Copyright © 1998,

by the International Council of the Aeronautical Sciences (ICAS)

and the American Institute of Aeronautics and Astronautics, Inc.

ICAS-98-1,4,1

A98-31452

Effect of Main Rotor Configuration and Propulsion
System Dynamics on Helicopter Handling Qualities

G. Guglieri *

F.B. Quagliotti

Politecnico di Torino
Dipartimento di Ingegneria Aeronautica e Spaziale
Torino - Italy

Abstract

The main objective of this paper is the study
of the influence of propulsion system on the han-
dling qualities of an articulated and a hingeless ro-
tor helicopter in straight flight. The configuration
selected is representative of a typical medium-size
helicopter.

Validation results of the basic helicopter simulation
model are also presented. )

The mathematical model used in this study is a
nonlinear blade element type model (the coupled
flap-lag dynamics of each blade is modeled) that
includes rotor, fuselage, main rotor inflow, actua-
tors and propulsion system dynamics.

The additional model of propulsion system includes
the contributions of engine-rotor inertial coupling
and shaft torsional stiffness.

Results are provided for transfer functions, poles,
bandwidths and delays at different airspeeds. The
attention is focused on longitudinal, lateral and
heave response, in order to evaluate the effects of
propulsion system dynamics on flying qualities and
prescribed ADS-33 parameters.

Notation
Cr Thrust coefficient
e Hinge offset
g Acceleration due to gravity
I; Aircraft moment of inertia
I; Aircraft product of inertia
m Helicopter mass
ny Number of blades
P, ¢, r Angular velocities (body axes)
Ry Blade lag reaction acting on the hinge
TPI Politecnico di Torino
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X State vector
u Control vector
u, v, w Velocity components (body axes)

Flap angle of main rotor blade
Control input

Lag angle of main rotor blade
Total inflow (hub axes)
Collective pitch of main rotor
Cyclic pitch components
Collective pitch of tail rotor
Advance ratio

Fuselage attitudes, Euler angles
Rotor hub angular displacement
Shaft angular displacement

at the exit of the gearbox

o Main rotor solidity

Q Main rotor angular velocity

Q Shaft angular velocity

) Time derivative

Introduction

Severe torsional oscillations in the helicopter
rotor drive shaft, and dynamic interface problems
involving rotor, drive train and airframe subsys-
tems have been observed in several testing con-
ditions [1]. In this degraded operating condition,
handling qualities are compromised.

The dynamic coupling of engine with fuel control
and rpm-governor units is an additional critical as-
pect of the same problem for turbine powered heli-
copter.

As a matter of fact, the coupled rotor/engine/fuel
control system dynamics [10] is dominated by re-
sponses in two frequency ranges: a low frequency
mode of operation that characterizes the fastness
of the engine speed response to fuel control inputs,
and the higher frequency modes associated with the
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torsional dynamics of the drive train coupled with
blade lag motion.

Therefore, the design of modern helicopter en-
gine/fuel control systems is based on both the max-
imization of the responsiveness of the low frequency
mode and the stabilization of the higher frequency
drive system dynamics. Unfortunately, the need for
high control system gains, that enhance the quick-
ness of helicopter engine response, may compromise
the stability of the drive system torsional modes.
Stabilization of the drive system torsional dynamics
is usually obtained by correcting the size of lead lag
dampers for articulated rotors or by adding a notch
filter in the fuel control system. A comprehensive
presentation of these aspects is given in Ref. [10].

These arguments support the research activ-
ity in the field of mathematical modeling, with the
aim of extending the accuracy of simulations, that
may assess the impact of engine/drive train dynam-
ics on the operational effectiveness of the aircraft.

High fidelity models for the engine dynam-
ics have been developed. This approach is accu-
rate but the computational workload is generally
incompatible with a high order model for rotor and
airframe dynamics. These nonlinear computer sim-
ulations become inadequate for the analysis of heli-
copter handling qualities requirements when an ex-
tremely simplified model of rotor/airframe dynam-
ics is adopted.

Differently, simulations may be based on a lin-
earized state space representation of the high or-
der mathematical model of the specific propulsion
system. Linear equations are evaluated at several
engine operating points, enough to cover the range
of interest. Analytical or numerical interpolation is
required for the current operating point.
Nevertheless, a high order validated model of the
propulsion system is always necessary and the ex-
tension to different engine/drive train configura-
tions is not straightforward.

Examples of detailed propulsion system models are
given in Ref. [11, 12].

An alternative approach to the problem of
modeling the effects of propulsion system dynamics
on handling qualities is proposed in Ref. [9]. Drive
train torsional dynamics is described by discrete
masses and a flexible rotor shaft. This simplified
formulation is extremely general and it was found
to be accurate for the estimation of the dominant
first torsional mode, which is the most important
for the integration of engine and airframe. Evidence
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Figure 1: The flight dynamics simulation model.

is also given in Ref. [9] that decoupling the effects
of engine/drive train dynamics, neglecting the rotor
speed degree of freedom, is a crude approximation
of the complete aircraft dynamics.

In the present paper, this last model is included
in a high order validated mathematical model of
rotor and helicopter airframe. The effect of the ad-
ditional states on the dynamic response to control
inputs is analyzed.

Mathematical Model

The mathematical model developed at TPI

is a nonlinear blade-element type representation of
a single rotor helicopter with rigid fuselage (see
Fig. 1). -
The analysis of short term response to control in-
puts in coordinated turns presented in Ref. [19] was
based on a previous model implementation for a
different helicopter, that is here extended for vali-
dation purposes.

The main rotor blades are individually mod-
eled as rigid bodies and the coupled flap-lag dynam-
ics isincluded. The equations of motion of the rotor
are formulated and solved in a rotating coordinate
system.

No small angle assumption is invoked for aerody-
namic angles of rotor and fuselage.

The profile aerodynamic loads are calculated
using two-dimensional blade element theory with
table lookup for blade twist and lift/drag coeffi-
cients. An empirical formulation (7] for blade twist

due to torsional dynamics is adopted.
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The reactions generated by the lag dampers
are nonlinear functions of the axial velocity of the
damper itself. These forces are obtained following
the procedure described in {7, 13].

The aerodynamics of fuselage and stabilizers
is modeled using coeflicients derived from wind tun-
nel data.

A three-state dynamic inflow model [3] is
used for the main rotor.

The rigid body motion of the aircraft is mod-
eled using six nonlinear force and moment equa-
tions and three kinematic relations:

1. Force equilibrium along body axes:

X = m(utqw-—rv)+mgsind
Y = m(v+ru—pw)—mgsinpcoshd
Z = m(w4pv—qu) —mg cospcosf

2. Moment equilibrium about body axes:

L = IgP—Ipy(d—pr) — L,(r +pq)

+(Lez ~ Iyy)qr — IyZ(q2 - 7'2) ‘

M = Iy 4 —Ly(P —qr) - L. (r +pg)
(I — L)pr + I (r? — p°)

N = Lt —I.(p—qr)— I, (4+pq)

+(Iyy — L) q — Iny (P — ¢°)

3. Relationships between aircraft angular rates and
Euler angles:

p = éﬁ—z;bsine
qg = 9 cos o+ ¢ sin ¢ cosd
ro= z'bcosqﬁcos 0— ésind)

The heading rate v is assumed to be constant for
trim analysis only.

The forces (X,Y,Z) and the moments (L,M,N) de-
pend on the blade motion and provide the main
source of coupling between the rotor and the fuse-
lage. They also contain contributions from fuselage,
tail rotor and other aerodynamic surfaces.

Both the dynamic and the aerodynamic rotor-
fuselage couplings are included in the model. The
latter type of coupling is typically due to the inter-
action of the rotor wake with the fuselage and tail
surfaces, and to the changes of rotor inflow due to
the presence of the fuselage.

The most important feature of the set of equa-~
tions of motion for the fuselage used in the present

study is that the fuselage states need not to be
small quantities; thus, all the kinematic nonlinear-
ities associated with the motion of the fuselage are
retained.

The propulsion system model is a slightly
modified version of that used by Chen [9], consist-
ing of discrete masses and a flexible rotor shaft.
The equation for engine/drive train torque equilib-
rium is:

qu'ﬁz;l + Blr‘gzﬁl + I<S(¢1 - ¢b) = rgQE (1)

where, as in Ref. [9], By is the engine damping,
I.4 is the moment of inertia of the propulsion sys-
tem, referred to the rotor speed, K is the torsional
stiffness of the rotor shaft, Qg is the engine torque,
and 4 is the nominal ratio engine/rotor speed. The
equation for shaft equilibrium is:

Tnwthe — Ks(1 — ) = > e-Ru (2
k=1

where Ip, is the moment of inertia of the hub. This
formulation is slightly more general than that of
Ref. [9], which focused on specific rotor modes in
which the blades moved in lag only, and with iden-
tical angular displacements. The forcing torque is
obtained by summing the force contributions Ry
of each blade in the hub plane and perpendicular
to the root segment of the blade, multiplied by the
hinge offset moment arm e.

The order of the complete system is 32 and

the state vector x can be represented as:

XF
XR
XR
X1
XE

3)

The vector xg contains the fuselage degrees of free-
dom and is defined as

17 (4)
The vectors xg and xj include the rotor and inflow

degrees of freedom, transformed in a body-fixed ref-
erence system:

xp = [uvwpqrioy

xR = [BoBic Bis Pry2CoCicCis Sy (5)

and

X1 = [Ao As Ac]T (6)
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Iinally. the vector xg refers to the engine and drive
train states:

xg = [¢¥1 Q¥ Q)T

where Q = ¢ and ; = 1.
The control vector u is defined as:

(7)

u = [00 015 O1c OTR 0, 015 O1c BTR]T (8)
The presence of time derivatives in u is required for
a correct modeling of the lag dampers.

The effect of the primary pitch control actua-
tors is also included in the mathematical model and
their dynamic response is represented by a second
order transfer function [13].

The trim procedure is the same as in [15].
Thus, the rotor equations of motion are trans-
formed into a system of nonlinear algebraic equa-
tions using a Galerkin method (10 eqns.). The alge-
braic equations enforcing force and moment equilib-
rium (9 eqns.), the additional kinematic equations
(2 eqns.) that must be satisfied in forward flight (or
in a turn), and the momentum inflow equations for
both main and tail rotor (3+1 eqns.) are added to
the rotor equations, and the combined system (25
eqns.) is solved simultaneously. The solution yields
the harmonics of a Fourier series expansion of the
rotor degrees of freedom, the pitch control settings,
trim attitudes and rates of the entire helicopter,
and main and tail rotor inflow.

Flight without sideslip is arbitrarily assumed for
# < 0.1, while roll attitude is set to zero for higher
airspeed.

The propulsion system is not included in the trim
process. This implies two assumptions. The first
is that the engine can generate a sufficient torque
in any flight condition. The second is that the
small fluctuations of rotor speed associated with
the lag dynamics of the rotor do not affect the en-
gine torque.

A linearized set of small perturbation equa-
tions can be extracted from the nonlinear model: .

9)

The coefficients of the model are derived numeri-
cally about the trim condition, using finite differ-
ence approximations. The linearization of the rotor
equations is carried out in the rotating coordinate
system. A multiblade coordinate transformation

X =

[Al-x + [B] - u

(i.e. a modal coordinate transformation that is lim-
ited to the rotor degrees of freedom) converts the
linearized state matrices to a fixed frame [4, 13].
Hence, the state vector xg contains the components
of the generalized flap coordinates in the fixed sys-
tem (similar relationships apply for the lag degrees
of freedom):

1 &
B, = n—bgﬁi (10)
B = 238 cos (1)
T =1
Bis = %;ﬂi'sinwi (12)
D D TG L)
1=1

This transformation only partially reduces the pe-
riodicity of the system. Therefore, an averaging of
the linearized coefficients evaluated at several posi-
tions along the blade azimuth is required.

The response to pilot inputs is obtained from
direct numerical integration of the equations of mo-
tion. Note that the program is designed for off-line
simulation only.

The time response to fuel flow inputs is also re-
produced with a simplified approach. The increase
of the turbo-shaft steady power output Pwgr with
fuel mass flow rate mi, is obtained assuming that

the engine fuel control and the rpm-governor are
disabled:

. ) mL
Pwr = (4 mp) gme LT — <
Q 2
= 2y
Tltr k=1

where ¢, Mme and 1y, are the efficiencies of the
engine/drive train components. The specific works
per unit mass flow rate L (expansion work) and
L¢ (compression work) are computed using an it-
erative procedure with the assumption that the en-
gine thermodynamic states change instantaneously.
The comparison of vertical accelerations in hover
with Ref. [9] confirms that the time response to a
fuel step input is correctly predicted (Fig. 11).
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Rotor speed 27 rad/s

Rotor disc radius 8.177 m

Blade m.a.c. 0.527 m

Rotor hinge offset e 0.381 m / 4.66 %
Blade Lock number v | 8.25

Dbyr /Mbrr 4
Tail rotor speed 124.62 rad/s

Tail rotor radius 1.676 m

Tail rotor m.a.c. 0.247 m

Gross weight 71211 N

CG station / waterline | 8.915 m / 5.880 m
Ixx 6316 Kgm?

Iyy 52214 Kgm2
Izz 49888 Kgm2
Izx 2551 Kgm?

Ks 541065 Nm/rad
qu 1673 Kgm2
Ihub 164 Kgm2

Table 1: The helicopter configuration.

Results

The medium size tactical utility helicopter

adopted for the numerical simulations is extensively
described in [7, 8]. This aircraft is a single rotor
helicopter (Tab. 1) with articulated flap and lag
hinges.
A hingeless rotor configuration is also considered,
that is modeled with a different hinge offset (e =
12.5%) and root springs, selected so as to achieve
fundamental natural frequencies in flap and lag of
1.125/rev and 0.7/rev respectively.

The flight condition correspond to an altitude
of 5250 ft in standard atmosphere (Ct/o = 0.081).
These are.the same conditions of the flight test data
presented in Ref. [5].

The dynamic response is computed with sta-

bility augmentation and flightpath stabilization dis-
abled. The stabilator positions are held fixed at
trim setting determined by the numerical compu-
tations presented in Ref. [5].
In all the Bode plots, the units for angular rates and
accelerations are deg/s and g, respectively, and the
swashplate pitch settings are converted into inches
of pilot stick input.

A general validation of static trims and fre-
quency domain results for the basic helicopter with-
out propulsion system dynamics is initially pre-

~,
2N

sented.

Next, the effects of main rotor configuration are
discussed, and, finally, propulsion system dynamics
is included in simulations for both articulated and
hingeless rotor helicopter.

Static Trim in Forward Flight and Fre-
quency Domain Validation

Level flight trims were obtained for airspeeds from
0 to 160 knots. Figures 2 - 5 present a compar-
ison of calculated trim results with flight test and
Ames-Genhel simulations [5]. These reference re-
sults refer to the basic helicopter with articulated
rotor. Trim data for the equivalent hingeless config-
uration introduced in the present analysis are also
included.

The agreement between the TPI predictions for the
basic helicopter and the reference data is quite good
for all airspeeds.

Both numerical results under predict the collective
and lateral pitch settings, and the required main
rotor power [5, 14] at lower airspeeds, as a conse-
quence of the simplified model of main rotor inflow
and downwash impingement on the fuselage.

The TPI simulations only under predict collective
and longitudinal pitch settings for airspeeds exceed-
ing 100 knots. This discrepancy is related with the
modeling of profile aerodynamics, which, differently
from Ames-Genhel, is not corrected for tridimen-
sional effects.

Fuselage attitudes are accurately reproduced, while
pedal positions are over predicted by the numerical
results. A nearly constant pedal bias to the right is
calculated by Ames-Genhel and the TPI code. The
reference flight test data for pedal positions are sup-
posed to be inaccurate at low speeds, as explained
in Ref. [5].

The on-axis frequency responses in hover for

the two main rotor configurations are shown in
Figures 6 - 9. Engine dynamics is disabled (i.e.
Q = Q) and the order of the system is reduced to
28 states.
A comparison is presented with the results gen-
erated by the Ames-Genhel code, through system
identification techniques [6]. The frequency band
for which this nonlinear identification process may
be considered accurate is slightly wider than [1+10]
rad/s. These reference numerical results were also
successfully compared with other simulations and
flight tests in Ref. [13, 16].
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Note that propulsion system dynamics is included
in Ames-Genhel simulations [7], although the ro-
tating shafts of the drive train are assumed to be
torsionally rigid.

With the aim of validating the TPI frequency re-
sponses, the attention is initially focused on the
data obtained for the basic articulated rotor.

The trend of the roll rate response to lateral
cyclic input for the articulated rotor is comparable
with the reference data for the frequency band over
5 rad/s. At lower frequencies, moderate discrep-
ancies appear in magnitude and phase, although
below 0.5 rad/s and above 10 rad/s no conclusive
estimation of the accuracy of the numerical simu-
lations can be made, due to the low coherence of
the reference data. At higher frequencies, the TPI
code correctly reproduces the main rotor dynam-
ics, matching the notch response linked with the
regressive lag mode (damping ratio { = 0.179 and
natural frequency w, = 19.808rad/s).

The Bode plot of pitch rate response to lon-
gitudinal cyclic pitch input is presented in Fig. 7.
The correlation between the results for the artic-
nlated rotor and the reference numerical data is
good, within the frequency range of acceptable co-
herence for the Ames-Genhel nonlinear identifica-
tion process.

The vertical response w to collective input
(Fig. 8) evaluated with the TPI code is substan-
tially comparable with the previous numerical sim-
ulations, although gains are moderately over pre-
dicted in the low frequency range.

Finally, the trend of the yaw rate response to
pedal input is correctly reproduced by TPI data in
Fig. 9.

Effects of Main Rotor Configuration
- Trim data for the hingeless rotor are substan-
tially comparable with the results obtained for the
reference articulated configuration (see Fig. 2 - 5).
Poles were identified by comparing frequen-
cies and eigenvectors for the two different main ro-
tor configurations in hovering flight, without engine
dynamics. Damping ratios and natural frequencies
are presented in Tab. 2 and Fig. 10:

e inflow dynamics: main rotor inflow modes are
stable and highly damped for both configura-
tions;

e flap dynamics: flap modes depend on rotor
configuration, and the articulated rotor ex-

articulated rotor | hingeless rotor

mode ¢ Wy, ¢ Wy,
O | ads) | O | (radfs)

inflow 0.9754 | 31.152 | 0.9960 | 27.168
inflow 1.0000 | 16.333 | 1.0000 | 13.492
1+wp 0.2248 | 49.447 | 0.1608 | 54.996
wr 0.4884 | 26.254 | 0.3288 | 30.083
wr 0.4382 | 24.128 | 0.3008 | 29.382
1—wp 0.5991 | 6.238 | 0.2694 | 12.876
1+ wy, 0.1062 | 35.600 | 0.0142 | 47.480
wr, 0.5611 | 7.102 | 0.0506 | 18.935
wr 0.5384 | 7.040 | 0.0480 | 18.959
1—wp 0.1797 | 19.808 | 0.0982 | 8.215
roll 1.0000 | 5.205 | 0.6348 | 4.422
pitch 1.0000 | 1.584
spiral 1.0000 | 0.362 | 1.0000 | 0.406
heave 1.0000 | 0.290 | 1.0000 | 0.280
d. r. 0.3326 | 0.638 | 0.5886 | 0.522
phugoid || -0.3379 | 0.509 | -0.5073 | 0.453
heading || 0.0000 | 0.000 | 0.0000 | 0.000

Table 2: The poles of the helicopter in hover.

hibits a natural frequency for the fundamen-
tal flap mode wgp = 1/rev, while the root
spring for the hingeless blade was selected so
as to achieve wp = 1.125/rev;

e lag dynamics: the natural frequency of the
fundamental lag mode is sensitive to the ro-
tor configuration (wr = 0.26/rev and wy =
0.7/rev respectively);

o fuselage dynamics: the analysis of eigenvec-
tors demonstrates that these modes are cou-
pled with rotor states for both main rotor
configurations, and a moderate instability
is found for the forward speed/pitch mode
(phugoid).

The effect of the two different flap and lag dy-
namics, combined with the rotor/fuselage dynamic
coupling, is also evident when comparing the Bode
plots of roll (Fig. 6) and pitch rate (Fig. 7) fre-
quency responses to command input.

Differently, heave (Fig. 8) and yaw (Fig. 9) fre-
quency responses are marginally affected by the
change of main rotor configuration.

In each case, the frequency at -135° for heave re-
sponse is consistent with the value of Z,, = 0.280+
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0.290 s7! in Tab. 2, assuming a first order transfer
function for

= L (14)

W — Ly

G(w) =

NSRS

Effects of Propulsion System Dynamics

The computational workload is moderately
affected by the presence of the additional states re-
lated to drive train dynamics. However, propulsion
system dynamics introduces intermodal couplings
that complicate the identification of poles and nor-
mal modes. The related eigenvectors always include

articulated rotor | hingeless rotor
engine ¢ Wy ¢ Wy,
param. ) (rad/s) ) (rad/s)
Ks=Ksg, | 0.2343 | 18.339 | 0.0291 | 18.098
leg = Ieq,
Ks—o0o | 0.5626 | 7.102 | 0.0502 | 18.928
Iy — 00

Table 3: The first torsional mode in hover.

the engine variables (1p, ¥1). Furthermore, merg-
ing of the fuselage modes is also observed in some
flight conditions.

Additional modes are introduced in the complete
dynamic system (see also Ref. [9] for further de-
tails):

o first torsional mode: this is primarily an en-
gine/shaft motion coupled with blade lag dy-
namics;

e second torsional mode: the hub motion is
coupled with blade lag dynamics;

o rigid body mode: engine, hub and blades ro-
tate as a rigid body (w, = 0).

The first torsional mode is originated by the migra-
tion of two lead lag complex conjugate roots, and
these eigenvalues migrate back to w,, = wy, increas-
ing both K5 and I, (Tab. 3). This lightly damped
mode is important in englne/alrframe dynamic in-
tegration [9].

As a matter of fact, the increase of shaft stiffness
and equivalent engine inertia alters the imaginary
parts of the two torsional poles. Anyway, the higher
frequency mode (hub mode) is less sensitive to any
alteration of K5 and I,.

A degradation of the system stability was also
found in Ref. [18] for the first torsional mode when
the shaft stiffness was substantially increased. In
order to remove this numerically induced instabil-
ities, moderate structural lag damping was intro-
duced (1, = 0.05) for the hingeless rotor configura-
tion.

The response to collective and fuel flow step
was also analyzed (Fig. 11). No engine rpm gover-
nor was considered in the present model.

The rpm response is characterized by a sharp decel-
eration of the engine/drive train system for positive
collective step. The oscillatory behavior of 2 and
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) during the initial transient of the rpm response
demonstrates that the first torsional mode is ex-
cited by the command input.
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Figure 11: Vertical acceleration and rpm response
to collective step and fuel flow input in hover.

The time history of vertical acceleration is substan-
tially different when engine/drive train dynamics
is included. Note that the flattened response pre-
dicted by the varying rpm model is confirmed by
flight test data [9]. _
The rate of climb responses in hover (Fig. 12) show
that the articulated rotor exhibits higher vertical
damping (about 4% without engine/drive train dy-
namics and 12% including rpm variation). As a
consequence, the hingeless rotor in hovering flight
presents higher time constants for heave response.
The inclusion of propulsion system dynamics pro-
duces a significant reduction (—!70%) of the steady

5 T T T T T T T 1 T
ARTICULATED ROTOR —
—~ 4l HINGELESS ROTOR ------
(%2
R
=
2 3r
o
-
S 2t
e N~
x| Varying rpm
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O 1 1 1 i i 1 1 1
0 05 1 15 2 25 3 35 4 45 5

TIME (s)

Figure 12: Vertical rate response to 1 deg collective
step input in hover.

state rate of climb in hover

Woo = ~(Z8,/Zw) - 0o (15)

related to the substantial increase of heave damping
Z., with Q £ 0.

The results in hovering flight also demonstrate that
the collective sensitivity Zg, is only moderately af-
fected by the rotor configuration or by the presence
of propulsion system dynamics.

Handling Qualities Criteria

The height response to collective controller
was analyzed according to ADS-33 specifications
(Ref. [2]). The vertical rate response must respect
a first order approximation for at least 5 seconds
after a step collective input:

h=K- [1 - e(%:h)]

where the gain K, the time constant T; and the
time delay 7; are to be determined with a least
squares time domain regression fitting. The good-
ness of fit is also restricted.

As remarked in Ref. [17], the criterion specifies a
collective step input, but no indication is given
whether the other commands are supposed to re-
main fixed. The question is significant when A has
not a first order appearance, as required in Ref. [2].
This may lead to numerical singularities or inaccu-
rate estimation of the first order response parame-
ters. Therefore, the present results were obtained

(16)
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Figure 13: Time delays and time constants for ver-
tical rate response at different advance ratios .
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Figure 14: Pitch bandwidth and phase delay at dif-
ferent advance ratios p.
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Figure 15: Roll bandwidth and phase delay at dif-
ferent advance ratios u.

enabling a proportional feedback control of pitch
attitude for advance ratios g > 0.1.

Both articulated and hingeless rotor exhibit level 1
handling qualities in forward flight (Fig. 13). Sig-
nificant changes for the time constant T} are ob-
served between responses computed with and with-
out engine/drive train dynamics, that affects the
aircraft vertical damping.

The short term response to control input
for the Target Acquisition and Tracking task were
also analyzed with the bandwidth criteria specified
in Ref. [2] for small amplitude attitude changes.
The results for pitch/roll responses to longitudi-
nal/lateral cyclic inputs are given in Fig. 14 - 15.
These data were derived for an unaugmented heli-
copter configuration.

The hingeless rotor presents higher pitch band---
widths, within the Level 1 requirements. The artic-
ulated configuration shows Level 2 handling quali-
ties in forward flight and a bandwidth decrease for
higher airspeeds.

The two configurations have comparable Level 1
roll handling qualities, but opposite bandwidth in-
crease with advance ratio.

The specific ADS-33 parameters for small ampli-
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tude attitude changes show that pitch and roll han-
dling qualities are not influenced by the presence of
propulsion system dynamics in the mathematical
model [16, 18].

Summary and Conclusions

A generalized model for engine/drive train
dynamics was implemented, after the validation of
the TPI mathematical model.

The first torsional mode is predicted by this
simplified formulation.

Numerical experiments demonstrate that the
computational workload is moderately increased by
the presence of the additional states related to
propulsion system dynamics.

Open loop short term pitch and roll handling
qualities are unaffected by propulsion system dy-
namics for both main rotor configurations, while
heave response is altered by shaft torsional dynam-
ics.
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