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Abstract
Rotorcraft-pilot couplings denote interactions between pilot and helicopter (tiltrotors) that may
become adverse. They are usually divided into two main classes of phenomena: that including Pilot
Induced Oscillations (PIO) phenomena driven by flight dynamics and behavioural processes, and
the one conventionally named Pilot Assisted Oscillations (PAO) which is caused by unintentional
actions of pilot on controls, due to his involuntary reaction to seat vibrations. The aim of this paper
is the development of mathematical helicopter models suited for analysis of PAO phenomena. PAO
are strictly related to the structural dynamics of the fuselage and to servoelasticity, but a crucial
role is played by main rotor aeroelasticity. This paper presents a finite-state model of main rotor
aeroelastic behavior that may conveniently be applied for PAO stability and response analysis, as
well as for control applications aimed at PAO alleviation. It is validated, and its sensitivity to the
aerodynamic modeling used within the aeroelastic operator is examined. Further, it is coupled with
fuselage dynamics, servo-elastic and pilot models in order to carry out a numerical investigation
concerning the stability analysis of vertical bouncing, which is a type of PAO instability which might
be caused by the coupling, through the pilot, of vertical acceleration of pilot seat with collective
control stick.

1. INTRODUCTION

Aircraft/Rotorcraft Pilot Coupling (A/RPC) de-
notes a really broad and wide category of phe-
nomena. Despite the final effects of A/RPC
events are similar, ranging from high discomfort
to catastrophic crash, the causes can be utterly
different. In the last years, the helicopter scien-
tific community has finally focused the attention
on these very complex events, following the path
of earlier interests in the fixed-wing aircraft field.
At present, the European project ARISTOTEL
(2010-2013) is active with the aim of predicting
the proneness of modern aircraft and rotorcraft
to A/RPC, and identifying suitable guidelines to
design of next generation aircraft such to avoid
adverse A/RPC.1 In the past, both analysis and
recognition of a RPC event have often been very

difficult tasks. Not only due to the effective chal-
lenge to reconstruct an accident scene, but also
because of the lack of awareness of the possi-
ble witnesses, even when highly trained. Indeed,
RPC events are always associated to a mismatch
between pilot’s mental model of vehicle dynamics
and the actual one, up to a complete unaware-
ness of the catastrophic events going on. From
a physical point of view, their analysis is very
complicated as it involves structural dynamics,
rigid body dynamics, servoelasticity, automatic
flight control system and, of course, biodynamic
and piloting. In the last years, effort was made
by the research community to distinguish RPC
events into different classes. The most func-
tional classification is based on the frequency
content of the dynamics involved, for which Rigid



Body RPCs (frequency range 0 − 2Hz) are sep-
arated from Aeroelastic RPCs (frequency range
2 − 8Hz). In the first class of phenomena, also
named PIO (Pilot Induced Oscillation), the pilot
response is dominated by a behavioral process
(mental mismatch, as said above), whereas in
the second one, the pilot acts like an uncon-
scious link between seat motion and controls,
thus acting like a mechanical impedance. Dif-
ferently from the fixed-wing world, where almost
the total amount of APC events is characterized
by PIOs, the available statistics clearly shows
that PAOs are a very relevant portion of RPC ac-
cidents, thus requiring greater attention. At the
frequency range involved in PAO, the pilot un-
aware actions couple, among others, with blades
dynamics, airframe flexibility and servos, thus re-
quiring more complex tools for effective compu-
tational simulations.

Here, developments of a comprehensive tool for
RPC investigations are presented and applied. It
is the result of the last years efforts of the au-
thors in this field, particularly focused on PAO
analysis.2−4 It includes fuselage, servoelasticity
and pilot modeling, as well as main rotor mod-
eling that has been proven to play a crucial role
in PAO phenomena. The novelty presented in
this paper consists of the introduction of a finite
state modeling of the aeroelastic behavior of the
main rotor. This main rotor aeroelastic opera-
tor is developed following an approach similar to
that presented and validated in the past by some
of the authors for rotor aerodynamics.5 It yields a
constant-coefficient, linear, differential form re-
lating hub motion dofs and blade controls to the
corresponding loads transmitted to the fuselage,
with the by-product of the introduction of a finite
number of additional states related to dynamics
of wake vorticity and blades (indeed, blade dofs
do not appear explicitly in this model). There-
fore, it allows the identification of a linearized,
time-invariant (LTI), state-space form of the ro-
torcraft mathematical model, suited for PAO sta-
bility analysis and aeroservoelastic applications.
This approach requires the prediction of a set of
harmonic perturbation responses by an aeroelas-
tic solver. The accuracy of this solver character-
izes the one of the identified finite-state opera-
tor. In particular, depending on the aerodynamic
formulation applied, it might take into account

the mutual aerodynamic influences between ro-
tor blades, fuselage and tail-rotor, hence yielding
a detailed helicopter model.

For the work presented here, the main rotor aeroe-
lastic model is obtained by coupling a beam-like,
nonlinear, bending-torsion model for the struc-
tural dynamics of nonuniform, twisted blades6,7

with an aerodynamic solver based on a Bound-
ary Element Method formulation for potential
flows,8 which is fully three-dimensional, and may
include complex effects like wake roll-up, wake-
blade or wake-fuselage impingements. The com-
plete helicopter model is determined by coupling
the main rotor model with fuselage dynamics
as given by the superposition of rigid-body mo-
tion and deformation motion described through
a modal approach with mass, damping and stiff-
ness matrices obtained through a FEM analysis.2

The main rotor also interacts with the servoelas-
tic model, described by a second order transfer
function relating the command stick angle to the
blade pitch control angle. For PAO analyses, a
pilot model that concerns only biodynamic re-
sponse is introduced in the loop. It is described
in terms of a transfer function between pilot seat
motion and command stick displacement, with
coefficients depending on the pilot size/weight.

The numerical investigation has three main ob-
jectives: firstly, the finite-state, aeroelastic mod-
eling of the main rotor is validated by compari-
son with direct, time-marching predictions from
the complete formulation; secondly, the effects
of different aerodynamic modeling on aeroelastic
responses are examined by comparing the corre-
sponding transfer functions that relate hub loads
to hub motion and pilot controls; finally, the LTI
model of the piloted, flexible-airframe helicopter
is applied, showing its capability to assess the
proneness to adverse PAO phenomena. In partic-
ular, the problem known as ”vertical bouncing”
is investigated. It is an instability which might
be caused by the coupling, through the pilot, of
vertical acceleration of pilot seat with collective
control stick.9,2

2. RPC PHENOMENOLOGY

As outlined above, RPCs include a wide class of
phenomena related to structural dynamics, rigid
body dynamics, servoelasticity, automatic flight



control system and, of course biodynamics and
piloting.

During the last decades, they have been classi-
fied into two main groups, Rigid Body RPC and
Aeroelastic RPC, on the basis of the prevalent
dynamics involved and the consequent range of
frequency of interest (0− 2Hz and 2− 8Hz, re-
spectively). This distinction is similarly applica-
ble to the type of feedback exerted by the pilot:
in the first case, his response is dominated by
behavioural processes, in the second one the pi-
lot is an inadvertent link between seat motion
and controls, acting de facto like a mechanical
impedance. Figure 1 shows a typical spectrum
of phenomena and helicopter characteristics in-
volved in RPC occurrence.

Figure 1. Spectrum of phenomena involved in RPC.

Finally, it is worth noting that another usual way
to classify RPC phenomena considers the proper-
ties of the system with respect to the linearity of
the phenomena and the triggers of instabilities.
Category I comprises those phenomena that may
be described through linearized systems, Cate-
gory II comprises those phenomena where non-
linear effects are relevant (like, for instance, sat-
uration of control actuation), while in Category
III instabilities arising in the presence of some
triggers, like malfunctioning or gust, fall.

3. MAIN ROTOR FINITE-STATE AEROE-
LASTIC MODEL

In order to derive the state-space representation
of piloted helicopter dynamics, the aeroelastic
behavior of the main rotor is expressed in terms

of a finite-state, LTI operator. For a given steady
flight condition, it relates forces and moments
produced by the rotor at the main rotor hub at-
tachment point, fMR, to the components of mo-
tion at that point (displacements and rotations
given by combination of rigid-body motion and
airframe deformation), xMR, and to the main ro-
tor controls, uMR = {θ0 θ1c θ1s}. Since the main
rotor aeroelastic behavior is intrinsically periodic
and nonlinear, and because of time-delayed con-
tributions introduced by unsteady aerodynamics
through wake vorticity effects (and compressibil-
ity effect, if taken into account), the finite-state,
LTI aeroelastic operator is identified by a dual-
step process: first, the transfer functions relating
hub loads to hub motion and controls are iden-
tified, starting from aeroelastic responses pre-
dicted by a time marching solver, such that the
following expression holds

f̃MR = Hx(iω) x̃MR + Hu(iω) ũMR(1)

and then, the transfer function matrices, Hx and
Hu, are approximated by rational-matrix forms,
in order to get a finite-state representation of
the rotor loads transmitted to the fuselage (in-
deed, unsteady aerodynamics contribution makes
transfer functions of transcendental nature, thus
giving rise to an infinite-dimension state-space
problem). Note that rotor blades dofs do not
appear explicitly in this description: their effects
are considered through the states related to the
poles of the rational-matrix approximation of the
aeroelastic operator (see later, Subsection 3.3).

In the following, the procedure for identification
of the LTI operator and the rotor aeroelastic
solver it is based on are outlined.

3.1 The Aeroelastic Solver

A nonlinear, bending-torsion, beam-like model
valid for straight, slender, homogeneous, isotropic,
nonuniform, twisted blades undergoing moderate
displacements is applied to represent the struc-
tural dynamics of main rotor.6,7 The radial dis-
placement is eliminated from the set of equations
by solving it in terms of local tension, and thus
the resulting structural operator consists of a set
of coupled nonlinear differential equations gov-
erning the bending of the elastic axis (lead-lag
and flap deflections) and the rotation of the cross



sections (blade torsion). If present, the effects of
blade pre-cone angle, hinge offset, torque offset
and mass offset are included in the model, as well
as the kinematic effects due to hub motion.

The aeroelastic formulation is determined by cou-
pling this structural dynamics model with a model
for the description of the distributed aerodynamic
loads. In this work, the rotor aerodynamic loads
are simulated either through a sectional model
combined with wake-inflow corrections to account
for the three-dimensional trailing vortices effects,10

or introducing a Boundary Element Method (BEM)
solver for free-wake, potential flows. The BEM
computational tool considered is based on a velocity-
potential, boundary integral equation formula-
tion suited for the prediction of aerodynamics
of rotors, that is applicable to a wide range of
flight configurations, including those with com-
plex blade-vortex interactions onset.8,11 The blade
pressure distribution is determined by the Bernoulli
theorem and the distributed forces and torque
moment are obtained by integration over cross-
section profile contours.

The Galerkin approach is applied for the spatial
integration of the resulting aeroelastic integro-
differential formulation while, time responses are
computed through a time marching, Newmark-
β numerical scheme. Once the rotor aeroelastic
response is computed, forces and moments at
the hub attachment point are evaluated through
combination of the corresponding aerodynamic
and inertial blade loads.

3.2 The Aeroelastic Transfer-Function Ma-
trices

For a helicopter rotor in arbitrary steady flight,
the aeroelastic model described above is intrin-
sically nonlinear, with periodic coefficients. As a
consequence, even a single-harmonic, small per-
turbation of rotor controls or hub motion yields
multi-harmonic loads at the hub attachment point,
and this behavior cannot be modeled by means
of a LTI operator. However, akin to what widely
applied in multiblade aeroelastic analyses of iso-
lated helicopter rotors, for the present problem
an accurate linearized modeling can be pursued
on the base of a time-invariant approximation,
in that involving I/O quantities defined in the
nonrotating frame.

Following the approach recently presented re-
garding the finite-state modeling of aerodynam-
ics of rotors in arbitrary steady flight,17,5 the first
step to determine the main rotor LTI aeroelas-
tic model consists of the identification of the
transfer function matrices in Eq. (1) in the way
herein described: (i) the time marching solution
of the complete aeroelastic formulation is applied
to evaluate the perturbation loads at the hub
attachment point due to single-harmonic small
oscillations of each variable appearing in xMR

and uMR; (ii) the harmonic component of the
responses that has the same frequency of the
input is extracted and the corresponding com-
plex value of the frequency-response functions
is determined; (iii) the process is repeated for
a discrete number of frequencies within an ap-
propriate range, so as to get an adequate sam-
pling of the frequency-response functions appear-
ing within Hx and Hu. Note that, extracting
from the perturbation output only the contribu-
tion having the same harmonic of the input im-
plies that a linearized, constant-coefficient ap-
proximation of the operators yielding fMR from
xMR and uMR is pursued (indeed, in nonlin-
ear and/or periodic-coefficient relations a single-
harmonic input yields outputs that are multi-
harmonic).5

Further, it is worth mentioning that the har-
monic components are obtained through a dis-
crete Fourier transform algorithm, taking care
of the following issues:5,12 (i) the period exam-
ined starts after that the aeroelastic transient re-
sponse to the perturbation is finished; (ii) the
period examined has to be an integer multiple of
the period of the input harmonic; (iii) almost pe-
riodic loads might arise because of the intrinsic
periodicity of the aeroelastic system, and hence
the leakage avoidance is assured if, in addition,
the period examined is long enough.

Finally, note that the approach described is ap-
plicable under condition of aeroelastic stability of
the isolated rotor in the steady flight configura-
tion for which the transfer-function matrices are
identified.

3.3 Rational-Matrix Approximation and Finite-
State Representation

The final step in the process of identification of a



finite-state representation of the aeroelastic op-
erator consists of deriving rational forms (with
a finite number of poles) that have the best fit
to the sampled transfer functions, followed by
transformation into time domain.

Specifically, from the application of a least-square
procedure assuring the stability of the identified
poles, the overall transfer-function matrix H =
{Hx Hu} obtained from the assembly of the ma-
trices Hx and Hu, is approximated as13

H (s) ≈ s2 A2 + s A1 + A0
(2)

+ C [s I−A]−1 B

where A2,A1,A0,A,B and C are real, fully
populated matrices, while s denotes the Laplace-
domain variable. Techniques of this type are fre-
quently used for the reduced-order representation
of fixed wings aerodynamic loads,14 and have al-
ready been applied for modeling aerodynamics of
rotors in axial flow.15

Finally, for x denoting the vector collecting hub
motion and rotor control variables, i.e., such that
xT = {xTMR uTMR}, combining Eq. (2) with Eq.
(1) and transforming into time domain yield the
following finite-state representation of the loads
transmitted to the fuselage by the main rotor

fMR(t) = A2ẍ + A1ẋ + A0x + Cr
(3)

ṙ = Ar + Bx

where r is the vector that collects the additional
states associated to the poles included in the
approximating rational matrix. These additional
states replace and take into account the dynam-
ics of the rotor blades dofs which, in this ap-
proach, only implicitly affects the aeroelastic trans-
fer functions. At the same time, they are also a
consequence of the flow-memory (delay) effects
due to unsteady wake vorticity, that are responsi-
ble for the transcendental nature of aerodynam-
ics transfer functions.16

4. AERO-SERVO-ELASTIC HELICOPTER
MODEL

Flexible fuselage dynamics, control chain dynam-
ics and pilot passive behavioral dynamics partic-
ipate together with main rotor aeroelasticity to
the assembly of the helicopter LTI comprehensive
simulation model suited for PAO analysis.

The main rotor model interacts both with fuse-
lage dynamics through hub loads and motion and
with the control-chain servoelastic model which
yields the rotor blade commands, while the pilot
behavioral model receives the seat motion as in-
put and supplies the collective stick displacement
to the control-chain servoelastic model (see Fig.
2). Each component of the helicopter model is
developed with the necessary level of accuracy,
introducing the optimal number of degrees of
freedom, with a clear definition of I/O variables,
so as to allow it to be changed easily.

Figure 2. Block diagram of RPC.

4.1 Fuselage model

In RPC insurgency, a crucial role is played by
fuselage dynamics. In particular, as demonstrated
by past investigations, pilot seat vibrations due
to fuselage elastic dynamics are of fundamen-
tal importance in PAO phenomena.1,2 The LTI
fuselage model considered here consists of com-
bination of small-disturbance, rigid-body motion
equations with fuselage elastic-deformation equa-
tions.

The rigid-body equations derive from the stan-



dard six degrees of freedom model enriched by
Euler angles kinematics for the definition of ve-
hicle orientation, linearized about an arbitrary
steady flight condition.18 Main forcing terms to
these equations are the main rotor hub loads, but
contributions from tail rotor and fuselage aerody-
namics are taken into account, as well (see Fig.
2).

Fuselage elastic dynamics is expressed through
the following modal approach

Mξξ̈ + Cξξ̇ +Kξξ = fξ(4)

where ξ is the vector collecting the modal am-
plitudes (elastic degrees of freedom), Mξ, Cξ,
Kξ are mass, damping and stiffness matrices,
whereas fξ is the vector of the generalized forces.
This model is identified through a FEM analy-
sis dedicated to the evaluation of free-vibration
modes of the unconstrained structure. Indeed,
this is a convenient approach, in that the result-
ing elastic modes are such that rigid-body mo-
tion equations and elastic dynamics equations are
coupled only through the forcing terms (see Fig.
2).2 The forcing terms in Eq. (4) are obtained
by projecting main rotor and tail rotor loads onto
the modal shapes derived from the eigenvectors
given by FEM analysis.

4.2 Servoelastic control-chain model

The control chain regarding actuators of main
rotor collective pitch command is modeled by the
following second-order differential form relating
collective stick rotation, α, to collective pitch of
the blade θ0

θ̈0 + 2Dωθ θ̇0 + ω2
θ θ0 − α = 0(5)

where ωθ is the equivalent frequency, and D de-
notes damping. Cyclic pitch controls and tail
rotor pitch may be related to lateral command
motion and pedals through similar differential
forms. However, it has been proven that they
have very small influence on the vertical bounc-
ing PAO phenomena that will be examined in the
numerical investigation.2

4.3 Pilot model

Indeed, pilot model is an essential feature of a
RPC prediction tool. For the frequency range
of interest in PAO analysis (higher than 2Hz),

the behaviour of the pilot is dominated by bio-
dynamic phenomena (excited by seat vibrations),
making voluntary piloting modeling unnecessary.

First helicopter pilot passive (involuntary behav-
ior) models have been introduced by Mayo,9 who
expressed them in terms of transfer functions be-
tween vertical seat acceleration (input), az, and
vertical acceleration of the pilot hand (output),
a0 (see Fig. 2). Specifically, exploiting the re-
sults of a dedicated experimental campaign, the
following models for ectomorphic (lighter) and
mesomorphic (heavier) pilots, respectively, have
been identified9

Hecto = G
5.19s+ 452.3

s2 + 13.7s+ 452.3
(6)

Hmeso = G
4.02s+ 555.4

s2 + 13.31s+ 555.4
(7)

where G denotes the gain of the transfer func-
tions. These two transfer functions (depicted in
Fig. 3) present two poles and one zero, with co-
efficients dependent on the position of stick and
arm.9 However, an appropriate definition of the
gain value may approximate this effect.

Figure 3. Mayo’s transfer functions between seat and

control stick accelerations.

The hand acceleration is related to the collective
stick rotation as follows

rst α̃s
2 ' ã0 − ãz(8)

with rst denoting the length of the collective
stick, and seat acceleration az given by combi-
nation of the rigid-body motion and elastic de-
formation of the fuselage.



5. NUMERICAL RESULTS

The helicopter configuration examined in the nu-
merical investigation is representative of a light-
weight helicopter, with hingeless rotor design,
closely related to the Bo-105. The main rotor
has four blades, with radius, R = 4.94m, con-
stant chord, c = 0.395m, linear twist of −8◦ and
nominal rotational speed Ω = 44.4rad/s. The
airframe is described by the 3 natural modes of
vibration having eigenfrequencies of about 5.5Hz,
7.5Hz and 11.5Hz.2 The first mode is dominated
by bending of the airframe about the pitch axis,
with out of phase relative vertical motion be-
tween the main rotor attachment and the cabin
floor, that may cause significant interaction be-
tween helicopter vertical oscillation and pilot in-
advertent reaction. The elastic behavior of the
rotor blades within the time-marching, aeroelas-
tic rotor solver has been modeled through one
flap mode, two lag modes and one torsion mode.

In the following, results concerning the valida-
tion of the main rotor LTI, finite-state aeroelastic
model and those regarding PAO stability analysis
are presented and discussed.

5.1 Validation of LTI, finite state, aeroelas-
tic rotor model

First, for a hovering flight configuration, the ef-
fect of the aerodynamic model on the LTI main
rotor aeroelastic operator identified through the
approach presented above is examined. Specifi-
cally, Figs. 4 and 5 show the comparison between
transfer functions identified through the aeroe-
lastic solver based on sectional aerodynamic the-
ory and those given by the aeroelastic predictions
derived from application of the BEM solver. Fig-
ure 4 illustrates the transfer function between
the axial force and the axial motion of the hub,
while Fig. 5 concerns the transfer function be-
tween the roll moment and the lateral cyclic pitch
control. In both cases, the two solutions have
a similar trend with respect to frequency: this
is expected in that rotor blade elastic proper-
ties have a strong influence on poles and zeroes
of the aeroelastic response function. Anyway,
some discrepancies arise that may locally imply
not negligible differences in amplitude and phase
of response.

Next, the accuracy of the rational matrix approx-

Figure 4. Transfer function between axial force and hub

axial displacement. BEM vs Sectional aerodynamics, hov-

ering flight.

Figure 5. Transfer function between roll moment and

lateral cyclic pitch. BEM vs Sectional aerodynamics, hov-

ering flight.

imation (RMA) applied in the process of identi-
fication of the finite-state main rotor aeroelas-
tic model is assessed. To this purpose, Figs.
6 and 7 present the rational matrix approxima-
tion of transfer functions from aeroelastic solu-
tions based on BEM aerodynamics, while Fig.
8 shows the rational matrix approximation of a
transfer function given by sectional aerodynam-
ics. Specifically, Figs. 6 and 7 concern axial
force vs hub axial displacement and yaw mo-
ment vs longitudinal cyclic pitch in hovering con-
ditions, respectively, whereas Fig. 8 regards axial
force vs collective pitch for a forward flight con-
dition with advance ratio, µ = 0.3. These
figures demonstrate the high level of accuracy of



Figure 6. Transfer function between axial force and hub

axial displacement. Sampled BEM solution vs RMA, hov-

ering flight.

Figure 7. Transfer function between yaw moment and

longitudinal cyclic pitch. Sampled BEM solution vs RMA,

hovering flight.

the approximation of the main rotor aeroelastic
transfer functions that may be obtained through
the rational matrix form presented above. It
guarantees (with no reference to the constant-
coefficient approximation that is discussed soon
later) a very good level of accuracy for the cor-
responding finite-state representation of the LTI
aeroelastic rotor model.

The quality of the differential, LTI, finite-state
model in describing the rotor-hub perturbative
forces and moments is assessed by comparison
with the results given by the non-linear, time
marching (NLTM) solution of the complete aeroe-
lastic model. They are generated by the follow-
ing arbitrary perturbation, θcom, of one of the

Figure 8. Transfer function between axial force and col-

lective pitch. Sampled sectional aerodynamics solution vs

RMA, advancing flight.

command inputs

θcom = Asin(ωt) cos(2ωt) e(−αt)(9)

with A = 0.01, ω = 0.3Ω and α = 0.004Ω.
Figure 9 shows the thrust generated by a pertur-
bation of the collective pitch angle (θ0 ≡ θcom)
during the hovering flight condition. As it can
be seen, the LTI, finite-state approximation is
very effective in reproducing the periodic aeroe-
lastic system. However, in this case significant
time-periodic terms in the aeroelastic system are
absent and the time-invariance approximation is
active only on some contributions from the small
cyclic pitch angles that are present in the trim
control setting. Significant time-periodic terms
are present in the forward-flight condition that
is examined in Fig. 10, where the rolling mo-
ment due to the perturbation to the lateral cyclic
pitch command is depicted. Even in this case
(µ = 0.3), although (as expected) more evident
differences are present, these remain very small
and the LTI, finite-state model demonstrates to
be able to yield a very accurate representation of
the aeroelastic loads.

5.2 PAO analysis

Finally, the LTI model of the complete helicopter
is applied with and without inclusion of pilot in
the loop, for the stability analysis. This is one
of the most significant application of the pro-
posed rotor aeroelastic model, because of the
relatively low amount of rotor states it requires



Figure 9. Thrust. LTI vs NLTM

Figure 10. Rolling moment. LTI vs NLTM

(about forty in the proposed case). In particular,
here the only pilot feedback present is through
the collective pitch control, which is the control
mainly involved in vertical bouncing phenomena.

Figures 11 and 12 present the stability behavior
of the helicopter for the hovering flight condition,
as evaluated using sectional rotor aerodynamics
and BEM aerodynamics, respectively. The two
rotor aerodynamic models yield some significant
differences in helicopter dynamics prediction, in
particular in terms of the influence on the elastic
airframe dynamics, which play a prominent role
in PAO insurgency.

Figure 13 shows that the forward flight condition
seems to be more prone to PAO insurgency, al-
though unstable PAO is not yet occurring, even
in this case.

Figure 11. Helicopter dynamics root locus, with and with-

out pilot in the loop. Hovering condition, sectional aero-

dynamics.

6. CONCLUDING REMARKS

In this paper a LTI piloted, helicopter model suited
for RPC/PAO analyses has been presented and
applied. It is obtained as an assembly of LTI
models for main rotor aeroelasticity, fuselage dy-
namics, control-chain dynamics and pilot inad-
vertent (passive) behavior. The LTI main rotor
contribution is obtained through an original ap-
proach that yields a finite-state model relating
hub motion and pilot controls to the loads trans-
mitted to the fuselage. The rotor blades degrees
of freedom do not appear explicitly in the model,
but affect the transfer functions which are iden-
tified through a time marching aeroelastic solver
including them. The numerical investigation has
demonstrated the capability of the rational ma-
trix approach applied to reproduce with an ex-
cellent level of accuracy the identified transfer
functions of the time-invariant approximated op-
erator and, more important, has shown that, for
an arbitrary pilot control input, the main rotor
loads predicted by the LTI finite-state model are
in very good agreement with those given directly
by the time-marching solver. This proves that
both time-invariance and finite-state approxima-
tions introduced in the aeroelastic model are ac-
ceptable and yield a formulation that can be con-
veniently applied for RPC/PAO aeroservoelastic
purposes (specifically, for stability analysis and
control-law identification). Furthermore, the re-
duced number of states involved and hence the



Figure 12. Helicopter dynamics root locus, with and with-

out pilot in the loop. Hovering condition, BEM aerody-

namics.

computational efficiency of this approach make
it a promising tool for real-time predictions of he-
licopter dynamics. Main rotor transfer functions
obtained using a sectional aerodynamic theory
in the time-marching aeroelastic tool and those
given by application of a three-dimensional, BEM
aerodynamic solver have been compared. Al-
though the zeroes and poles that characterize
the response are very similar (as expected, in
that closely related to the structural properties
of the rotor blades), not-negligible differences
have been observed, thus highlighting the impor-
tant role played by aerodynamic modeling also in
the kind of applications examined here. Applica-
tions to PAO stability analysis have confirmed
the validity of the proposed approach. The in-
fluence of pilot passive behavior on the stability
of the helicopter has been assessed for hovering
and forward flight condition, showing that the
latter is more critical in terms of unstable PAO
insurgency. The influence of rotor aerodynamic
modeling on helicopter PAO predictions has been
examined, noting that it significantly affects the
elastic airframe dynamics (which has an impor-
tant role in PAO phenomena).
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