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Abstract involuntary dynamics of the pilot in the study of Rotorcraft
Pilot Couplings (RPC) [10, 11].
This paper discusses the impact of different models of

aerodynamic loads on rotorcraft-pilot couplings stability u
ing a robust stability analysis approach. The aeroelasticity of u y
the main rotor of a helicopter is formulated using aerodynamic
models based on blade element/momentum theory and bound-
ary element method coupled to a finite element model of the -
blade. The resulting linearized models are used to determine ¢ ¢
stability limits according to the generalized Nyquist crioerj
associated with the accelerations of the pilot’s seat caused by
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~
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the involuntary action of the pilot on the control inceptdrse A(s,p) <
resulting stability curves are discussed considering examples
of involuntary pilot transfer functions from the literature Fig. 1 Feedback loop between nominal pl&s) and uncertainty op-

Keywords Rotorcraft Aeroelasticity Robust Stability- eratorA(s,p).

Rotorcraft-Pilot Couplings

The theory stems from the consideration that by writing

1 Introduction the dynamics of a stable system in the form of a feedback

loop, as shown in Figure 1, where the uncertaidis, p) is
Robust stability analysis techniques enable the evaluafio  .oncentrated in the feedback path of the loop, the stability
the stability margins of systems with respect to uncertain p the closed loop system can be analyzed by simply looking
rameters [1,2]. Their application to rather heterogen@sus 4 the eigenlocus of the loop transfer function, according t
pects of system dynamics is the result of their generality anine Generalized Nyquist Criterion (GNC). This, in turn is
versatility [3-7]. Many aspects of rotorcraft aeroserasel \yritten as a multiplicative function of a portion of the paft
ticity may benefit from robust stability analysis, espdgial he system thatis considered certaiis), by the part that is
when intrinsically uncertain aspects of the model must b gnsidered uncertaizd (s, p), namelyH (s) = A(s, p)G(s).
addressed; for example, the constitutive properties af-lea 1o, any of the eigenvalues of the loop transfer ma-

lag dampers in the study of ground resonance [8, 9], or the. H(jw) reaches the poirt-1+j0) in the Argand plane

Giuseppe Quarantadykut Tamer (the complex plane), the system begomes unstable. The _dis—
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overall vehicle is of concern, often using Ritz-like reddce functions, which represent the formally uncertain fee#tbac

order models to describe the structural dynamics of the sysperator in the analysis. The stability boundaries resulti

tem, the generalized unsteady aerodynamic loads may lem the different aerodynamic models are compared, to un-

computed from relatively sophisticated, yet uncertain modderstand how sensitive they are to the complexity level in

els. As long as the source of the uncertainty can be somehoserodynamics modeling. In fact, both the involuntary behav

identified, e.g. in the form of amplitude and phase of theor of the pilot and the aeromechanics of the vehicle present

transfer functions relating the airframe motion to the kbad some degree of uncertainty; however, the uncertainty of the

transmitted by the rotor to the airframe, appropriate nmergi pilot’s behavior is intrinsic, as different subjects mayhee

with respect to the stability of the overall aeroservoétast differently even in similar conditions, and even the same

system can be determined. subject may behave differently under different conditjons
In detail, the proposed approach makes it possible twhereas the uncertainty in the aeromechanical propeities o

determine how sensitive the stability of the system is withthe vehicle is essentially related to the degree of appraxim

respect to uncertainties in the modeling of the main rototion introduced in the numerical models.

aeroelasticity (with particular attention to the aerodyia

contribution). In fact, significant sensitivity would irudite

that a refinement and an improvement of the quality of thé2 Robust Stability Analysis

modeling is mandatory. Otherwise, as long as the impact

of the uncertainty is minimal, relatively inaccurate madel Robust stability analysis is based on the assumption tieat th

could be tolerated, being the quality of the aeroelastimfae transfer matrixG(s) between the input vectar(s) and the

dynamic) modeling not essential for the purpose of the anaPUtput vectoly(s) of a system characterized by a set of un-

ysis. certain parameters,
This work originates from the need to analyze Rotorcraft- =~ —
Pilot Couplings (RPC) within the research project ARIS—y(S) =G(sp)u(s), @

TOTEL?, partially supported by the European Commissionnder broad assumptions can be cast as

within the 7th Framework Programme. The possibility to

limit the complexity of the analysis of critical components{ y } _ {GM Glz] { u } @
of the aeroservoelastic system is in fact of paramount im{ n G21G22| | ¢

portance to reduce the computational cost and to make it . .
possible to focus on essential aspects of the problem. ~ USing @ Linear Fractional Transform (LFT) [16], where a

The robust stability analysis requires to act on LineaMegative feedback loop can be established on the transfer

Time Invariant (LT1) models of the plant. In the present anal matrix A of the uncertain parg = — A, yielding
ysis, the aeroservoelasticity of the helicopter is modated
the MASST environment, developed at Politecnico di Mi-
lano [12, 13]. The aeroelastic LTI model of the main rotor
is developed by the University ‘Roma Tre’, starting from
validated computational tools for rotor aeroelastic resgo
analysis [1.4] and subsequent'ly applying thg methodologyy — {p: p=po+dp, Sp CR™M, (4)
presented in Ref. [15] for identification and finite-statedmo

eling of the aerodynamic operator regarding rotors in arbiwherep, corresponds to the nominal parameters of the air-
trary steady flight. This approach requires the predictibn ocraft without uncertainty.

a set of harmonic perturbation responses by an aeroelastic Under the assumption that the baseline sys&mwith
solver, and the accuracy of the identified model in desagibin A = Ay, is stable, and thaf\ itself is stable for alp € 27,

the unsteady loads transmitted by the rotor to the airframe ithe stability of the uncertain system of Eq. (3) can be stlidie
strictly connected to that of the aerodynamic solver agplie by considering that of the transfer matrix

within the aeroelastic tool. ) ) )

The proposed approach is applied to a rotorcraft moddr (@) = G22(jw) A(jw), ®)
jointly developed by Politecnico di Milano and University
‘Roma Tre’ within the project ARISTOTEL. Applying two
independent quasi-steady sectional aerodynamic foriookat

y(S) = (Gllf Gp2A (| +622A)_1621> U(S), (3)

as shown in Fig. 1. Then parameters collected in vectpr
are uncertain but bounded; they belong to the set

which plays the role of the loop transfer function in claasic
feedback control theory [2]. The stability of the transfea-m

and a Boundary Element Method (BEM) potential-flow so-tr.lx Of Eq. (5), n turn, can be s_tudled using the GNC by con-
sidering the distance of the eigenvalues of the loop transfe

lution within thg aeroelastic solver_[14],_stab|llty .boundas matrix H (j) from the point(—1+j0) as a function of the
are computedin the space of the pIIOthOdynamlcf%dtmougncertain parameters, whose limit values are found by re-

L http://wwv aristotel . progressi ma. eu/ quiring such distance to vanish, namely(@etH (jw)) = 0.
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Az(jw) Alm Considering an additive uncertainty = Ag+ 3 A, the left
and right eigenvectors of the nominal system can be used to
express the critical condition as

> ViH(w)vr
= (VoLi +0V1i) " (Ho(jw) + SHiim (jw)) (Vori + OVri)
= Aoi + Vi OHiim (jw)Vori = —1, (10)

wheredH = G220 A, anddHi, indicates the perturbation
of H at the verge of stability. Equation (10) expresses a
first-order approximation of the eigenvalue change, sihee t
contribution associated with the eigenvector chand@as
anddvg; is second-order with respect &\; according to a
Fig. 2 Nyquist eigenloci: distance of transfer matrix eigenvaluemifro 9€neralization of Rayleigh's quotient.

point (—1+j0) in the complex plane. In fact, considering terms in Eq. (10) only up to first-
order, one obtains

The perturbation of theth eigenvalue\; (Ho(jw)) of the
reference systedy = G22Ap can be expressed as

Ai(H(jw)) = Ai(Ho(jw)) + pe®, (6)

where the complex numbge®? represents an arbitrary per-

turbation of the-th eigenvalue of modulug and argument sincev{ iHo = Aoiv{; andHovori = VoriAgi. However, since

6, as shown in Figure 2. the eigenvectors can be arbitrarily normalized/ésRi =1,
WhenA;(H(jw)) = —1 the stability limit is reached for then

eigenvaluel;, since the loop transfer function corresponding + T T T

to that eigenvalue for any further perturbation would @ircl VL VR = VoLiVoRi +VoLiOVRi + OV(;Vori +0V(;i0Ve,  (12)

VIiH(jw)Vr
= v iHoVor + V{LiHoOVR + 6V jHoVori + V(i SHVoR
= Aai -+ Aai (VoL OVri + OV{Vori) + VoL SHVoRi, (11)

apout point(—.1+j0). As a consequence, the stability mar- hich yields vl Sv + 8Vl vor = —Ov|dvm; as a con-
gin, as a function of the frequency, is sequence, the first-order terms associated to perturlsation
pi(w)g%(@) = —(Ai(Ho(jw)) +1). (7)  of the eigenvectors are equivalent to terms that are second-

order in the perturbation of the eigenvalues. Note thamfro

the comparison of Egs. (6), (9) and (10) it is possible to
ather thape® =~ v 6H (jw)vor. According to Eq. (10) one
Ibtains

For each frequencep, the critical directiorf} (w) represents
the direction fromA; (Ho(jw)) to (—1+jO) andp;(w) rep-
resents the magnitude of the eigenvalue perturbation th
leads to instability when it occurs along the critical direc
tion (Fig. 2). pi(w)e®(®) = —1— g = v SHiim (j0)Vor- (13)

The most critical eigenvalue among those of makiix
is the one whose distance is the smallest among those cot/hen the parameter change implies a non-negligible change
puted for all eigenvalues. However, depending on the strudn the eigenvectors, the problem
ture of the uncertainty, the sensitivity of the eigenvalags
matrix Ho to uncertain parameters may determine their acy'-iH”m(

tual cr?ticality. The distance of_the eigenvalues from tbap asin Eq. (10) but without any approximation, must be solved
(—1+]0) can be transformed into frequency-dependent boupdyetermine the value of the parameter perturbation that

aries for the uncertain parameters using the notion of lefl, 5 the system to the verge of stability. An approach based
vii, and right eigenvectorsi, respectively solutions of the o ontinuation can be used: its discussion is outside the
eigenvalue problems scope of this work.
HVg = VriAi (8a) Whenp(w) < mini(pi(w)) Yo, stability is granted. Oth-
T oo erwise, it is necessary th& # 6, wherek indicates the
H V|_| == V|_|A|, (8b) . . -
eigenvalue corresponding to mip;). This can be stated as

jw)vr = —1, (14)

with V[ = Vz! when all left and right eigenvectors are col- 0w ) _
lected in matrice®/, andVg, respectively, since by defini- P(@)€"“ < px(w)€™ ', k:pc=min(pi(w)),  (15)
tion

- where operato(-) < (-) applied to complex numbers com-
viiHVR = Ai. () pares their moduli when the argument is the same.
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Further margins can be considered by requiring the unNote that the rotation components of the motion are point
certain bounds to allow some residual distance from poinfunctions in that they include both rigid-body motion and
(—1+j0). This can be obtained by first computing the criti- deformation effects of the airframe. In practice, thesel$oa
cal directiong; that leads from poindg; to point(—1+j0),  are evaluated in the frequency domain for a set of discrete

namely frequencies and for a given set of trim points, ranging from
hover to forward flight at different speeds. Variations a th
d= _LA‘” —df (16)  aeroelastic solver applied to sample matridggr andH svr
114 Aai | enables one to carry out sensitivity analyses of the prediict

dynamic behavior of the coupled rotorcraft-pilot systerthwi
respect to uncertainties in main rotor aerodynamic (andstr
tural, eventually) modeling.

Then, a new uncertainty amplitug®, that leaves a pre-
scribed margip along the critical direction, is considered,

pi = pi—p. (17)

This corresponds to considering the distapc®f the i-th
eigenvalue from the poirft-1+j0), along the critical direc- 3.1.1 The Aeroelastic Solver (in brief)
tion 8, as shown in Figure 2, and restricting the limit value
such that, when at the boundary, a residual distgihce- A beam-like model [15] is used to describe the structural dy-
mains. namics of rotor blades. It is based on the nonlinear bending-
torsion formulation presented in Ref. [19], that is valid fo
straight, slender, homogeneous, isotropic, nonunifonistéd
3 Problem Description blades, undergoing moderate displacements. The radial dis
placement is eliminated from the set of equations by solving
An aeroservoelastic model of a helicopter representafive gt in terms of local tension, and thus the resulting struaitur
the Messerschmitt-elkow-Blohm (MBB) BO105 has been gperator consists of a set of coupled nonlinear differéntia
developed in MASST using the technical data reported in [18quations governing the bending of the elastic axis (lead-|
18]. This helicopters has been selected because it is consiéind flap deflections) and the rotation of the cross-sections
ered representative of small-size, hingeless helicoplers (blade torsion). If present, the effects of blade pre-cane a
genel’al characteristics are summarized in Table 1. g|e, hinge offset, torsion offset and mass offset are iredud
in the model, as well as the kinematic effects due to hub
motion.

Table 1 BO105 general characteristics. o ) ] ]
Combining this structural dynamics model with a model

Parameter Value Units L s . .

Gross weight 20550 kg desprlblng the'dlstrlbutgd aerodynamic loads yields .tlneae
CG station 33180 mm lastic formulation. In this work, the rotor aerodynamicdsa
Max. flight speed 140.0  kts are simulated either through a quasi-steady, sectionaémod
Main rotor radius 49 m with wake-inflow corrections taking into account the three-
Main rotor solidity 7.02 % di . L traili i infl for instaref
Main rotor lock number 431 nd. imensional trailing vortices influence (see, or instarfoef.
Main rotor angular velocity ~ 424.0  rpm [14]), or through a BEM solver for free-wake, potential flows
Main rotor flap frequency 1.1 Jrev In particular, the BEM computational tool considered isdths
Main rotor lag frequency 0.68 /rev on the formulation suited for the prediction of BVI effects

presented and validated in Refs. [20, 21], and therefore is
applicable to a wide range of rotor flight configurations, in-

cluding descent patterns. The blade pressure distribution
p, is determined using the Bernoulli theorem and the dis-
tributed forces and torsional moment are obtained by inte-

From the point of view of the interaction with the rest of 9ration over cross-section profile contours.
the vehicle, the Main Rotor (MR) contribution is expressed ~ The resulting aeroelastic integro-differential formidat
in terms of a LTI aeroelastic operator. For a given steadys integrated spatially using the Galerkin approach, aed th
flight condition, it relates forces and moments produced byime response is computed through a time marching, Newmark-
the rotor at the MR attachment poifiir, to the components 8 numerical scheme.
of motion at that point (displacements and rotationg), Once the aeroelastic response is computed, forces and
and to the MR controlsivr = { 6o; 61c; 615}, namely moments at the MR attachment point are evaluated by inte-

) ) gration of the corresponding aerodynamic and inertial$oad
fur = Hxvr (j0) xR +Hsmr (j0) R - (18)  arising along the span of the blades.

3.1 Rotor Aeroelasticity Subproblem
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3.1.2 Sampling of the LTI Aeroelastic Operator

T T T T T T
BEM-Real part, data —+—

200000

. . . . 2Daero-Real part, data ——<—

For a helicopter rotor in arbitrary steady flight, the aeasel BEM-Imag Ean, data —%—
tic model described above is intrinsically nonlinear, with 100000 2Daero-Imag part, data ——

riodic coefficients. As a consequence, even a single-haanon

small perturbation of MR controls or hub motion yields multi

harmonic loads at the MR attachment point (and thus, can-

not be modeled through a LTI operator). However, as widely

applied in aeroelastic, multiblade-variable analysessof i

lated helicopter rotors, for the objectives of the preseobp

lem accurate linearized modeling can be based on the time-

invariant approximation (indeed, it involves 1/O quarsti -300000

defined in the nonrotating frame). 0
Following the approach presented in Ref. [15] regard-

ing the LTI modeling of the aerodynamic loads of rotors inFig- 3 MR vertical force vs. axial hub motion.

arbitrary steady flight, in this work the MR LTI aeroelastic

model is obtained from the complete aeroelastic solution in 250000 .

-100000 |-+ e R =t e

200000 b g _
i i "} ol s s

axial force/axial displacement [N/m]

10 20 30 40 50 60 70 80 90
frequency [rad/s]

T T T T T T
BEM-Real part, data —+—

the way herein described: 200000 [ 2Daero-Real part, data —#—
. . . . . : BEM-Imag part, data —+—
(i) the time marching aeroelastic solver is used to evaluate 150000 |/, 2Daero-Imag part, data ——

the perturbation loads at the MR attachment point due 100000

to single-harmonic small oscillations of each variable

roll moment/lateral cyclic [Nm/rad]

50000 b
in Xvr anddyr; RO EEVUE SN TR S " SN U S

(i) the response harmonic component having the same fre- T A
quency of the input is extracted; 50000 -X N . B
(i) the corresponding complex values of the frequency- -100000 |~ TR
response function are determined; “150000 [ R

(iv) the process is repeated for a discrete number of fre- 200000 T S S TR S M
quencies within an appropriate range, so as to get an 0 10 20 30 40 50 60 70 80 90
adequate sampling of the frequency-response functions frequency [rad/s]
appearing withirHyr andH syr- Fig. 4 MR roll moment vs. lateral cyclic pitch.

In other words, the procedure applied is such that only the

constant-coefficient, linear(ized), portions of the oparee-  the BEM solver are compared in Figs. 3 and 4. Figure 3 con-

lating perturbations ofyr anddwvr tofyr are retained [15].  tains the thrust component of the rotor force as a function of
It is worth mentioning that the harmonic components arehe axial motion of the hub, while Fig. 4 contains the roll

obtained through a Fast Fourier Transform (FFT) algorithmmoment as a function of the lateral cyclic pitch control. In

taking care of the following issues: both cases, the two solutions show a similar trend with re-

(i) the period examined by the FFT starts after that theSPect tq frequency. This i_s expected, since rotor bladéelas
aeroelastic transient response to the perturbation is firR"OPerties have a strong influence on poles and zeroes of the
ished: aeroelastic response function. However, some discregsnci

@rise, which imply non-negligible local differences in am-

(ii) the period examined has to be an integer multiple of*"
plitude and phase of the response.

the period of the input harmonic;
(iif) almost periodic loads might arise because of the imtri
sic periodicity of the aeroelastic system, and hence thg_z Airframe Dynamics Problem
leakage avoidance is assured if, in addition, the exam-
ined period is long enough. The structural dynamics model simply consists of the second

Finally, note that the described approach can only be agrder equations of the rigid-body and flexible airframe dy-
plied if the isolated rotor is asymptotically stable for the namics,
steady flight configuration about which the LTI model is,, .. . o
identified. MG-+Ca+ka =t (19
The transfer functions identified through the aeroelastidormulated for the modal variables. The motion of the
solver based on Blade Element theory and those obtainddR attachment point is known in terms of the correspond-
using aeroelastic predictions derived from the applicatib  ing modal displacementsyr = Uyrg. As a consequence,
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the frequency domain representation of the airframe dynan¥able 2 Data for functionHyz, (s) based on Mayo's models [22]
ics is simply coupled to the MR aeroelastic model using the

ectomorphic  mesomorphic

Principle of Virtual Work (PVW), namely w, (radian/s) 21.267 33567
T & 0.322 0.282
OMr = OXyrfmr (20) T, () 0.118 0.108
= 59" Ufr (Hxmr (j0)Unrd + Homr (j0)dvr) »
which yields wheren are the involuntary contributions to the motion of
the control inceptors, whilgpiiot = Upiotq is the motion of
) . T . p p

(—wM +jwC +K —UyrHxvr(jw)Umr) g the seat.

= Ul rHsmr(jw)dvRr (21) In Mayo’s work [22], the function expressed the abso-

lute acceleration of the hand as a function of the absolute
As long as all the controlé are considered, including for acceleration of the seat,

example also the collective pitch of the tail rotor, ide=

{émRr;0TR}, the problem can be written as Znand= Hz 4 diseadseat
. Stp/Mp+kp/m .
—H 5 22 = b ¥ BB 25
q=Has(w)9, (22) 21 8(rp 1 ro)/Mp + kp/mp o2 (25)

where additional exogenous inputs and disturbances are "Phe function can be reformulated in order to yield the col-

g:egﬁe;:l, since the analysis focuses on coupled pilot-l@hic o .yjye input as a function of the acceleration of the seat by
stability.

In order to account for the detailed pilot-vehicle inter- — transforming the absolute acceleration of the hand into
action, actuator dynamics are considered as well. The dy- its relative counterpart,
namic relationship between the command requested by the 5 B e (26)
pilot and the actual motion prescribed to the controls is and rel. = Shand ™ “seat

5 = Hact§0)n + Haelj0)fac, (23) — integrating the output twice,
where vecton contains the motion of the control inceptors,  Zhand rel.= ézhand rels (27)
while fac represents the force transmitted by the actuators;
Hac(jw), the dynamic compliance of the actuators, is usually
neglected. Usually, a first- or second-order equation is con
sidered for the actuator dynamics transfer functiag(j w). 1

— dividing the output by the length of the collective stick,
namely

The bandwidth of the actuators may have an impact on the = %handrel: (28)
interaction between the vehicle and the pilot mainly beeaus, | resulting function is
it introduces a delay in the control.
1 s+1/1p ,
=== %5y - 5 29
1= "L 21 28 w5+ o (29)

3.3 Involuntary Pilot Model
The values used in the modified form of Mayo’s formula are

The involuntary pilot model basically produces control in-reported in Table 2.

ceptors motion as a function of the motion of the vehicle. In  Similar functions can be formulated for the involuntary
practice, the inceptor motion involuntarily produced bg th longitudinal and lateral cyclic controls resulting fronrge
pilot is often associated with the acceleration experidnce(fore-aft motion) and sway (lateral motion) accelerations
by the pilot through the seat. The literature on the subgect iWhen discussing numerical results, transfer functions and
scarce (see for example the work of Mayo on the involuntaryrequency response data from the literature are consifdered
collective motion associated with motion along the vetticasince the original references did not provide analytical fo
axis, [22], and subsequent work by Masarati et al., [23], andnulas, their interaction with the stability limits will bena-

the work by Parham et al. on the lateral axis, [24]). Analyt-lyzed only graphically.

ical methods based on accurate biomechanical modeling of A complete description of the loop closure exerted by
the pilot are being developed [25, 26], to support the deterthe pilot requires one to consider also the voluntary action

mination of transfer function variability. Since this contribution is band-limited at a crossover fre-
In general, a complete involuntary pilot model is ex-quency of about 23 radian/s (the upper is a hard limit for
pressed in the form typical human behavior, as discussed in [27]), it is not con-

_ sidered in the present work because its action is about one
1 = Hpx(j)Xpilot, (24)  decade below typical biomechanical poles, which are in the
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range 2@-25 radian/s, as shown in Table 2, and thus no sigwell balanced control inceptors do not usually move when
nificant interaction is expected with the aeroelasticitymf the cockpit is subjected to accelerations. At the opposite e
torcraft. This implies that only results above 1 Hz must bereme, an ideal, infinitely stiff pilot that firmly grasps the
considered. inceptors does not produce any involuntary input as a con-
sequence of cockpit accelerations. For this reason, it-is de
) sirable to consideH,x = 0 as the reference pilot. In this
3.4 Robust Analysis Problem case, the reference coupled system is perfectly stableg sin

N ) ) . matrixHcL = | +Hyx reduces to the identity, and its eigen-
The robust stability analysis problem aims at determmlng/alues are well away from-1+ j0)

the stability boundaries of the involuntary pilot modelneo

sidering the involuntary pilot as the uncertain elementrof a

otherwise certain system. — determining the stability limits of the vehicle as indi-

The plant consists in the transfer matrix of the helicopter  cated earlier;

from the control inputs to the motion of the pilot seat. In — superimposing the transfer function of the pilot, taking

principle, one may want to consider the nominal controls into account any structure of its uncertainty;

that are sent to the main and tail rotor in a conventional he-— if the magnitude of the pilot transfer function does not

licopter design, exceed the magnitude of the vehicle limits, no instability

can occur; otherwise,

— at crossings between the phase of the pilot transfer func-

5= { OMR } _ ] Browr (30) tion and the vehicle limits, if the magnitude of the pilot
OTR Brsr transfer function exceeds that of the vehicle limits, an

Borr unstable condition is met.

The determination of robust stability consists in:

Bomr

queyer, it may be more approprlz_ate to decouple_the UNCehis analysis is exemplified and clarified in the following
tain pilot model from the kinematics and dynamics of thesection

flight controls of a specific vehicle, thus considering as in-
puts the motion of the control inceptors,

Ncollective 4 Numerical Results
n Miongitudinal ' 31) _ _ _
Nateral The aeroelastic model discussed earlier has been used to de-
Npedal termine the stability limits with respect to selected invol

0lfmtary pilot inputs. Figures 5—7 contain the stability kisni

In this latter case, any gearing ratio between the motion . . . :
) . associated with the main rotor controls as functions of the
the control inceptors, the actuator dynamics and the dynam-

. . : : . . motion of the pilot’s seat in three directions. The limits as
ics possibly associated with an Automatic Flight Control . . _— .
. . . . sociated with longitudinal cyclic caused by surge (fore-af
System (AFCS) in augmented helicopter designs can be in-__. - - .
. . . motion) of the seat are shown in Fig. 5. The limits associated
cluded in the dynamic model of the vehicle. . . .
. with lateral cyclic caused by sway of the seat are shown in
“Iq:ig. 6. The limits associated with collective caused by keav
of the seat are shown in Fig. 7. Thick dashed lines represent
Xpilot = Upilotd, (32) the extreme values resulting from the three aeromechanics
_ models; the thin dotted line represents the average value.
which, thanks to Egs. (22) and (23), can be expressed asthe reader is warned that the dashed lines by no means
function of the control inceptors, enclose an envelope of possible boundaries; other models
(33) might result in further stability boundaries outside thessr
surrounded by the dashed lines. Those lines merely define
In general, thus, the motion of the seat is represented by r@gions of plausible stability boundaries.
6 x 1 vector, whereas the controls consist of a % vector. In all cases, the limits are computed using helicopter
As a consequence, the reduced plant is represented byla 6 models that share the same airframe and controls dynamics,
matrix, G = Hy,,. Consequently, the involuntary pilot model and differ in the aeroelasticity of the main rotor. In addi-
is represented by a6 matrix, A = —H,. This implies  tion to the two models discussed earlier (blade element and
that the coupled loop transfer matrig A, is structurally BEM), a model derived from CAMRAD/JA is used as well.
rank deficient. The stability limits resulting from the three models shoWw re
As discussed in [11], limit reference pilot models areatively similar trends, especially in the band of frequesci
represented by ,x = 0. In fact, when the pilot is absent, of interest for the present analysis (1 Hz to 8 Hz), where the

of the motion of the pilot’s seat,

Xpilot = UpilotHgsHactn = Hxnn-
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ROTORCRAFT AEROELASTIC STABILITY USING ROBUST ANALYSIS

-1

Stability Limit at Hover from 6, to 2

10 E [ T T ‘ ;
________ b
o 107k 3
° E E
2 £ 3J
£ P ]
[=)) L 4
©
= 10°F .
i Mean Maxima and Minima of Vehicle Limit ]
] Pilot (Mayo) ]
10 T T T T T T 10 ! ! ! ! ! ! ! ! ll
10 10
500 T T ,--
4001 : .
S 300 S
Q
E 4
L . |
2 200 R el
£ 100 g - =~
LR
\:_=,
O e e e e e e e e e e m—em_m_mmem—mmm=mm—===—=z=ZZZZSESSEES=7
_100 1 1 1 1 1 1 10 1 1 1 1 1 1 1 1 11
10 10

Frequency (Hz.)

Fig. 7 Stability limits associated with collective control inducegteave acceleration at the pilot’s seat.

analysis was refined. At lower and higher frequencies the Figures 5—7 show that the stability boundaries result-
limits differ, especially with respect to phase. ing from the different aeromechanical models differ signifi
cantly in several regions of the frequency range considered
in the plots. However, the differences tend to reduce and
occasionally become negligible in the 2-5 Hz band, which
contains most of the biomechanical models that may poten-
tially adversely interact with the vehicle.

In order to illustrate the significance of the stability lim-
its of the vehicle, they are compared with involuntary pilot
models from the literature. In Fig. 5, the model of the invol-
untary longitudinal cyclic input caused by surge acceienat
originally presented in Fig. 19 of Ref. [24] and related te th ] ] )
V-22 tiltrotor is considered. Unfortunately, no inforni The graphical analysis shows that in the case of the surge
about the phase was given in that reference. This functiofotion of Fig. 5 no adverse interaction is possible, since
is used because the control device and the cockpit layout $f€ @mplitude of the involuntary pilot control is always el
the V-22 is similar to that of a conventional helicopter with below the limit.
respect to the needs of the present work. On the contrary, in the case of the sway motion of Fig. 6
_ ) ~_aninstability can occur because the amplitude of some of the

In Fig. 6, the model of the involuntary lateral cyclic in- yi10¢ models overcome some of the vehicle's limit curves,
put caused by sway acceleration presented in Figs. 6 and L, this occurs when the phase of the related pilot curve is
of Ref. [24] and again related to the V-22 is considered. Iy g6 5 the phase associated with the critical direction of
agdmon, experimental resglts optamed in the Univereity Eq. (16), illustrated in Fig. 2 as®% Such potential instabil-
Liverpool's HELIFLIGHT flight simulator [23,28] are con- v/ is 4 consequence of the adverse interaction of the pilot

sidered. biomechanics with the main rotor regressive lead-lag mode,
Finally, in Fig. 7 the previously discussed model of theWhose frequency is about 2 Hz and which is very lightly

involuntary collective resulting from heave acceleragoo- ~ d@mped.

posed by Mayo [22] is considered. The functions mentioned Similarly, in the case of the heave motion of Fig. 7, there
above do not specifically refer to the helicopter considereds a slight chance of instability in the higher frequency-por

in the analysis; however, they are representative of patitol tion of the frequency band, around 4.5 Hz, where the magni-
device arrangements that are common in helicopters. As suttide of the pilot’s curve intersects the lower limit ampdigy

they are presented to provide an indication of typical invol since the phase of the pilot’'s curve approaches the phase as-
untary control transfer functions. sociated with the critical direction. In this case, the ptigd
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instability is a consequence of the adverse interactioh®ft 5.

pilot’s biomechanical feedthrough with the main rotor con-
ing mode.

It is worth recalling that the present analysis is essen-g

tially intended to illustrate the features of the propospd a
proach to robust stability analysis, and it does not imply

any specific proneness of this helicopter model to adverse’:

aeroelastic RPCs. Flight simulator testing of the proposed

numerical models with respect to RPC is underway within g

ARISTOTEL to investigate adverse RPC and verify the pre-
dictions presented in this work.

5 Conclusions

A robust stability approach has been presented to study thi®.

proneness of helicopters to Rotorcraft-Pilot Couplingse T
approach has been applied to the analysis of aeroelastic ro-

torcraft models of different complexity in the aerodynasnic 1,

of the main rotor, from simple blade element theory to an
original approach based on the Boundary Element Method.
The interaction of the pilot biodynamic feedthrough with

the dynamics of the vehicle has been discussed. Numeric%t?'

results related to the comparison of stability limits of the
different models have been discussed. All the aerodynamic

models considered in the analysis show similar trends fo#3:

the stability limits. The differences are limited espelgiat
the frequency band of interest for the involuntary intaract
with the pilot. Further investigation is needed to confirnis th

result and to determine whether it also applies to heliaspte 14.

of different categories.
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