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Abstract

This paper presents the current status of the investigation conductee layttors as part of the
GARTEUR HC AG-16 on Rotorcraft-Pilot Couplings (RPCs) governeabgoservoelastic interac-
tions. Phenomena of this type are caused by an ‘abnormal’ interactiondretive pilot biodynamics
and the rotorcraft structural dynamic response, and usually take ipl#ive frequency range from 2
to 8 Hz. Complex multidisciplinary numerical models must be developed to aclyurgpeoduce the
mechanism that leads to this type of instability. To broaden the limited amount ofrafn avail-
able in the open literature on rotorcraft pilot's biodynamic response,@fgpest campaign has been
performed. The main results of these tests are presented in the papeénalQuprcraft and pilot
models developed by the authors, complemented by models taken from therldesaéuused for the
analysis of complete helicopter configurations, to single out possiblerecmas of aeroelastic RPCs
and analyse their sensitivity to several parameters.

1 Introduction

This paper presents the current status and the results of part of geraesctivity performed in
the framework of the GARTEUR HC AG-16 on Rotorcraft-Pilot Coupling (3iP1]. An overview
of the overall activity of Action Group 16 is presented in [2], while a detadedcription of the
experimental test campaigns and of the rigid body RPC investigation is gitle@ aompanion papers
[3] and [4], respectively. The paper deals with what has been defieeoelastic’ RPCs (see [2]), i.e.
adverse interactions that cause the appearance of sustained oscillatf@fequency range from 2
to 8 Hz. These phenomena may represent a potential threat for thetairess of rotorcraft. The
occurrence of this kind of events is not well documented in the open literadur interesting survey
of aeroelastic RPCs, mainly for US Navy and Marine Corps rotorcraftbesfound in Ref. [5].

The mechanism that may cause the instability is quite clear and is usually called$sleted
Oscillations (PAO) [5]: the pilot, while seating in the cockpit, is subjected to titma transmitted
through the elastic airframe. When the frequencies of these vibratiorsbave 2 Hz, they are not
reacted by the pilot, who may eventually perceive them as annoying, ifdhp&siceives them at all
[6]. As a consequence, these oscillations are transmitted to the aircrafolcsticks, introducing
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Figure 1: Frequency range characteristic of rotorcraft dynamics.

an unintentional high frequentyontrol action that may lead to the sustained oscillations. The ratio
between the airframe vibration input and the signal introduced into the ¢aticks is ruled by

the pilot’s biodynamic impedance, which is called throughout this workptssive pilot model, to
emphasise the fact that the pilot acts on the controls in a way that is indepdrae his/her will.

Figure 1 sketches the location of the characteristic frequencies of intere®rcraft, classified in
terms of the different system components they belong to. Numerous elenetrtanhinteract are in-
terested by the range of frequencies affected by aeroelastic RR@sdyonamics, airframe dynamics,
Flight Control System (FCS), drive train dynamics and, of course, pitmlynamics. Additionally,
the swashplate actuators may play a significant role, since their bandwigtiyfalls somewhere in
this range, possibly causing significant interactions with the other playengsaangled instability
mechanism. As a consequence, the complexity and the level of detail bquipeedict this type
of events is very high, suggesting the adoption of comprehensiveeseoetastic models developed
ad hoc for this purpose. Figure 2 shows a block diagram that illustrates all theregljelements,
along with their interconnections. The capability to model aeroelastic RPCsigbtrelated to the
ability to model the coupled rotor aerodynamics, the structural dynamic lmeanf each single part
of the rotorcraft including the pilot, and the possible interactions with the mxtenvironment. In
fact, as clearly reported in the literature [7, 5], the appearance of aeR@6x is often caused by a
change in some of the elements patrticipating in the dynamics, triggered by gedinahe operating
environment or in the Mission Task Element (MTE). In fact, this changetenafeferred to as the
trigger of the instability event.

This paper presents the analysis of pilot-rotorcraft aeroelastic intemgotidormed by Univer-
sity Roma Tre (UROMATRE), Politecnico di Milano (POLIMI) and Eurocapbeutschland GmbH
(ECD). Among the different PAO mechanisms, the focus has been plactewvertical bouncing,
a type of instability that may arise mainly from the coupling between vertical osaiikof the air-
frame and collective flap rotor dynamics, which is fed back by the pilot's irapeé. In fact, for
classical rotorcraft control sticks layout, a vibration along the vertiga may cause the involun
tary introduction of collective control input. As a consequence, the doleootor flapping (cone)
dynamics may be excited, eventually resulting in sustained vertical oscillatidhe airframe. The

IHere ‘high frequency’ means ‘beyond the frequency range pilbtrobactions could intentionally occur at’.
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Figure 2: Block diagram of interactions between rotorcraft model elements.

numerical investigation exploits the general availability of the BO105 light hetesodatabase, al-
though the BO105 is not known to be prone to this type of instability [2]. Botthther and steady
forward flight conditions are considered. The three research griogigpendently applied different
rotorcraft aeroelastic simulation tools to this problem, as shown in Sectionlg.adimited amount
of information is available in the open literature for the pilot biodynamics, éalhefor typical ro-
torcraft collective configurations. The transfer functions preseintg®] have been used as a starting
point. However, this type of transfer functions is strongly linked to the géacrearangement of the
cockpit where the experimental measures are performed. To overceselifmitations, and to gain
more confidence in the analysis of the biodynamic behaviour of helicoptés,fHOLIMI performed
a preliminary experimental campaign for the characterisation of the biodynasponse, related
to the collective stick. The details of the experimental set up for the campaidormed with the
flight simulator of the University of Liverpool are presented in [3]. Thain results achieved up to
now from the analysis of the measured data are presented in Section 3 papleis The stability
analysis of the coupled pilot-rotorcraft models and the sensitivity of thiel@noto various aspects,
performed by the different research groups, are detailed in Sectidrfidal Section is dedicated to
the individuation and implementation of possible means of prevention forlastizgeRPCs.

2 Aeroelastic Modelling

Different characteristic elements of rotorcraft dynamics concur to tsetarf aeroelastic RPCs, as
shown in Figure 2. One of the objectives of this research consists afdatag the level of de-
tail that is needed to detect the instability. For this reason, the Action Gratigedkto approach
rotorcraft modelling using different methodologies for each researstpg in order to exploit the
different expertise. Table 1 summarises the relevant elements of the modasdfingach followed
by each research group. A more detailed description is presented inlltwirig paragraphs. The
aerodynamics of the main rotor is based for all models on the blade elemeny, tvéth the addi-
tion of inflow models of different levels of complexity. Steady coefficientgatwling on pitch and
yaw angles are used to compute airframe aerodynamic forces. The maireniifés are related to
the dynamics of the main rotor, which is one of the most critical elements for ttiealdbouncing.
The three models have been compared in terms of eigenvalues and eigeaecund several trim
points to ensure that a common baseline is shared among the research gtowpver, the different
approaches allowed to carry out sensitivity analyses in a broad vafigliyeations, exploiting the
capabilities of each specific implementation of the BO105 aeroelastic model. Alretpiaed to
describe the dynamics of the BO105 are presented in [2].



Table 1: Modelling approaches followed by the research groups.

Group ECD POLIMI UROMATRE

Rotor dynamics modal FEM modal

Rotor aero. QS+ QS+ QS +
dynamic inflow uniform inflow free-wake inflow

Fuselage dynamics 6 linear rigid DOFs + 6 nonlinear rigid DOFs + 6 linear riQ&®H+
modal elasticity modal elasticity modal elasticity

Fuselage aero. stationary stationary stationary

Swashplate transfer function + transfer function transfer function +

hub linear springs + multibody hub dyn. hub linear spring
Linear Stability multiblade system identification Floquet
analysis eigenvalues of time series eigenvalues

QS: Quasi Steady blade element theory;
FEM: Nonlinear Finite Element Model

2.1 ECD Modelling

The dynamics of the BO105 helicopter are represented using a state amastant coefficient model
derived from the comprehensive rotor and helicopter code CAMRAB] by exporting a linearised
system in multi-blade coordinates. The numerical model used for aerod¥ticstudies was based
on an elastic airframe model, an elastic main rotor model and a rigid tail rotorifiopurposes.
For the simplified vertical bouncing problem, the interfaces of the helicopteehveere reduced to
one input and one output leading to a SISO system (Single Input Singleiuihe input channel
consisted of the main rotor collective control — unit degree blade pitch — wideoutput could
be switched between different airframe grid points related to the verticalexation of the elastic
airframe. The complete helicopter model consisted of the following 72 states:

¢ 9rigid body states of the helicopter (translations: first order; rotaticetsorgl order);
e 3 main rotor dynamic inflow states (collective, lateral, longitudinal: all firseoxd

e typically 6 elastic airframe states: 3 elastic airframe modes;

¢ typically 8 to 10 states per main rotor blade: 4 to 5 elastic blade modes;

This kind of model allows to perform parametric studies with respect to the ralestant variables
for the rotorcraft design: fuselage frequencies, pilot position, stracdamping, and so on.

2.2 POLIMI modelling

The model developed at Politecnico di Milano is based on a multidisciplinary mditibwdelling

approach using the free multibody analysis software MBDyn [10]. THisveoe is mainly intended
for the solution of Initial Value Problems (IVP) by direct time integration, tyfpychy using uncon-
ditionally stable implicit integration algorithms.

The main rotor is modelled by geometrically nonlinear beam elements based ogiaald-inite
Volume approach, which allows to capture the dynamics of arbitrarily angotrotating beams to
the desired level of accuracy. The kinematics and dynamics of the blatjeonsisting of a flexbeam
and a pitch bearing for each blade, is modelled without simplifications, as svétleapitch control
chain. The tail rotor is represented using a simple, rigid blade model. Tharagfis modelled by
means of Component Mode Synthesis (CMS), using a special elementfeairsposes the linear
combination of deformation shapes to the arbitrary rigid-body dynamics ofla.riThe dynamics of



the deformation shapes are governed by second-order linear difédrequations, exploiting modal
analysis results.

A peculiarity of this type of analysis is that it closely resembles an experimetitnaand stability
analysis cannot be decoupled. In fact, the trim is reached in terms oflg-s&sady condition at the
end of the integration of a transient with respect to time. For this purposextamal integral (not
necessarily realistic) autopilot has been implemented in Simulink to control thedfitie helicopter
up to the desired trim condition. Depending on the type of analysis, if a stabl@dint is reached
the autopilot can be either left in place or switched off, to assess the stalilitye auncontrolled
system. The stability of the system is assessed by perturbing the trim conditidty identifying
the response of the system. Conventional system identification technigiidse wsed; in order to
exploit the availability of significant redundancy from the simulation outputclartigjue based on the
Proper Orthogonal Decomposition (POD) has been developed [11].

2.3 UROMATRE modelling

The dynamics of the helicopter fuselage is described through the Newien-dfjuations for the six
degrees of freedom related to rigid-body motion. Forcing terms are dieéhe main and tail rotor
loads transmitted at the hubs and by the airloads generated on fuselael fail plane surfaces. To
take into account the effects of the airframe elastic deformation, the rigig-tmodel described by
the nine rigid-body motion state variables (three linear and three angulaitiedoplus the three Eu-
ler angles) is enriched by including the elastic degrees of freedomiakebto the natural vibration
modes of the fuselage. A set of equations is added to the system for tamidgrof the elastic fuse-
lage. The elastic deformations combined with the rigid-body motion yield the limebaagular hub
displacements that produce perturbations to the inertial and aerodynadsmloghe rotor blades.

The aeroelastic modelling of the main rotor blades is based on the nonlinebagharsion equa-
tions of motion presented by Hodges and Dowell [12], combined with a 2Bi¢ti@ady aerodynam-
ics derived from Greenberg theory [13]; the equations are spatiallgratted through the Galerkin
approach. Inflow models for the rotor are given either by an analyticalenor by a free-wake
analysis based on the boundary integral aerodynamic solver desaripb$l. The set of coupled
equations governing the motion of the elastic airframe, the dynamics of mainblattes and the
biodynamic pilot behaviour is linearised through an analytical-numericalepiare, about a steady
periodic equilibrium state, obtained by a classical trim procedure. Therkldguet theory is ap-
plied to the resulting set of periodic-coefficient ordinary differentiala@pns in order to perform the
eigenvalue stability analysis of the closed loop fuselage/rotor/pilot dynamics.

3 Transfer Function Pilot Modelling

A common approach to the modelling of the pilot’s influence on aircraft asrosksticity consists
of identifying an equivalent transfer function that relates the motion ofdéimérals in response to the
vibratory load the pilot receives from the seat. Single Input-Single O§I®0O) models are often
considered, where the motion of a single control is related to a specific campof the acceleration
of the seat, to address specific manoeuvres or flight conditions. Thisagbpmay be questionable
from many points of view, as the effects of different sources of vibnatiay not be easily separated.
However, it provides a useful tool to consider the problem from a simpdeeffective point of view.

Quite a few examples of experimental transfer functions identified for similggses can be
found in the literature. In many cases, they address the very low freguange that is typical of
flight mechanics of fixed wing aircratft.

Well-known examples of transfer functions specifically intended for oo&dt analysis are pro-
vided by Mayo in [8] for the collective control, and by Parhahal. in [15, 16] for the V-22 longitu-
dinal cyclic control. In this work, the focus is mainly on the collective control.
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Figure 3: Comparison between ‘ectomorphic’ and ‘mesomorphic’ pilot teafignctions (from [8]).

Table 2: Pilot data (from [8]).

Ectomorphic Mesomorphic
Height 5.9in (1.75m) 6.1in (1.85m)
Weight 152.01b (70kg)  198.0Ib (90 kg)
Frequency 3.20 Hz 3.60 Hz
Damping 32.2% 28.2%

3.1 Collective Control SISO Transfer Function

In [8], two functions are proposed. They have been estimated fromureaents obtained for two
groups of pilots of different size, called ‘ectomorphic’ (smaller size),

5.19s + 452.3
Hecto= 1
0T 2 1 13.70s + 452.3° @
and ‘mesomorphic’ (larger size),
4.02s + 555.4
meso— (2)

s2 4+ 13.31s + 555.4°

The functions are compared in Figure 3, and their properties are sumdari3able 2. In the
original reference the ectomorphic function appeared to be more pranstédility when coupled
with the dynamics of a heavy helicopter.

A dependence of the amplification factor on the reference angle of thetateontrol stick is
observed, as illustrated in Figure 4. This is explained with the differerfigroation of the pilot’s
arm, which changes from almost entirely extended (low collective settinggrndicantly bent (high
collective settings). The amount of information provided by the transfastfons of Egs. (1) and (2)
and by Figure 4 is not sufficient to fully understand the pilot dynamics dréifit reference collective
control angular positions, since the change in the attitude of the involved lioldd modify the
transfer function not only in terms of amplification factor, but also in termsadégpand zeros, as
highlighted in a following section.

The transfer functions of Egs. (1) and (2) represent the absologdesation of the hand holding
the collective control stick as a function of the vertical acceleration ofelé $n order to apply it to
direct time integration, they have been modified to provide the relative motiore stttk by adding
a double pseudo-integrator to the transfer functthg (s) = H (s) — 1, that represents the relative
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acceleration of the stick. The resulting function is

.11

rel =

ss—i-a(H_l)’ ©)
where the first integratal/s cancels the zero in the origin resulting from tHe(s) — 1 term, while
the second has been modified info(s + «), with o corresponding to a very low frequency pole (0.1
Hz in the present case) to eliminate any possible drift. The rationale is thatyatow frequencies
the pilot can compensate any acceleration that moves its arm, so a staticammrelean only result
at most in a static deflection of the control. In any case, the very low frexyugehaviour of the pilot
is outside the scope of the present work, while it may be of interest forbigily RPC, discussed in
[4].

During AG-16 experimental activity, specific biomechanical tests have teeducted at Univer-
sity of Liverpool [3]. The tests mainly consisted of the vertical harmonit mdom excitation of
two human subjects, indicated as pilot #1 and #2 in the following, sitting in Uabktfsimulator
and grabbing the collective control. The resulting data allowed to identifydiregponding transfer
function, in terms of percent of control rotation as a function of the acata of the base, in g, for
different subjects and different reference collective control sedtifigne resulting functions seem to
be characterised by a 4th order denominator and a 2nd order numeeafmectively made by two
pairs of complex conjugated poles and one pair of complex conjugatesl, nemely

(s+2)(s+2%)

" :G(s+p1)(8+p’{)(s+pz)(s+p§)’ @

whered is the gain, is the zero ang, p, are the poles; the superscript asterisk indicates the com-
plex conjugation. The identified values are reported in Table 3. This funidistructurally different
from Eqg. (3), which is characterised by a 3rd order denominator asti@ader numerator. The pilot's
behaviour appears to be characterised by two frequencies, the liowikar $o that presented in [8].

Figure 5 compares the poles of Ref. [8]'s ectomorphic and mesomorphis falpilots #1 and #2
at 10% reference collective control stick position. The figure cleartyvshthat the lower frequency
poles of the pilots identified in this work are closely related to those of [8]s&lpmles show a clear
dependence on the reference position of the collective control. Therigtguency poles show a
less pronounced dependence on the collective, especially in terms ofmrgan\ot only this result
confirms the trend indicated by Figure 4 from [8], but also suggests thdtethaviour observed in [8]
could be related to a substantial modification of the pilot’s dynamics.



Table 3: Identified transfer functions properties
Test Pole #1 Pole #2 Zero Gain

Pilot #1, 10% —9.8189 + 20.4374i —7.0661 + 31.2961i —2.6282 4+ 28.3482i —4465.3
Pilot #1, 50% —6.6574 4+ 19.3086i —4.9026 4+ 35.87851 —3.5630 &+ 27.67161 —2446.1
Pilot #1, 90% —4.6876 + 15.37751 —3.5824 + 36.1740i —7.3902 4+ 27.86591 —1024.9
Pilot #2, 10% —12.2048 +19.8534i —5.0502 4+ 33.7910i —3.2423 4+ 30.9463i —4431.7
Pilot #2, 50% —5.9031 + 16.96891 —7.7169 + 38.3072i —5.7946 4+ 24.1660i —2322.5
Pilot #2, 90% —1.9331 + 12.62781 —6.1569 + 37.2060i —6.5938 4+ 18.3922i —1189.0

40 T .
X 0 Pilot #1 poles —%—
=X 90% Pilot #2 poles -

35 | i Ectomorphic pilot pole O
X Mesomorphic pilot pole O
10%

30 ]

25 T

Imag, rad/s

20 r

15

10
-15  -10 -5 0

Real, rad/s

Figure 5: Portion of root locus illustrating the poles of the different pilot eied

The results of the biomechanical investigations suggested the opportudiéyelbping a generic
biodynamic pilot arm model, based on multibody modelling. This model is expectestwibe the
biodynamic response for a generic configuration of the pilot’s limbs. Arictn this direction has
been initiated within AG-16. As of this writing, only partial results have beedniobd, presented in
[17]. This field of research appears definitely promising, and will béh&rrpursued.

3.2 Cyclic Controls SISO Transfer Function

The pilot biomechanical model related to the cyclic controls has been implemesitepthe transfer
functions of Egs. (5) and (6),

9.4487e+03; -2.8526e+05

5
53 +1.2641e+032 + 9.7102e+03 + 3.8554e+05 ®)

Hlateral =

and

—9.0227e+032 + 1.4602e+04 + 5.7467e+07
s* +1.3085e+03 + 7.5206e+042 + 1.2590e+0% + 3.0382e+07

whose Bode plot is presented in Figure 6. They are respectively retatked longitudinal and lateral
cyclic control displacement as a function of longitudinal and lateral seale@ration. The transfer
functions of Egs. (5) and (6) have been identified from data presenfé8], consisting in ing.

The transfer functions that respectively model the effect of longitlidind lateral acceleration
on the cyclic controls input have been used to separately investigate #ut effeach control on
the stability of the system. Together with the transfer function that models tbet eff the vertical

(6)

Hlongitudinal =

8
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as a function of the acceleration of the seat in the corresponding direction

acceleration on the collective control input, they have also been useddssaany combined effect
resulting from their simultaneous presence. This latter model has been FHN&D, since it si-
multaneously takes into account the outputs corresponding to multiple inmléeatons. However,
each acceleration component only acts on one control, so a better detiomimauld be ‘multiple
SISO’ (MSISO). The term MIMO rather indicates a truly coupled pilot modahable of describing
the combined effect that each acceleration component has on all coypnds in form of a matrix
of transfer functions. A model of this sort is not realistically foreseeabth the data available
at the time of this writing, but represents a possible, definitely worth purddinegtion for further
investigation.

4 Aeroelastic RPCs

For light helicopters, a phenomenon called vertical bouncing is known ¢d dertain significance in
the real world, describing the interaction of the collective control loop wéttiial accelerations.

The helicopter model consists of a system featuring collective controlpag and pilot and
co-pilot seat vertical acceleration as output. This model is connectecedbdek with the pilot
collective stick biodynamic response. The full scale BO105 is not knovshdw vertical bouncing,
but as a numerical exercise the research group decided to see whethsvdel could be artificially
‘triggered’ into a vertical bouncing condition. For this reason a variaaie glock is introduced after
the pilot transfer function, to represent a generic change in feedhaxamics, which may be caused
by a FCS, or other modifications of the pilot transfer function. In fact, leygasing the gain from
zero (i.e. no feedback) to one, it can be clearly seen that the poledraddtes pilot model cross the
imaginary axis, destabilising the system as expected (see the companiofpape

In summary, the analysis of the simplified vertical bouncing problem yieldsolf@ving results
for unit gain:

Ectomorphic pilot: very little damped poles for hover were obtained in the vicinity of the hover
stability boundary. Stability increased for increasing flight speeds;rti@less, an instability was
detected at higher speeds.

Mesomorphic pilot: the closed loop configuration seems to be generally more unstable than
that of the ectomorphic pilot. Furthermore, the root locus signatures viféeeedt with respect to
coupling with the ectomorphic pilot.

Ectomorphic co-pilot: An unstable pilot-in-the-loop configuration was detected in hover. In
contrast, the closed loop system proved to be stable for the high spé®e regresented by the 150



KTAS case.

Mesomorphic co-pilot: Again, an unstable configuration was observed in hover conditions. In
the high speed regime of 150 KTAS, the lowest poles of the closed loomsystee located in the
vicinity of the stability boundary.

5 Sensitivity Analysis

The Action Group decide to perform several sensitivity analysis to galitiadal confidence with
aeroelastic RPCs and to deepen the knowledge of the parameters that @rdloedial in the onset
of the instability. Each partner focused on different aspects trying toisg the advantages given by
each specific formulation of the rotorcraft dynamic model. Since the maintdbjdte investigation
of the closed loop system stability, numerical results show are focuseddrettaviour of the real
part of system poles, denominated here ‘damping’ and expressed WWHhésn the damping goes from
negative to positive values, the system goes unstable. As a consegaemoot loci the instability is
characterised by the damping crossing the imaginary axis from the left tatite r

5.1 Sensitivity to Structural Modelling Order

Two different parametric studies were performed in order to single outdhgber of elastic blade
and fuselage modes suitable for RPC analysis. Due to the inherent lovoglaesgour of the pilot
biodynamic impedance, a minor influence of high frequency rotorcraftesagl expected on the
stability analysis. However, this is not completely true. Figure 7 shows thavimir of the least
damped eigenvalue of the coupled rotorcraft-pilot system for differleoices of rotor blade modes.
Results have been obtained for the coupled rotorcraft-pilot system, weitthéek gain equal to one,
in hover, using Mayo’s meso- and ectomorphic transfer functions. y$ters converges in all cases
when all modes up to the first torsion are included. So, even if the bladertatrsnode has a
frequency close to 25 Hz (see [2]), thus well outside the pilot’s biodyndraidwidth, its static
participation to the response seems to have a significant influence on tiepd®on. Similar results
were obtained in the high speed case at 150 KTAS level flight, with a sliglti@utal effect of the
second lag mode. Figure 8 shows the effect of the rotor blade DOFs @otipded system poles in
hover, confirming the same trend of Figure 7. Note that the FEM blade msdélhy POLIMI, with

Convergence Studies (3 Elastic Airframe Defs): Elastic Blade Modes (Gain=1, Hover)
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Figure 7: Critical damping levels for different main rotor aeroelastic moddisver.
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5 three-node beam elements per blade, and thus 10 nodes per blaiiepam adequate description
of the blade modes that guarantee convergence according to Figure 7.

A similar analysis was made to assess the effects of the airframe elastic mayles. & shows
the behaviour of the least damped eigenvalue of the coupled rotordmafsypstem for an increas-
ing number of airfframe modes. These results suggest the opportunity tb seleast three elas-
tic airframe modes for nearly converged results. Only minor changesbsenad by including
higher airframe modes. Similar results were obtained for the high speecatd5@ KTAS level
flight. Figure 10 shows a comparison between linearization about nulitaum¢ted dots) and about

Convergence Studies: Airframe Elastic Medes (Gain=1, Hover)
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Figure 9: Critical damping levels for different elastic airframe models in hover

trimmed condition (blue dots). So it seems, at least in hover, that the poleslgrslightly affected
by non-linear terms.
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Figure 10: comparison between linearization about null condition and &frmuned condition.

5.2 Sensitivity to Airframe Modal Parameters

ECD performed an investigation of the sensitivity of the stability margins to adranodal parame-
ters; significantly damping, frequency and modal mass. Due to the sighificeertainty on damping
data, and due to the expected impact on the stability of the coupled system,dies started with
modal damping variations for the first elastic airframe mode. The analysadid@ values range
from 0 to 20% structural damping (corresponding to 10% critical dampiibg worth noticing that
the baseline values for all airframe modes consisted of 2% structural dgmyihile the co-pilot
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Figure 11: Root locus for variation of modal damping of elastic airframepmesphic pilot in hover.
v 0%; A 20%.

position can change from an unstable to a stable configuration by inagesistructural damping,
this is not possible for the pilot, whose unstable roots are not affected lnyceease in structural
damping.

Subsequently, the frequency of the first elastic airframe mode was modified. frequency
sweeps in different directions were performed starting from the basedilue of 5.8 Hz, ranging
from 10 Hz upward to 1 Hz downward. In general, a moderate reducfitiredirst mode frequency
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leads to destabilisation. The highest level of instability is reached in the vicihidykdz. Note,
however, that large variations in modal frequencies would probablgtengpanied by modifications
in the mode shapes. This aspect cannot be taken into account by a singgiftvity analysis.

5.3 Sensitivity to Inflow Modelling

During the GARTEUR project, the Roma Tre team focused its attention on the tropadfer-

ent aerodynamic models in the aeroelastic loop. Due to the embryonic stateiofthis sense,
this research activity aimed at comparing the effects of different inflow faddemprove the 2D
guasi-steady aerodynamics. In detail, the impact of shed and trailed vooticg#gctional loads were
investigated, using different approaches. The shed vorticity due tonsteady motion of a profile
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Figure 13: Influence of 2D unsteady aerodynamics on root locughov

in a pulsating flow was included in the model by means of the classical Themdand Greenberg
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theories [18, 13], overcoming the hypothesis of low reduced fregegh@mplied in the quasi-steady
approach. The Theodorsen sectional lift deficiency function wasbappated by a two second order
polynomial ratio, addin@ x NseciionState variables to the model. A modal expansion of the aerody-
namic states using Legendre polynomials was performed along the bladbathing the additional
states. Figure 13 shows how 2D unsteady effects, while significantlyaisicige the dimension of the
problem, are not so influential (at least for the examined cases) fordRRIgsis, since the response
of Maya'’s pilot model is already negligible at 7—-8 Hz, where unsteadyctffbecome significant.
Concerning 3D effects (i.e. trailed vorticity), the inclusion of static inflow nedeas tested,
in order to correct the velocity component normal to the blade. The perindiced velocity has
been computed using a 3D unsteady solver based on the formulation dddorfi4]. As shown in
Figure 14, 3D effects cause an appreciable shift of the poles, incltidéngritical ones, making the
introduction of this sophisticated inflow model at least desirable. This septs a first step toward
the full inclusion of interactional aerodynamics for RPC analysis, sinceviives low frequency
phenomena like the ones dominating the interaction between main rotor and tail roto
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Figure 14: Influence of two different inflow models on root locus (657§].

5.4 Sensitivity to Swashplate Actuators Dynamics

The modelling of the control system dynamics has been detailed by congidbffierent models
of the swashplate actuators’ dynamics. In detail, according to availabldfatatiae BO105, two
very approximate models of the hydraulic actuators dynamics have besidemd. In ECD’s and
UROMATRE's comprehensive models, the dynamics of the actuators drim [series with each
pilot’s control, namely the collectiver(= 0) and the two cyclic{ = ¢, s) signals. In POLIMI's

multibody model, each actuator is modelled as a separate dynamic subsysteetgenes in input
the appropriate combination of collective and longitudinal/lateral cyclic ctatine rotating portion
of the swashplate takes care of distributing the appropriate amount of fitatienput as a function
of the azimuthal position of the blade.

In the first case, a 1st order dynamic system has been consideekingein the relationship
wo

Hout,x = ein,m (7)

S + wo

with z = 0, ¢, s and a characteristic frequencywf = 25 radian/s, respectively. In the second case,
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a 2nd order system was considered, resulting in
2
wo
s + 2wps + wi

HouLm = ein,x; (8)

with a damping factoé = 0.4 and a characteristic frequencywaf = 80 radian/s.

The 1st order actuator model of Eq. (7) showed a stabilising behawidule the 2nd order
actuator model of Eq. (8) generally resulted in an adverse coupling qfilibiewith the dynamics
of the rotorcraft. This result is interlocutory and seems to indicate somandepee of the coupled
stability of the rotorcraft-pilot system on the control system dynamics. EBurtivestigation of the

control system dynamics is required for a better insight into this issue, inofipassible interactions
with the FCS in augmented rotorcraft designs.

5.5 Comparison Between Pilot Collective Transfer Functions

The behaviour of the BO105 model in hover has been assessed witttréspdifferent transfer
functions of the pilot connected to the collective control stick, when véticancing is considered.
The behaviour of the pilot models identified in this project is compared to thiteainesomorphic
pilot from [8]. Data corresponding to Pilot #1 at 10% collective settingioeding to Table 3, is
considered.

The pilot appears to significantly couple with the airframe, similarly to what isegpced when
using the pilot models from [8]. The poles directly related to the pilot chaagd,a significant
damping reduction is observed. The transfer functions of Eq. (3) @nldave been obtained from
different types of measurements, and for different cockpit and d¢éecontrol stick layouts, so a
direct comparison is not straightforward.
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Figure 15: Coupled rotorcraft-pilot root locus of the pilot’s poles.

Figure 15 shows that an instability is found for Ref. [8] pilot's root after fhlot’s gain is in-
creased. It also shows that when the transfer function of Eq. (4, l®th the poles it is charac-
terised by show a significant coupling with the rotorcraft dynamics. Inildéte the higher one that
becomes unstable first when the gain is increased.
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5.6 Cyclic Pilot Modelling

The impact of the cyclic pilot on the overall rotorcraft stability has beersssd by comparing the
open-loop stability of the linearised rotorcraft model with that of the systesulting from sepa-
rately closing the loop with the pilot transfer functions for the longitudinallatetal cyclic controls
discussed in Section 3.2. Only a minor destabilising effect has been peven when the simul-
taneous effect of the two transfer functions related to the cyclic contrmiso&the one related to
the collective are used, in the so-called MSISO layout. This result is in lineexjblectations, since
there is no direct relationship between any cyclic control and any fortieeicorresponding lateral
direction. As a consequence, no significant dynamic magnification of théspillic input can
occur.

6 Means of Prevention

The understanding of the nature and cause of aeroelastic RPC findadtEgrusefulness in de-
termining possible means of prevention, or at least attenuation, of the pleeoo. The activity
performed so far within the AG-16 project with respect to identifying pdssilres to aeroelastic
RPC mainly consisted of checking the appropriateness of known, comraotisgrapproaches, and
in outlining lines for possible future research in the field.

Two types of solution are considered:

e modifications to existing designs, usually with limited effectiveness but at I@t/aad with
possible short time to market;

¢ specific design of the rotorcraft and its components, possibly with higlet@féness but poten-
tially higher cost and longer time to market.

A typical cure of the problem consists of interrupting the adverse feddbap by ‘disconnect-
ing’ the pilot. This is what happens when the pilot releases the controlanptyssoftens the hold.
This solution is trivial, and applies directly to the core of the problem. Unfatily, it cannot be
used in many relevant cases, in which releasing the controls would aielsetitin failing to fulfil a
Mission Task Element (MTE), but could even result in fatal consecggenc

Another approach consists of ‘disconnecting’ the pilot in the precisgerar frequencies that
characterises the adverse coupling, by applying a notch filter, i.e. a filtiee éorm

2, o0 2
5%+ 2—wps + wj
c

9)

Hnotch = 1
$% 4+ 2—wps + wi
C

that cancels the undesired couple of poles of frequencgnd replaces them with another couple
with the same frequency but higher damping ratio, as illustrated in Figure léregtfect to the
mesomorphic pilot transfer function of Eq. (2). The effect of applying miotch filter of Eq. (9)
between the pilot's output and the input to the control system actuators isatedtin Figure 17.
This operation is common practise in augmented aircraft, but in principle it dmupplied as well
to vehicles with minimal or null augmentation, by designing the mechanics of theotegstem in
order to behave as a mechanical equivalent to a notch filter. In thistbasgilot is still excited by
the airframe, and this excitation results in an unintended feeding of advgnses in the controls.
However those adverse signals are almost cancelled, or at least tatehydhe filter. This solution
is not trivial because it is impractical without significant augmentation. Alsequires careful tuning
of the filter with respect to a frequency that typically depends on the matfband pilot configuration,
and may also depend on the flight condition.
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Promising improvements are foreseen when a complete redesign of thét ¢aptpt is possible.
The vertical bouncing phenomenon could be alleviated, for example,digcieg the conventional
control stick with a sidestick or with a thrust control level, typical solutiondifeed wing aircraft.

The capability to predict the origin of adverse interactions at the condegtaapreliminary
design phases would allow to consider airframe and cockpit layout desigtions that naturally
decouple the airframe dynamics and the pilot, for example by attaching the pdat'and the controls
in correspondence to modal nodes.

Finally, the availability of high or full authority FCS would allow the efficient filteg of unde-
sired, adverse couplings with the pilot. However, it is important to realisetiadesign and tuning
of those FCS may represent a formidable task. The availability of detailedrage and effective
models is instrumental for the successful design of FCS.

Concluding Remarks

This paper presented the current status and recent achievements@ARTEEUR HC AG-16 on
aeroelastic rotorcraft-pilot coupling (RPC). The activity focused derdeining the aeroservoelastic
modelling capabilities required to predict the complex interactional phenonidina i@ot of the un-
intended amplification of oscillations occurring in rotorcraft in the rangeefdencies comprised
between 2 and 8 Hz. Different approaches to the aeroelastic analysisoadraft have been used
by three partners of the project. Focus has been put on the aerelsstiosimulation of the BO105
helicopter, coupled to transfer function based models of the pilot's asspedance. Passive pilot
transfer functions available from the literature have been complementeahitgrsnodels identified
from specific measurements performed during a dedicated experimemiaaicg. The pilot mod-
elling activity will proceed with the identification of the biomechanical propentsegiired to set up
a parametric multibody model of the pilot's arm. This model will possibly allow to campilot
transfer functions for generic reference conditions and cockpitutayorhe work presented in this
paper provided an initial assessment of the modelling capabilities requirettitess the coupled
rotorcraft-pilot problem from an aeroservoelastic point of view. Toivay is far from complete,
and the issue of determining useful guidelines for RPC-free rotorisraftt solved yet. Further de-
velopment would probably come from a deeper analysis of many of thetagpat have been little
more than outlined in this paper.
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