6 

shaft motio

ase with shy ,

ad- lag mom
ergy input fro

moment due t

arized

0

0

f R sin
2

sin f
2



 

 


   
 

n (21) does c
ce (represen

  diagram

there is an e
t force becom

moment due t





on as extern
force on

, so energy in

ment as a re
om the shaft 

to the latera



0

cos
2

1 1
R co

4 4

  



 


 


contain a co
nted as an 

m, the lateral 

extra pilot fo
mes: 

 

to the latera

D’Alember

nal excitati
n the blade

nput goes in

esult of the 
t to the blade

l shaft motio

 0sin f R s

os 2

 









mponent in 
intersection

shaft motion

orce exciting

l shaft motio

0



rt D’Alem

ion for the 
– Case A 

 the shaft. 

shaft accele
es  

on can be cal

sin co
2
     
  

phase with l
n point betw
n combines w

the lag mo

 

on can be cal





mbert

 

Copyright © 20

Aero
6th 

blade and t

ration is in  

culated as: 

0os cos   


ag velocity(1
ween shaft 
with blade lea

de in the sa

culated as: 



Pa
017 by Pavel MD

ospace Eu
CEAS Con

the corresp

phase with 

sin
2
 

  
  

13). This sho
and blade 

ead-lag motio

ame direction

  

0



age | 10 
D, Ionita A. 

rope 
ference

 

ponding 

 , thus 

 (21) 

ows that, 
lead-lag 

on. 

n. In this 

(22) 



CEAS 2017
Helicopter 
 

0

0

M fR c

f Rsin

1
f R si

2













 
The lead
velocity 
correspo
 

2.2 

Consider
in point 
 

sh

2



 

 
 
The lead
 

0 c 
 
and the 
 

0  

0  
 
Followin
excitatio
motion a
 

xr

yr

F 2m

F m




 
The first
extracte
 

x0 x

y0 x

F F

F F





 

7 paper no. 296
 Roll-Axis Instab

 
lineari

cos

cos
2

3 1
n sin

2 2

 

  



 

 
 

   
 

d-lag momen
(13), one in

onds indeed 

Case B- Bo
branch) 

r next that th
B, see Figur




  

d-lag motion 

 cos t 

blade lead la

 0 sin t  

2
0 cos  

g the same
on for the sh
as: 

 2

mR 4

mR



 

  

 





t harmonic o
d by projecti

xr yr

xr yr

cos F

sin F









6 
bilities induced 

ized

0

0

0 0

f R sin
2

cos sin
2

n f R
2





 

 

 

 
 
 

   
 

nt (23) due t
ntroduced by
with results 

ody/Pilot m

he crossing o
re 1. Assume

becomes: 

0 cos 2   

ag velocity a

 02 si  

 2
0t 4  

e procedure 
haft, one can


2

0

2

4mR sin

5mR







 

of the hub fo
ing these for

r

r

1
sin m

2
1

cos m
2









by Pilot Cyclic C



pilot

cos sin

n f R

1 1
R cos2

4 4

  





 


 
  
 

 



o the lateral 
y the shaft m
acknowledge

mode intera

of the shaft 
e in this case

 

 

nd accelerat

in 2  

2 cos 2

as above a
n determine t

0

n 2 (Cor

cos 2 (



 

orces due to
rces onto the

2
0

2
0

mR sin

mR cos

 







Control: A Physic

 pilot

0

n f R co

cos cos



 










pilotf R cos


 shaft motio
motion and t
ed by other r

acting with

eigenfrequen
e that the eig

tion are: 

and describin
the effective

riolis)

(Cf . Inerti

o the blade l
e shaft system

9
n mR

2
9

s mR
2





 

 

cal Understandi

os sin

s sin
2

  

 



   
  

pilot 0f R s  
 



n contains tw
the other int
references [1

h regressin

ncy with the 
genfrequenc

 

 

 

 

ng first the 
e forces on th

ia)
 

lead-lag mot
m of referen

2
0

2
0

sin 3

cos3

 

 





 

ng 
Copyright © 20

Aero
6th 





3
sin sin

2

   
 

wo compone
troduced by 
11, 15].  

ng lead-lag 

regressing l
ies have the 

lead-lag mo
he hub due t

tion as seen 
ce x0y0z0 as

 

 
017 by Pavel MD

ospace Eu
CEAS Con

n
2

  
 

 

  

ents in phase
 the pilot fo

 mode (ho

lead-lag mod
form: 

  

  

  

  

otion as an 
to the blade

  

 by the shaf
s see in Figu

  

Page | 11 

D, Ionita A. 

rope 
ference

(23) 

e with lag 
orce. This 

orizontal 

de occurs 

(24) 

(25) 

(26) 

(27) 

external 
e lead-lag 

(28) 

ft can be 
ure 7. 

(29) 



CEAS 2017
Pavel MD, 

Figure 7

 
Using (2
 

Figu

Describe
move on

move up

displace
 

sh sx x



7 paper no. 296
Ionita A. 

7: Projectio

25) and (28),

ure 8: Lead

e next the sh
nly longitudin

p and down 

ment will be

sh0 shcos t

xr

Fxr

Fyr

6 

on of hub fo

, the 1st harm

d-lag motio
corre

haft motion 
nally (directio

with the sh

:  

 sh0x cos

 

orces induc

monic on the 

n of one bla
esponding f

as an exter
on x0), bein

haft with an 

  

yr

ced by lead-

 shaft can be

ade as exte
force on th

nal excitatio
g excited in 

acceleration

-lag motion

e represente

ernal excita
e shaft – Ca

n for the bla
its eigenfreq

 shx . Lookin

 

 

Copyright © 20

Aero
6th 

n on the sha

d as seen in 

ation for the
ase B 

ades. Assum
quency sh 
ng at (25), t

Pa
017 by Pavel MD

ospace Eu
CEAS Con

aft 

Figure 8. 

 

e shaft and

me that the s
 . The bl

the shaft lon

  

age | 12 
D, Ionita A. 

rope 
ference

d the 

shaft can 
lades will 

ngitudinal 

(30) 



CEAS 2017
Helicopter 
 

 
The forc
 

0f f 
 
and the 
 

Figure 
corresp

 
The extr
 



M f

sin

 



 
It can b
the shaf

no energ
 
Assumin
explaine
 

sh sx x
 
The forc
 

0f f 
 

D

=0

 

7 paper no. 296
 Roll-Axis Instab

ce on blade d

cos   

motion of th

9: Longitu
ponding for

ra lead-lag m



0

fR sin

cos 2

 

 





e seen that 
ft to the blad

gy input goe

ng next that
ed above, the

 sh0 shsin t

ce on blade d

sin   

’Alembert



0

6 
bilities induced 

due to the sh

he shaft durin

udinal sha
rce on the b

moment due t



 

linearized

0f R

cos f









(32) is out o
des. Also, fro

s from the b

t the shaft c
e shaft latera

 sh0x sin

due to the sh



0 

0 

by Pilot Cyclic C

haft motion is

 

ng one rotor 

aft motion 
blade –Case

to the longitu

 

0

cos sin

1
f R sin 2

2





of phase wit
om (43) and 

lades to the 

can move o
al displaceme

  

haft motion is

 



D’Alember

0

0
 

Control: A Physic

s according t

revolution is

as extern
e B 

udinal shaft 

0 0

n cos

1
f R

2

  





 


h lag velocit
(30), one ca

shaft.  

nly laterally 
ent can be de

s according t



rt

0

cal Understandi

to D'Alember

 

s represented

nal excitat

motion can b

 0f R cos

1
cos3 c

2









ty (26), thus 
an see that F

(direction y
escribed as: 

 

to D'Alember

 



 

ng 
Copyright © 20

Aero
6th 

rt principle:  

d as seen in 

tion for th

be calculated

 s

cos











there is no 
Fx0 is out of 

y0) and follo
 

rt principle:  

0



D’Ale

 

 
017 by Pavel MD

ospace Eu
CEAS Con

  

Figure 9. 

 

he blade a

d as: 

  

energy pass
phase with 

owing the p

  

  

embert

0

Page | 13 

D, Ionita A. 

rope 
ference

(31) 

and the 

(32) 

sing from 

shx , thus 

procedure 

(33) 

(34) 



CEAS 2017
Pavel MD, 

and the 
 

Figure 
force on

The extr
 



M fR

cos





 
Looking 
passing 

shx , thu

from the
air/grou
 
Consider
case, the
 

0f f s 
 
The extr
 

0

0

M fR c

f Rsin

1
f R s

2







 

0

=0

7 paper no. 296
Ionita A. 

lateral motio

10: Lateral 
n the blade

ra lead-lag m

 

0

R cos

cos 2

 

 





at (35) it ap
from the sha

us there is en

e shaft to th
nd resonanc

r next that t
e D’Alembert

pilotsin f   

ra lead-lag m

 


lineari

0

0 0

cos

cos co

sin 2 f R

 

  

 

 



 


xbl



0 

6 

on of the sha

shaft moti
e- Case B 
moment due t



 

linearized

0

0

f R s

sin f 





ppears that t
aft to the bla
nergy input g

he blades, th
e instability a

there is an e
t force becom

moment due t


  

ized

0f R sin c

os 2 sin

1 1
cos2

2 4



 





 




D

 



aft during on

on as exter

to the latera



0

sin cos

1
R sin 2

2

 



his is also ou
ades. Also, f
going from t

his part of th
as driving en

extra pilot fo
mes: 

 

to the latera


pilot

os sin

f R cos

1
cos4

4

  









 




D’Alembert

D’Alemb

0

0

0 

 

e rotor revol

rnal excitat

l shaft motio



0 0

sin

1
f R c

2

 



 

 


ut of phase w
from (43) an
he blades to

he regressing
nergy is not a

orce exciting

l shaft motio

 
 

pilot

0

pilot

f R cos

cos 2 s

f R cos



 











bert

0

lution is repr

tion for the

on can be cal

0f R sin

1
cos2

4





 

 

with lag velo
nd (33) one c
o the shaft. H

g lead-lag m
available.  

the lag mo

 

on can be cal




pilot 0

sin

sin

1
f R sin

2

  





 







 

Copyright © 20

Aero
6th 

esented as s

 blade and 

culated as: 

1
cos4

4
  


city (26), thu
can see that 
However, as 

ode branch 

de in the sa

culated as: 

  1
n 3 sin

2
 

0



0 

Pa
017 by Pavel MD

ospace Eu
CEAS Con

seen in Figu

 

the corresp





   

us there is n
t Fy0 is in ph
no energy g

is not dange

ame direction

  

 



  

age | 14 
D, Ionita A. 

rope 
ference

ure 10. 

ponding 

(35) 

no energy 
hase with 
goes back 

erous for 

n. In this 

(36) 

(37) 



CEAS 2017
Helicopter 
 

The lead
with lag 
 

2.3 

Next, co
in point 
 

sh 2





 

 
 
The assu
 

0 co 

 
And the 
 

0   

0   

 
Describin
effective
 

xr

yr

F 2m

F mR





 
The first
extracte

Figure 

Looking 

x0 xr

y0 xr

F F

F F





7 paper no. 296
 Roll-Axis Instab

d-lag momen
velocity, nei

Case C- Bo

onsider that t
C, see Figur


 

umed oscillat

  0os t co 

blade lead la

 sin t    

 2 cos t   

ng first the 
e forces on th

 2

mR 2m

R



 

  

  





t harmonic o
d by projecti

11: Project

at Figure 1

yr

yr

cos F sin

sin F co









6 
bilities induced 

nt (23) due t
ither from th

dy/Pilot mo

the crossing 
ure 1. In thes

tory lead-lag

os

ag velocity a

0 sin    
2

0 cos   

lead-lag mo
he hub due t

2
0

2
0

mR sin

2mR c

 





 

of the hub fo
ing these for

tion of hub 

11 it follows t

1
n mR

2
1

s mR
2





 

 

by Pilot Cyclic C

to the latera
he shaft moti

ode interac

of the shaft 
se case one c

g motion is th

nd accelerat

 

otion as an e
to the blade 

(Coriolis)

cos (Cf .



 

orces due to
rces onto the

forces indu

that:  

2
0

2
0

9
sin m

2
9

cos m
2

 

 







Fxr

Control: A Physic

al shaft motio
on no from t

cting with a

eigenfreque
can assume 

 

hen: 

 

tion are: 

 

 

external exc
lead-lag mot

)

Inertia)

o the blade l
e shaft system

uced by lead

2
0

2
0

mR sin 3

mR cos3

 







xr

Fyr

cal Understandi

on does not 
the pilot forc

advancing l

ency with the
the eigenfreq

 

 

 

 

itation for th
tion as: 

 

lead-lag mot
m of referen

d-lag motio

3




 

y

 

ng 
Copyright © 20

Aero
6th 

contain any 
ce.  

ead-lag mo

e advancing l
quencies as:

he shaft, one

tion as seen 
ce x0y0z0 as

 

on on the sh

r

 
017 by Pavel MD

ospace Eu
CEAS Con
component 

ode  

lead-lag mod
 

  

  

  

  

e can deter

  

 by the shaf
s seen in Fig

haft 

  

Page | 15 

D, Ionita A. 

rope 
ference
in phase 

de occurs 

(38) 

(39) 

(40) 

(41) 

mine the 

(42) 

ft can be 
gure 11. 

(43) 



CEAS 2017
Pavel MD, 

 
The hub
Fig. 7 as
 

x0 x

y0 x

F F

F F




 
Using (3
 

Figu

Describe
move on

move up

displace
  

sh sx x
 
The forc
 

0f f 
 
and the 
extra lea
 

0

M fR

1
f R

2

 

 


 

7 paper no. 296
Ionita A. 

b forces due 
s: 

xr yr

xr yr

cos F

sin F c









39) and (44),

ure 12: Lead

e next the sh
nly longitudin

p and down 

ment will be

 sh0 shcos t

ce on blade d

cos2  

motion of t
ad-lag mome

 
lin

R sin

1
sin3 sin

2

 







0

F

=0

6 

to the blad

sin 2m

cos 2mR





 



, the shaft fo

d-lag motio
corre

haft motion 
nally (directio

with the sh

: 

 sh0x cos2

due to the sh

the shaft du
ent due to th

nearized

0

0 0

f R cos

n f R 

 

  
 

xbl

Fy0

Fx0



e lead-lag m

2
0

2
0

mR sin 2

R cos 2

 

 





orces and the

on of one bl
esponding f

as an exter
on x0), bein

haft with an 

  

haft motion is

ring one rot
e longitudina

 s 2 sin

1 1
cos2

4 2

 





 

Fy0





motion as see

2


 

e blade motio

 

lade as ext
force on th

nal excitatio
g excited in 

acceleration

 

s according t

 

tor revolution
al shaft moti

cos

1
cos4

4

 



  

 






en by the sh

 

on can be re

ernal excita
e shaft – Ca

n for the bla
its eigenfreq

 shx . Lookin

 

to D'Alember

 

n is represen
on can be ca

 0f R cos 2

Fx0



 

Copyright © 20

Aero
6th 

haft are obta

presented as

ation for th
ase C 

ades. Assum
quency sh 
ng at (39), t

rt principle:  

nted as seen
alculated as: 

 0sin cos 





Pa
017 by Pavel MD

ospace Eu
CEAS Con

ained using 

  

s seen in Fig

 

he shaft and

me that the s
 . The bl

the shaft lon

  

  

n in Figure 

2s  
  

0

Fy0



age | 16 
D, Ionita A. 

rope 
ference

(43) and 

(44) 

gure 12. 

d the 

shaft can 
lades will 

ngitudinal 

(45) 

(46) 

e 13. The 

(47) 



CEAS 2017
Helicopter 
 

One can
shaft to 

input go
 
Assumin
explaine
 

shx x
 
 

Fig

The forc
 

0f f s 
 
and the 
The extr
 

0

M fR c

1
f R si

2







One can
energy 
Figure 
the blad
 

7 paper no. 296
 Roll-Axis Instab

n see that (47
the blades. 

oes from the 

ng next that
ed above, the

 sh0 shsin t

gure 13: Lo

ce on blade d

sin 2  

lateral motio
ra lead-lag m

 
lineari

cos

1
n3 sin

2

 

 

 



n see that (5
passing from
1, although 
e lead-lag m

D’Alemb

=0

6 
bilities induced 

7) is out of p
Also, from (4

blades to the

t the shaft c
e shaft latera

 sh0x sin 2

ongitudinal 
corre

due to the sh

on of the sha
moment due t


ized

0

0 0

f R sin 2

1
f R

4



   
 

50) contains 
m the shaft 
contains dri

motion to the 

bert



by Pilot Cyclic C

phase with la
45) and (44)

e shaft.  

can move o
al displaceme

2  

shaft motio
esponding f

haft motion is

aft during on
to the latera

cos sin

1
cos2

4

  





 


one compon
to the blad
ving energy,
shaft motion





Control: A Physic

ag velocity (4
), one can se

nly laterally 
ent can be de

 

 

on as exter
force on the

s according t

 

e rotor revol
l shaft motio

 0f R sin 2 

nent out of p
des. Therefo
, it does not
n and back.



D’Alembert

cal Understandi

40), thus the
ee that Fx0 i

(direction y
escribed as: 

 

rnal excitat
e blade – C

to D'Alember

 

lution is repr
on can be cal

 0cos sin  

phase with la
re, the adva
t close the v





 

ng 
Copyright © 20

Aero
6th 

ere is no ene
s in phase w

y0) and follo
 

ion for the 
ase C 

rt principle:  

esented as s
culated as: 

 n cos 2  

ag velocity (
ancing lead-
vicious circle 





 
017 by Pavel MD

ospace Eu
CEAS Con

ergy passing 
with shx , thu

owing the p

  

blade and t

  

seen in Figu


   

 
(40), thus th
-lag mode b
of energy f



D’Alembert

0 



Page | 17 

D, Ionita A. 

rope 
ference
from the 

us energy 

procedure 

(48) 

 

the 

(49) 

ure 14. 

(50) 

ere is no 
branch of 
flow from 

t



CEAS 2017
Pavel MD, 

Figure 

Howeve
the D’Ale
 

0f f s 

 
The extr
 

0

0

M fR c

f Rsin 2

1
f R si

2









 
This tim
the blad
D'Alemb
system o
blade. T
positive 
when th
had the 

conclusio
responsi

3 CO

The mai
pilot cyc
roll moti
unintent
represen

7 paper no. 296
Ionita A. 

14: Lateral 

r, the above
embert force

pilotsin 2 f   

ra lead-lag m

 


lineari

0

cos

cos s

1
n3 sin

2

 

  

 

 





e the lead-la
de lead-lag v
bert force alo
only via the 

The quantity 
(energy is t

he pilot of re
 term pilotf R

on shows th
ible for pilot-

ONCLUSIO

n objective o
clic inputs in 
ion. In this s
tional stiffeni
nting the for

xbl

0

=0

 

6 

 shaft moti

e case does n
e becomes: 

moment due t


 

ized

0

0 0

f R sin 2

sin cos 2

1
f R

4



 

   
 

ag moment M
velocity (40)
one cannot a

pilot input f
of energy th
transmitted 
ference [10]

0R positive, d

hat the phys
-vehicle insta

NS 

of this paper
lateral cyclic
ense, the pa
ing his arm w
rces in the sy



0

on as exter
force on

not consider 

 

to the latera

 pilot

p

cos sin

f R cos

1
cos2 f

4

  









 


M due to the
, and this c

add energy to
force. There
he system is
via the roto

] was stiffeni
driving unsta

sical approac
ability.  

r was to give
c interacts w
aper gave a b
when flying 
ystem, it wa



D’Ale

rnal excitat
n the blade

the extra pi

l shaft motio

 pilot

0

pilot p

f R cos

sin cos

f R cos f

 

  









e lateral shaft
component is
o the system

efore, in this 
s fed via the 
or as in orde
ing his arm, 
able the hig

ch considere

e a basic und
with high-ord
basic underst
more challen

as demonstra



embert



tion for the
– Case C 

ilot force exc

 

on can be cal


 

pilot 0

s sin

s 2

1
R sin3

2

  



 

 







ft motion con
s introduced
m, it follows 

case energy
rotor. For in

er to sustain
he was tran

gh frequency

ed in paper 

derstanding o
er rotor dyna
tanding how 
nging tasks. 
ated that bo



D’Alembe



 

Copyright © 20

Aero
6th 

 blade and 

citing the lag

culated as: 

1
3 sin

2
 



 


 

ntains a com
by the pilo

that energy 
y is added f
nstability, th
n the oscillat
nsferring ene
y advancing 

could determ

of the mecha
amics destab
pilot excites
Using a New
th the lightly



ert



Pa
017 by Pavel MD

ospace Eu
CEAS Con

 

the corresp

g mode. In t

  

ponent in ph
ot force. Bec

can be adde
from the sha
is quantity h
tions). It me
ergy to the b

lead-lag mo

mine the me

anisms throu
bilizing the h
s the roll axis
wtonian app
y damped re



0 

0

age | 18 
D, Ionita A. 

rope 
ference

ponding 

this case, 

(51) 

hase with 
cause the 
ed to the 
aft to the 
has to be 
eans that 
blade and 
ode. This 

echanism 

gh which 
helicopter 
s through 
roach for 
egressing 



CEAS 2017
Helicopter 
 

lag mod
specialty
Howeve
the pilot
and dam
dynamic
the airfra

REFERE

1. Do
Soft In-P
2. Zh
America
3. O
the Ame
4. Co
Rotors w
5. Ro
using an
Canada,
6. W
Rotorcra
7. Pa
in Aeros
8. Pa
coupling
DOI:10.
9. Pa
Coupling
DOI:10.
10. To
Helicopt
Technolo
11. M
Analysis
May 17-
12. Pa
64th Ann
13. Pa
Annual F
14. Ch
Graphs”
15. Q
Problem
and Syst
 

7 paper no. 296
 Roll-Axis Instab

de and the a
y relates onl
r, the paper 
t stiffens his 
mping to det
cs in the syst
ame roll mot

ENCES 

onham, R. E
Plane Rigid-R
hang Xiao-g

an Helicopter 
rmiston, Rob

erican Helicop
oleman, R.P
with Hinged B
obin, L, Jens
n Air Resona
 April 29-Ma

Walden, R. B
aft”, 63rd Ann
avel M.D., et
space Science
avel MD, et
gs: A desig
1016/j.paero
avel, MD, e
gs – A groun
1016/j.paero
od, G., Pav
ter Adverse R
logy, 59, 201
uscarello, V
”, 72nd Ann
19, 2016. 
avel, M.D., P
nual Forum o
avel, M.D., ”
Forum of the
hikhaoui, Z.,

”. 69th Americ
uaranta G., 
s and Metho

stems, 95(3), 

6 
bilities induced 

advancing la
ly to the reg
demonstrate
arm. Future

termine mor
tem in order 
tion.  

E.; Cardinale
Rotor System
u, ”Physical 

r Society, 31(
bert, A., ”Rot

opter Society,
. and Feingo
Blades”, NAC
s, W., Hame
nce Controlle
y 1, 2008 

Barry, ”A Ret
nual Forum o
t. al., ”Rotorc

ces, 62, 2013,
t. al., ”Prac
gn perspect
osci.2015.05.
t. al., ”Prac
nd simulator 
osci.2015.06.
vel, MD, et.
Roll Axis Ins

16, pp 18-31.
V., Tod, G., 
nual Forum o

Padfield, G.D
of the Americ
”Modeling Le
e American H
, Pavel MD, 
can Helicopte
Masarati P.

ods”, Aerotec
 2016, pp. 1

by Pilot Cyclic C

ag mode ma
gressing lag 
ed that the a
e work will 1
re precisely 
to determine

e, S. V.; Sac
m”, J. of the A

Understand
(4), Oct. 198
tor-Fuselage 
 36(2), April 

old, A.M., ”T
CA TR-1351,1
rs, M., ”Incre
er”, 64th Ann

trospective S
of the Americ
craft Pilot Co
, pp. 1-51. D
ctises to ide
tive”, Progr
.002. 
ctices to ide

perspective
.007. 
 al., ”Unde

stability via L
. DOI: 10.10
et. al. ”Adv

of the Ameri

D. ”Understan
can Helicopte
ead-Lag Dyn

Helicopter Soc
et. al., “Tow

er Society An
, Serafini J,

ecnica Missili 
76-187 

Control: A Physic

ay participate
mode as th

advancing lag
) consider n
his effect in
e how a stro

chs I.B., “Gro
American He
ing of Helico

86 , pp. 4-11
Dynamics o
1991 , pp. 3

heory of Sel
1956 
easing Hand
nual Forum o

Survey of P
can Helicopte
ouplings - Pa
DOI:10.1016/
entify and 
ress in Aer

entify and p
e”. Progress 

erstanding P
Lateral Cyclic
16/j.ast.2016
verse Aeroe
ican Helicop

nding The Pe
er Society, 2
namics for R
ciety, May 1
wards an En

nnual Forum,
, Gennaretti,
& Spazio Th

cal Understandi

e to the inst
his is close t
g mode can b
umerical exa

n the system
onger flap-lag

ound and Ai
elicopter Soci
opter Air an

f Helicopter 
3-20 
f-Excited Me

dling Qualitie
of the Ameri

ilot-Structura
er Society, Vi
ast, Present a
/j.paerosci.20
prevent adv

erospace Sci

preclude adv
in Aerospace

Pilot Biodyna
c Feedback 
6.10.003 

elastic Roll/L
ter Society, 

eculiarities o
2008, Montre
Rotorcraft-Pil
1-13, 2010, 
nergetic Mod
, 2013, Phoe
, M., “Aeroe
he Journal of

 

ng 
Copyright © 20

Aero
6th 

tability. Usua
to the pilot’s
be critical for
amples for pi

m and 2) imp
g coupling ca

r Resonance
iety, 14(4), O
d Ground R

Air and Grou

echanical Osc

s and Flight 
can Helicopt

al Coupling 
irginia Beach
and Future C
013.04.003 
verse aircraf
iences, 76, 

verse Aircraft
e Sciences, 7

amical Feedt
Control”. Ae

Lateral Rotor
West Palm 

f Rotorcraft 
eal, Canada 
ot-Couplings
Phoenix Arizo
deling of Ro
nix, Arizona.

elastic Rotorc
of Aerospace 

 
017 by Pavel MD

ospace Eu
CEAS Con

ally, the lite
s biodynamic
r this instabi
ilot biodynam
plement the 
an transmit e

e Characteris
Oct. 1969 , p
Resonance”, 

und Resonan

cillation of H

Control Perf
ter Society, M

Instabilities 
h, VA, May 1-
Challenges”. 

ft-and-rotorc
2015, pp

ft-and-Rotorc
77, 2015, pp

through Cou
erospace Scie

rcraft-Pilot C
Beach, Flori

- Pilot – Cou

s Investigati
ona 

otorcraft Usin
. 
craft-Pilot Co

e Science, Te

Page | 19 

D, Ionita A. 

rope 
ference
rature of 
cs mode. 
lity when 
mics gain 

flapping 
energy to 

stics of a 
pp. 33-41 
J. of the 

ce”, J. of 

Helicopter 

formance 
Montreal, 

in Naval 
-3, 2007 
Progress 

craft-pilot 
. 55-89. 

craft-Pilot 
p. 54-87. 

upling in 
ience and 

Couplings 
da, USA, 

uplings. ” 

on”, 66th 

ng Bond-

ouplings: 
echnology 


