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This paper examines the influence of parametric variation in individual rotor/wing design variables on whirl
flutter stability improvements of a soft in-plane tiltrotor. This is followed by the use of formal gradient-based design
optimization. The simulations are based on a full-scale soft in-plane Boeing model 222 rotor on a semispan wing. For
this baseline configuration, the flatwise flexibility and chordwise flexibility are both outboard of the pitch bearing and
produce destabilizing pitch-flap and pitch-lag couplings. The most influential rotor parameter in improving flutter
stability characteristics is the distribution of flatwise flexibility vis-a-vis the pitch bearing, and large improvements
are observed when flatwise flexibility is moved inboard. However, this can result in a large increase in lag frequency
and turn the design into a stiff in-plane configuration. Using frequency constraints during optimization of rotor
parameters and carefully selecting the airspeed range over which optimization is conducted results in improvement
in subcritical wing mode damping and increase in critical flutter speed. Other rotor parameters changes that have
some benefit are reduction in overall chordwise stiffness, positive increase in pitch-flap and pitch-lag coupling, and
increase in control system stiffness. Wing design parameters are unable to increase the critical flutter speed but can
improve the subcritical damping, primarily through an increase in wing torsion frequency and a simultaneous
reduction in wing beam mode frequency. Optimization using a combination of rotor/wing design parameters yields a
35 kt increase in whirl flutter speed (from 390 to 425 kt) and an increase in subcritical damping from less than 1% to

in excess of 2% critical.

Nomenclature
b = wing vertical bending (beam) mode
c = wing chordwise bending mode
Kpg = pitch-flap coupling parameter
Kpg = effective pitch-flap coupling due to blade flexibility
Kp; = pitch-flap coupling parameter
Kpg = effective pitch-lag coupling due to blade flexibility
Ky = blade flap stiffness
Kgp = blade flap stiffness outboard of the pitch bearing
Kgy = blade flap stiffness inboard of the pitch bearing
K, = blade lag stiffness
Kep = blade lag stiffness outboard of the pitch bearing
Ky = blade lag stiffness inboard of the pitch bearing
Ry = fraction of flap flexibility outboard of pitch bearing
R; = fraction of lag flexibility outboard of pitch bearing
t = wing torsion mode
X, v, 2 = hub translational degrees of freedom
a,, a,, «, = hub rotational degrees of freedom
B = blade flapping degree of freedom
Bp = rotor precone angle
¢ = blade lead-lag degree of freedom
10 = blade rigid pitch degree of freedom
v = azimuthal perturbation degree of freedom
wpo = nonrotating blade fundamental flap frequency
Wgo = nonrotating blade fundamental lag frequency
w, = nonrotating blade pitch frequency (due to control

system stiffness)
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I. Introduction

HE currently operating tiltrotors employ three-bladed,

gimballed, stiff in-plane rotor systems (XV-15, V22, and
BA609). While stiff in-plane rotor systems display reasonable
aeroelastic and aeromechanical stability characteristics for tiltrotor
aircraft, free of ground resonance, sufficiently high whirl flutter
speeds (albeit with thick, high-stiffness wings) and adequate
subcritical damping margins (before the flutter boundary), they
develop significant in-plane dynamic hub loads, particularly during
maneuvers, and this translates to structural weight and performance
penalties. The loads would be an even greater problem for heavy-lift
tiltrotor aircraft, bringing into question the feasibility of using stiff in-
plane rotors on such aircraft. Because of lower load levels, soft in-
plane rotor systems would be ideal candidates for future tiltrotor
aircraft, especially for heavy-lift configurations. However, soft in-
plane tiltrotors inherently have lower critical flutter speeds and
reduced subcritical damping margins, compared to stiff in-plane
tiltrotors. The few soft in-plane configurations that have been tested
inawind tunnel (Boeing model 222 [1] and the recent Bell Helicopter
and U.S. Army semi-articulated soft in-plane rotor [2]) have
exhibited unacceptably low levels of damping in the wing vertical
bending mode. Furthermore, soft in-plane rotors can also be suscep-
tible to aeromechanical instabilities (ground and air resonance).
Therefore, ensuring adequate stability aeroelastic and aeromechan-
ical stability characteristics is a prerequisite for soft in-plane rotor
systems to be used in future tiltrotors.

There have been many previous studies that have examined the
aeroelastic stability characteristics of tiltrotor aircraft in the airplane
mode, and have focused on increasing the whirl flutter boundaries
and the subcritical damping levels. The conventional approach to
ensuring adequate whirl flutter stability margins has required wing
structures with very high torsional stiffness [3]. This stiffness re-
quirement leads to rather thick wing sections. The large aerodynamic
drag associated with such thick wing sections is an obstacle to
achieving the higher cruise speeds envisioned for future tiltrotor
aircraft. It is therefore desirable to explore alternative methods for
providing the required aeroelastic stability margins.

One approach to improve tiltrotor whirl flutter stability character-
istics is the use of active control. During a wind-tunnel test of the
Boeing model 222 soft in-plane rotor [1], a simple wing acceleration
output feedback control system was successful in increasing the
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damping of the poorly damped wing vertical bending mode. Johnson
[4] analytically investigated the use of an optimal controller with an
estimator for reduction of tiltrotor gust response for both the stift and
softin-plane rotors. While [4] did not explicitly consider the problem
of aeroelastic instability, it did confirm that active control was a
feasible technique for tiltrotor damping augmentation. Studies by
Nasu [5] and van Aken [6,7] analytically demonstrated the ability of
a simple feedback control system using swashplate actuation to
influence whirl flutter stability. More recently, a great deal of
experimental work [2,8—11] has been performed jointly by NASA
Langley Research Center and Bell Helicopter to evaluate the
effectiveness of a modern adaptive control algorithm known as
generalized predictive control for tiltrotor stability augmentation and
vibration suppression.

References [12-14] have focused on wing-flaperon and
swashplate actuation for damping augmentation and flutter boundary
improvement for both stiff and soft in-plane tiltrotor configu-
rations. These investigations have demonstrated the potential of a
simple constant-gain output feedback controller, which is sensing
easily measurable wing states in improving tiltrotor whirl flutter
stability.

In some cases, the use of active control may be unavoidable to
obtain desired whirl flutter stability characteristics, for example in the
design of advanced rotor configurations for high-speed or heavy-lift
tiltrotors. However, a passive design solution, if available, is certainly
preferable. Furthermore, even if an active control approach is
ultimately adopted, the uncontrolled system should be designed
to be as stable as possible, easing the requirements on the active
stabilization system.

Numerous studies have also focused on the influence of rotor
and wing design parameters on whirl flutter stability. Hall [15]
experimentally and analytically investigated the stability character-
istics of the Bell XV-3. Reduced rotor pylon mounting stiftness was
found to be destabilizing. Increased coupling between blade flapping
and the rotor control system (§; coupling) was also destabilizing.
Young and Lytwyn [16] examined the influence of blade flap stiff-
ness on stability and found that a fundamental flap frequency of
approximately 1.1-1.2/rev provided the greatest stabilizing influ-
ence. However, Wernicke and Gaffey [17] pointed out that other
design considerations such as blade loads and transient flapping
response during maneuvers may preclude taking advantage of this
ideal frequency placement for enhanced stability. Gaftey et al. [18]
described the influence of various rotor and wing design parameters
on aeroelastic stability, and also discussed the limits imposed on
these parameters by other design constraints. Johnson [19,20]
developed an analytical model that included elastic blade bending
and torsion modes. The primary influence of blade torsion dynamics
was reported to be a destabilizing pitch-lag coupling introduced to
the rotor by blade flexibility outboard of the pitch bearing. Increased
control system stiffness was shown to reduce the destabilizing effect.

More recent studies have continued to examine the influence of
many different design parameters, including: rotor and wing stiftness
properties [21], various kinematic couplings arising from hub and
control system geometry [22], advanced geometry rotor blades (tip
sweep, taper, and anhedral) [23], composite couplings in the wing
[24,25] and rotor blades [21,25], and blade center of gravity and
aerodynamic-center offsets [26-29]. Introduction of aeroelastic
couplings into the wing and rotor has generally been reported to
improve whirl flutter stability.

In the references cited above, the various parameters under
consideration in each study were individually varied. The effect of
simultaneous variation of multiple design variables has not been
widely explored. Recently, in [30], formal design optimization was
employed to identify combinations of rotor and wing design variables
for whirl flutter alleviation, but this study focused on a stiff in-plane
tiltrotor configuration (based on a semispan model of the XV-15).

The current effort focuses on soft in-plane tiltrotors. First, a
passive design parameter variation study is undertaken to understand
the influence of individual rotor/wing design parameters on whirl
flutter stability. This is followed by a formal design optimization to
identify combinations of design parameters that provide the greatest

improvement in aeroelastic stability characteristics in the airplane
mode. The Boeing model 222 soft in-plane tiltrotor is used as a
baseline for the parametric and optimization studies. Constraints on
design parameters during optimization are introduced to prevent
unrealistically large changes. However, the effect of relaxing the
constraints and opening up the design space to potentially new
designs is also examined.

II. Analytical Model

The analytical model used in the present investigation was
developed in [31] and is fully documented in [32]. The model
represents a proprotor with three or more blades, mounted on a
semispan cantilevered wing structure. The wing model is based upon
the model developed by Johnson [19]. The wing is represented using
only the first three structural modes: vertical bending or beam b,
chordwise bending ¢, and torsion ¢. Offsets of the wing, pylon, and
rotor centers of gravity relative to the wing elastic axis are considered
that may couple wing bending and torsion motion.

The point of attachment between the rotor hub and the wing/pylon
system can undergo three displacements (x, y, z) and three rotations
(e, @y, o). The mass, damping, and stiffness properties associated
with these degrees of freedom derive from the wing/pylon structure.

The blade is attached to the hub with some precone angle, fp.
Perturbation of rotor azimuthal position in the rotating frame v, is
included, allowing a windmilling rotor condition to be modeled.
Blade flapping motion 8 and in-plane lead-lag motion ¢ are also
included. The rotor aerodynamic model is based on quasi-steady
blade element theory and the rotor is assumed to operate in purely
axial flow.

Perturbations in blade pitch are related to blade flap, and blade lag
motion through aeroelastic coupling parameters:

80 = —KppB — Kpig (1)

The pitch-flap coupling parameter Ky (positive for flap-up, pitch-
down) and pitch-lag coupling parameter Kp; (positive for lagback,
pitch-down) relate changes in blade pitch to blade flap and lag
deflections relative to the hub. Potential sources of pitch-flap and
pitch-lag coupling in the present analysis will be discussed later.

A. Blade Structural Flap-Lag Coupling Due to Flexibility
Distribution

The present analysis models the distribution of blade flexibility
inboard and outboard of the pitch bearing, which results in a
structural flap-lag coupling (SFLC) of the rotor blades. This
formulation has been used previously in helicopter rigid-blade
stability analyses [33,34]. Blade flap and lag stiffness is modeled
using a set of orthogonal hub springs (K and K;) inboard of the
pitch bearing, and orthogonal blade springs (K and K53) outboard
of the pitch bearing (see Fig. 1a). The relative angle between the hub
and blade springs (6) varies as the outboard part of the blade rotates
with changes in collective pitch. This series of hub and blade springs
may be equivalently described in terms of effective flap and lag
flexural stiffnesses Ky and K, and structural flap-lag coupling
parameters Rg and R;, which define the distribution of flap and lag
flexibility inboard and outboard of the pitch bearing:

_ KenKps _ KK _Ks _ K
Ky = ¢ = p= R, =

Ky + K Ky + Kep Kgp K

(2)

In Eq. (2), a value of Rg = 0 describes a blade where all the flap
flexibility is located inboard of the pitch bearing, and Ry =1
represents a blade where all the flap flexibility is outboard of the pitch
bearing. The distribution of lag flexibility varies similarly, but with
parameter R;. See [34] for a detailed description of this formulation.
Tiltrotor aircraft typically experience large changes in blade flap and
lag mode frequencies, due to the large changes in collective pitch
required to trim the rotor over the entire flight-speed range. By
modeling blade stiffness as a series of springs inboard and outboard
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Pitch Feather
Bearing Axis

b) Blade flap/lag displacement due to flexibility distribution

Fig. 1 Influence of flap/lag flexibility distribution inboard or outboard
of pitch bearing.

of the pitch bearing, the effective blade flap and lag stiffness in the
present model becomes a function of collective pitch. Reference [31]
showed that by selecting proper values of the effective flatwise and
chordwise stiffnesses Kg and K; and coupling parameters Rg and R,
the correct variation of blade flap and lag frequency with collective
pitch may be modeled directly. This is unlike many rigid-blade
tiltrotor stability analyses, which require blade flap and lag frequency
variations be provided explicitly as inputs to the analysis.

B. Pitch-Flap and Pitch-Lag Couplings Due to Blade Flexibility
Distribution

The present analysis also includes expressions for pitch-flap and
pitch-lag coupling parameters that capture the influence of blade
flexibility distribution (inboard /outboard of the pitch bearing) on
aeroelastic stability. As described in [20], these couplings act to
reduce the whirl flutter stability boundary. References [31,32]
contain a detailed derivation of the expressions describing the pitch-
flap and pitch-lag couplings due to the distribution of blade
flexibility.

Considering the distribution of flap and lag flexibility inboard and
outboard of the pitch bearing described in the SFLC formulation
above, the total flap and lag displacement of the blade may be defined
(assuming small rotations) as the sum of flap and lag displacements
inboard and outboard of the pitch bearing. When the blade undergoes
flap and lag motions, the feather axis of the blade undergoes a
rotation of B;, out of plane and {;, in plane. At the same time, the
blade itself undergoes rotations of B, and ¢, relative to the feather
axis, as shown in Fig. 1b. The displacement of the blade relative to the
feather axis for nonzero B, and ¢, creates a moment arm by which
in-plane and out-of-plane forces acting on the blade may create

moments about the feather axis, and these moments must be
considered when formulating the blade pitch equation of motion.

In [20], the primary consequence of the blade flexibility outboard
of the pitch bearing was shown to be the introduction of an effective
negative pitch-lag coupling. In [31] expressions for effective pitch-
flap and pitch-lag couplings as a result of flexibility outboard of the
pitch bearing were developed for the present analysis. The amount of
effective coupling is governed by a few key parameters, including the
blade pitch control system stiffness, the trim flap and lag deflection of
the blades, the fundamental blade flap and lag stiffnesses K and K,
blade flexibility distribution R4 and R;, and by the collective pitch
setting. See [31,32] for complete details of the derivations of the
effective pitch-flap and pitch-lag couplings due to flexibility
outboard of the pitch bearing.

In the present analysis, if the effective pitch-flap and pitch-lag
couplings due to flexibility outboard of the pitch bearing are denoted
as K pp and K p¢» the total pitch-flap and pitch-lag coupling can be
represented as

K}i’/‘;" =Kpg + AKpg K}i’gal = Kp; + AKp; 3)
where the terms AKpg and AKp, are additional design variables
introduced to represent the influence of other potential sources of
pitch-flap and pitch-lag coupling in the rotor blades, such as
composite tailoring [21,25], blade c.g. and aerodynamic center
offsets [26-29], or advanced blade tip geometries [23]. The influence
of these design parameters on whirl flutter stability stems largely
from the coupling between blade pitch and flap/lag motions that these
parameters introduce. While the present analysis does not attempt to
model these sources of pitch-flap and pitch-lag coupling in detail, the
parameters AKpg and AKp; may serve as a general representation
of the couplings arising from any or all of these sources. These
parameters can provide an indication of which sense of coupling
(positive or negative) is beneficial and whether or not an optimal
value of a particular coupling exists or if the coupling’s stabilizing
influence continually increases as the coupling increases. To provide
detailed design guidance for advanced rotor designs, a more
sophisticated analysis would be required.

III. Baseline Configuration

The baseline tiltrotor configuration used for simulations in this
study is the full-scale, soft in-plane Boeing model 222 rotor on a
semispan wing. This soft in-plane hingeless design was tested at
NASA Ames Research Center in the early 1970s. Table 1 lists some
of the model’s important parameters used in the analysis (see [19] for
a more complete listing of model properties). Figure 2 shows wing
vertical bending mode damping versus airspeed. The present
analysis agrees closely with the results from Johnson’s elastic blade
formulation from [20], and both analyses correlate well with the
available experimental data [1]. Figure 3 shows the predicted
damping variation of all the modes, as a function of airspeed. The
wing vertical bending mode exhibits very low subcritical damping,
and whirl flutter instability is encountered at a speed of 390 kt, with
the wing chordwise bending mode being the critical mode.

IV. Parametric Variations

Before conducting formal optimization studies, parametric vari-
ations in individual design variables are first examined. This provides
a good understanding of the influence of individual design variables
on whirl flutter stability.

A. Effect of Rotor Design Parameters on Critical Flutter Speed

The following rotor design variables are considered: 1) flatwise
bending stiffness, in terms of the nonrotating natural frequency wpg;
2) chordwise bending stiffness, in terms of the nonrotating natural
frequency wy; 3) distribution of blade flatwise bending flexibility
Rpg; 4) chordwise bending flexibility R;, inboard/outboard of the
pitch bearing; 5) blade pitch-flap coupling AKpg (in addition to
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Table 1 Boeing 222 full-scale model
properties and nominal values

Properties Values
Number of blades N 3
Rotor radius R 13 ft
Lock number y 4.06
Solidity o 0.115
Lift-curve slope Cy, 5.7
Rotor RPM @ 386 RPM
Rotor
Awg 16.8 rad/s
Awy 32.7 rad/s
Ry 1.0
R, 1.0
AKpg 0.05
AKp; 0.125
Aw, 210.5 rad/s
Wing
Awy, 19.9 rad/s
Aw,, 32.2 rad/s
Aw, 67.4 rad/s
AKpy 0
AKpp 0

pitch-flap coupling K pp» due to flexibility outboard of the pitch
bearing); 6) blade pitch-lag coupling AK . (in addition to pitch-lag
coupling K p¢» due to flexibility outboard of the pitch bearing); and
7) control system stiffness, expressed in terms of the torsion
frequency @,. The nominal values for each of these design variables
for the baseline configuration are given in Table 1.

A change in many of the design variables (wg, ¢, Rg, R, and @,,)
also results in change in pitch-flap and pitch-lag coupling, K pp and
K pe- It is useful, in these cases, to identify whether the change in
whirl flutter characteristics from a change in the design parameter is
due to a direct influence (such as through a change in modal
frequencies and interaction between the rotor and wing modes) or
due to the change in pitch-flap and pitch-lag coupling it introduces.
Figures 4-12 show the influence of the individual rotor design
variables on the whirl flutter speed of the wing vertical bending
(beam), chordwise bending and torsion modes. The influence of each
design variable is discussed below.

1) The influence of change in flatwise and chordwise bending
stiffness is shown in Fig. 4. Change in flatwise bending stiffness has a
very small influence on change in critical whirl flutter speed.
Reduced chordwise bending stiffness is stabilizing. The increased
stability comes almost entirely through a decrease in the magnitude
of K pp and K pe- If K pp and K pe are held to their baseline values,
changes in chordwise bending stiffness has almost no influence on
flutter speed, except for the wing beam mode (which is not the critical
mode).

e
o

T T T T T T
= Present Analysis
=== Elastic Blade Analysis
r ® Test Data [1] i

N W A~ OO N 0 ©

Damping Ratio, % critical

-
T

L L \

0 50 100 150 200 250 300 350 400 450 500

Airspeed, kts

Fig. 2 Boeing model 222: wing vertical bending mode damping vs
airspeed.

2) The influence of blade flexibility distribution inboard /outboard
of the pitch bearing is examined in Figs. 5-9. Figure 5 shows that as
the flatwise flexibility moves inboard of the pitch bearing (Rg
decreases from the baseline value of 1), substantial increase in flutter
speed is observed. This increase in flutter speed is largely due to the
sharp reduction in pitch-flap and pitch-lag coupling. If K 5 and K P
are artificially held to their baseline values while reducing Rg, there is
almost no influence on flutter speed (except in the region where Rg is
less than 0.35; flutter speed starts to increase even if K pp and K pg are
held to their baseline values). Figure 6 shows the modal damping
versus airspeed for Rg = 0.6. Subcritical damping of the wing

Damping Ratio, % critical

. . . . . . Mt )
0 50 100 150 200 250 300 350 400 450 500

Airspeed, kts
Fig. 3 Baseline modal damping as a function of airspeed.
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Fig. 4 Influence of blade flatwise and chordwise bending stiffness on
flutter speed.
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Fig. 5 Influence of distribution of flatwise bending flexibility on flutter
speed.

Flutter Speed, kts
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vertical bending (beam) mode remains very low although flutter
speed increases by more than 100 kt relative to the baseline.

Moving chordwise flexibility inboard of the pitch bearing (R
reduces from baseline value of 1) has a destabilizing influence on
whirl flutter (see Fig. 7). Reduction of R; alone not only introduces
destabilizing changes in pitch-flap and pitch-lag coupling but also
results in large changes in rotor flap frequencies. The change in pitch-
flap coupling is much larger than the change in pitch-lag coupling.
However, even when K pp and K p¢ are held to their baseline values,
flutter speed still decreases substantially as R, reduces. Thus,
frequency change due to reduction in R, also has an influence on
flutter speed.

Allowing Rg and R, to vary independently gives you greater
design flexibility. However in the extreme cases, such as Rg = 1,
R, =0o0rRg =0, R; = 1, leads to very high blade frequencies. This
is shown in Fig. 8. When keeping Ry at 1 and decreasing R, all the
way to 0, which means that chordwise flexibility has moved inboard
of pitch bearing and the blade chordwise stiffness has reached
infinity, this large blade chordwise stiffness results in substantial
increase of the blade flatwise stiffness due to large collective pitch
angle setting. This is shown in Fig. 8a. Similarly, if Ry is decreased to
0 and while R, remaining at 1 (moving flatwise flexibility inboard of
pitch bearing and making the blade flatwise stiffness almost rigid),
this large blade flatwise stiffness is transferred into the blade
chordwise stiffness because of large collective pitch angle (see
Fig. 8b).

Figure 9 shows flutter-speed variations when flatwise and
chordwise flexibilities are moving simultaneously. Moving both
flatwise and chordwise bending flexibility inboard of pitch bearing
(Rg = R;, reducing from baseline value of 1) has a stabilizing
influence on whirl flutter speed, except in the region where R is less

Damping Ratio, % critical

50 100 150 200 250 300 350 400 450 500
Airspeed, kts
Fig. 6 Damping distribution at Rz = 0.6 and R, = 1.0.

600 T T T T T T T T T

550 | SR

500

Flutter Speed, kts

0 01 02 03 04 05 06 07 08 09 1

Ry

Fig. 7 Influence of distribution of chordwise bending flexibility on
flutter speed.

b) VQ VS. RB and RC
Fig. 8 Rotating flap and lag frequency as a function of R; and R,.

8
he
k=)
Q
L
&
§ 350 - Baseline
§ R
™ s00t N
— )
250 | ===c 1
—
200 L

0O 01 02 03 04 05 06 07 08 09 1
R(Rg=Ry)

Fig. 9 Influence of flatwise and chordwise bending flexibility (R; = R,)

on flutter speed.

than 0.4. The general trend of flutter-speed distributions is similar to
that of flatwise bending flexibility change alone (Fig. 5). It is also
observed that when R is reduced to 0.4, flutter speed increases by
more than 100 kt relative to the baseline. However, subcritical
damping of the wing vertical bending (beam) mode remains very low.
Modal damping distribution versus airspeed for R = 0.4 is almost the
same as Fig. 6.

3) The individual influence of pitch-flap coupling, AKpg, and
pitch-lag coupling, AK p, is shown in Figs. 10 and 11, respectively. It
should be noted that changes in wgy, @y, Ry, or R, result in changes
K pp and K p¢ simultaneously. From Fig. 10 it is observed that a
positive AKpg is stabilizing. A positive AKp; shows a stabilizing
trend for the wing chord mode, but no increase in flutter speed is
observed due to the low-frequency rotor flap mode going unstable
(Fig. 11).
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Fig. 10 Influence of additional pitch-flap coupling on flutter speed.

It should be noted that the stabilizing influence of AK pg and AKp,
reaches maximum near +0.4 and 4-0.15, respectively. At high
airspeeds near the flutter boundary, the baseline pitch-flap and pitch-
lag coupling, K pp and K pe» due to flexibility outboard of the pitch
bearing is about —0.4 and —0.15. Thus, highest flutter speeds are
seen when the positive AKpg and AKp, completely offsets the
negative contribution from K pp and K Pe-

4) The influence of control system stiffness is presented in Fig. 12.
Increase in system stiffness increases the flutter speed, and this is due
to the decrease in magnitudes of the pitch-flap and pitch-lag coupling
K pg and K pe- If K pp and K p¢ are held at their baseline values, change
in control system stiffness has no influence on the flutter stability
boundary.

B. Effect of Wing Design Parameters on Critical Flutter Speed

The wing parameters considered included vertical w,, and
chordwise bending frequency w,,, torsion frequency w,, as well as
wing bending-torsion coupling parameters K ,,; and K. It should
be noted that these elastic coupling parameters may represent wing
bending-torsion couplings due to composite tailoring of the wing
structure. The vertical bending-torsion coupling parameter K ,,; and
chordwise bending-torsion coupling parameter K, are included in
the wing structural stiffness matrix as offdiagonal coupling terms.
The wing structural stiffness matrix can then be written as

Kq] 0 K,,q,
0 qu K,,qz 4
qul quZ Kp

where K, K, and K, are the fundamental stiffnesses associated

with the wing modes.
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0, .
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Fig. 11 Influence of additional pitch-lag coupling on flutter speed.

600

550 | —_——h

500

450 /ﬁl“‘— 1

.-
400 - -

350 p=

Flutter Speed, kts
\
\
\
1
1
\
1
\
1

300 1

250 b

200 . . . . . .
20 -15  -10 -5 0 5 10 15 20

Am¢, % nominal

Fi

ot

g. 12 Influence of control system stiffness on flutter speed.

As in the case of the stiff in-plane configuration parametric studies
[30], the influence of wing design variables considered in this study
on flutter speed is small relative to rotor design parameters.

C. Effect on Subcritical Damping

The eftect of various design parameters on change in flutter speed
was examined. But one of the key issues that remain is the low
subcritical wing beam mode damping, which can be seen in the
baseline (Fig. 3). This low subcritical damping in wing beam mode is
aphenomenon common to other soft in-plane tiltrotor designs [2]. In
Fig. 6 it was observed that variations in rotor parameter Ry that
increase critical flutter speed do not improve subcritical damping. In
fact, the subcritical damping of wing beam mode deteriorated
(compared to the baseline; see Fig. 3). Given that the critical flutter
speed of this configuration is already quite high (about 390 kt), and
that the subcritical wing beam mode damping is so low, it is certainly
interesting to consider what the effect of these various design
parameters might be in potentially improving wing beam mode
subcritical damping.

Each rotor and wing design parameter was individually varied
within the same upper and lower limits as in flutter-speed study, and
the effect on wing beam mode damping was examined at airspeeds
before the onset of flutter. Most of the design parameters had only a
marginal influence on improving wing beam mode damping.
Perhaps the only parameter that showed some positive effect on wing
beam mode subcritical damping is wing vertical bending frequency
w,;- As seen in Fig. 13, a 20% reduction in wing vertical bending
frequency w,, increases the damping of wing beam mode from 2 to
3.7% at 250 kt airspeed, and from 5 to 10.5% at 350 kt airspeeds.
Even though flutter-speed increase is not achievable with wing
design variables, the improvement in subcritical damping in poorly

12 T T T T T T

b - 250kts
c - 250kts
] - 350kts
=== c - 350kts

Damping Ratio, % critical

0 L L L L L L

-20 -15 -10 -5 0 5 10 15 20
A(Dql , % nominal

Fig. 13 Influence of wing vertical bending stiffness on subcritical
modal damping.
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Fig. 14 Moving-point optimization algorithm.

damped wing beam mode positively influences overall stability
characteristics.

V. Design Optimization

After performing parametric studies to understand the influence of
the individual rotor and wing design parameters on whirl flutter
stability (critical flutter speed and subcritical damping of poorly
damped wing mode), formal design optimization is conducted to
identify optimal combinations of design variables that provide the
greatest improvement in aeroelastic stability characteristics: high
whirl flutter speeds and reasonable subcritical damping levels in the
airplane mode. A gradient-based MATLAB® optimization routine
(FMINCON) is used to perform the parametric optimization. The
algorithm attempts to maximize a user-defined objective function
F(x), where x is the vector of design parameters considered in the

Table 2 Constraints on design parameters

Tight constraints ~ Relaxed constraints
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optimization. For this study, an objective function was formulated to
maximize the modal damping of the least damped mode ¢,,;,, over
preselected airspeed range (nominally between 200 and 500 kt):

Maximize F(x) = {yinlv=200-500 &t )

For each iteration of the optimization, using the current set of design
variables, the inner optimization loop searches for the airspeed at
which the damping is lowest; then the outer optimization iteration is
performed at that speed. This two-stage moving-point optimization
process continues until the optimal solution (vector of design
variables) is determined. Figure 14 shows a flowchart of the two-
stage moving-point optimization process.

For the purposes of this optimization study, two sets of constraints
on the allowable range of values for the design parameters are
considered: relaxed and tight constraints. In an actual tiltrotor design,
constraints based on considerations such as weight, allowable loads,
handling qualities, and transient rotor flapping would likely prevent
the designer from making arbitrarily large changes to the design
parameters in order to improve aeroelastic stability.

A small change in any one design parameter may not provide
sufficient stability gains. The tight set of constraints is formulated to
examine what increases in stability may be obtained through
relatively modest changes to many design variables simultaneously.
This might be a reasonable approach to improve the aeroelastic
stability characteristics of existing configurations. The relaxed
constraints further show what additional gains in stability are
possible if larger changes to the baseline design are permitted, and
they thus open a window to new potential configurations. The two
sets of constraints on the design parameters are given in Table 2.
Nominal values for each design parameters (corresponding to the
Boeing 222 full-scale semispan model) are provided in Table 1.

A. Rotor Design Optimization

The moving-point optimization process described above was
performed, using each of the two previously defined sets of
constraints on rotor design parameters. Table 3 provides the resulting
values of the optimized rotor design parameters.

The resulting damping characteristics of the optimized config-
uration with tight constraints are shown in Fig. 15. In this optimized
configuration (Table 3), most design parameters have reached their
upper or lower limits. Comparing the optimized design to the
parametric study results shows that each parameter generally follows
the stabilizing trend identified in the parametric studies. Even though
the changes allowed to the baseline configuration are small due to the
tight bounds on the design parameters, the flutter speed of the
optimized configuration is increased by 40 kt over the baseline
(Fig. 3), from 390 to 430 kt. The majority of the increase in flutter

Awgy =5/ +5% —20/ +20% speed over the baseline is produced by the change in the parameter
Awyg =5/ +5% —20/ +20% Rg. If Rg is held at its optimal value and the other variables are
ﬁﬂ 82;}8 8;{8 returned to their baseline values, the flutter boundary as well as the
A§K _d 1 /6 | -0 6}0 6 damping levels in the wing modes are very close to the results in
A Ki p _0:1 /0:1 —0:6 /0:6 Fig. 15. Although the flutter speed is increased, the very low
A w{; —5/ 4+ 5% —20/ + 20% subc;ritical damping of the wing beam rpode is not ir_nproved.
Aoy, —5/ +5% —20/ +20% Figure 16 shows the modal damping versus airspeed for the
Aw,, =5/ +5% —20/ + 20% optimized configuration obtained using the relaxed constraints over
Aw, -5/ +5% —20/ +20% 200 to 500 kt. When the constraints on the design variables are
AKp, —0.1/0.1 —0.6/0.6 relaxed, the optimal design is free of whirl flutter over the airspeed
AKp,» —0.1/0.1 —0.6/0.6 range considered (up to 500 kt). In addition, large overall increases in
modal damping levels are observed over the range considered
Table 3 Rotor design optimization results
Awg Awy Rg R, AKpg AKp; Aw,
Tight (200-500 kt) +5.0% —5.0% 0.8 1.0 0.1 0.055 +5.0%
Relaxed (200-500 kt) +20% +54% 0.01 0.88 —0.08 —0.48 +20%
Relaxed (200-500 kt) with v constraint —11% —20% 087 0.64 0.26 0.23 +20%
Relaxed (150-400 kt) with v constrain +20% +20% 0.73 041 0.22 0.29 +13%
Relaxed (150-400 kt) with Rg = R, +20% +20% 086 0.86 0.21 0.30 +20%
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Fig. 15 Rotor design optimization; Maximize damping over 200-
500 kt airspeed range under tight constraints.

(greater than 5% critical damping over the 200-500 kt range
considered in the optimization). While some of the design parameters
in the optimized configuration have continued following the
parametric study trends to their allowable limits, others have not (see
Table 3). To examine the importance of each design variable in
stability improvement, each parameter is varied individually (from
its optimum value), with all the others held at the optimum values.
Flatwise and chordwise bending flexibility distributions turn out to
be most influential parameters. The optimal design (Table 3) moves
the flap flexibility almost entirely inboard relative to the pitch bearing
while leaving the lag flexibility mostly outboard of pitch bearing.
This change in flexibility distribution is the dominant factor behind
the large increase in damping seen in Fig. 16. In fact, by changing Ry
to 0 (flap flexibility entirely in the hub), leaving R; at | (lag flexibility
entirely outboard, in the blade) and all the other design parameters at
their baseline values, the resulting modal damping distribution is
very similar to that seen in Fig. 16.

When the frequencies for the optimized configuration with relaxed
constraints are examined, rotating lag frequency (v;) of optimum
solution is found to be over 1/rev (Fig. 17). This implies that the
optimized configuration is not a soft in-plane configuration any
more. The optimization problem placed constraints on the design
variables and this was expected to be sufficient to bound the rotating
lag frequency less than 1/rev. However, for this specific case, when
all the flap flexibility moves inboard of the pitch bearing (which
implies that the blade has a very high flatwise bending stiffness), high
collective pitch setting transfers the high blade flatwise stiffness to
the blade lag mode. To avoid the resulting stiff in-plane design that
emerges from the optimization process, additional constraints are
imposed directly on the rotating lag mode frequency:

20
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Fig. 16 Rotor design optimization; Maximize damping over 200-
500 kt airspeed range under relaxed constraints without rotating lag
frequency constraint.
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Fig. 17 Rotating lag frequency variations with respect to optimization
constraints (tight, relaxed, and relaxed with rotating lag frequency
constraint).

0.5/rev <v; <0.9/rev (6)

Figure 18 shows modal damping characteristics corresponding to
the new optimal solution, with v, constraints (6) active. It is observed
that the wing beam mode subcritical damping levels remain very low,
even though high flutter speed is achieved. The optimal rotor design
with the lag frequency constraint is given in Table 3 and it is observed
that Rg is no longer able to move to near-zero values, even though the
range for this design parameter goes from 0 to 1. In other words, the
lag frequency constraint does not allow all of the flap flexibility to
move inboard of pitch bearing.

To overcome the very low subcritical damping of wing vertical
bending mode, the optimization process is carried out over a different
airspeed range (150—400 kt). The rationale for maximizing the
damping over this range has to do with the fact that the baseline
Boeing model 222 already has a high critical flutter speed (over
390 kt), while having unacceptably low subcritical wing vertical
beam mode damping. Therefore, it would be sufficient to increase the
subcritical wing beam mode damping without necessarily increasing
critical flutter speed. By considering a large 200-500 kt airspeed
range, it may be a challenge for the optimizer to find a design that is
stable at the high speed (excess of 400 kt) and simultaneously has
good subcritical damping characteristics. So the optimization
problem can be restated as the following:

Maximize F(x) = {yinlv=150-400 1t @)

with v, constraints () active and with relaxed constraints on design
variables shown in Table 2.
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Fig. 18 Rotor design optimization; Maximize damping over 200-
500 kt airspeed range under relaxed constraints with rotating lag
frequency constraint.
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The resulting design is also presented in Table 3 and modal
damping behavior versus airspeed is in Fig. 19. A 2% critical
minimum damping is maintained over 150 to 400 kt speed range and
a 35 kt flutter-speed increase over baseline is still achieved.

Although optimization over the modified airspeed range (150—
400 kt), with constraints on the lag frequency, improved stability
while ensuring the design was soft in-plane, the optimal flatwise and
chordwise flexibilities distributions were found to be Ry = 0.73 and
R; = 0.41. This implies a larger flatwise flexibility outboard of
the pitch bearing and a larger chordwise flexibility inboard of the
pitch bearing. Although this flexibility distribution is viable, it is
worthwhile to examine if comparable stability improvement could be
achieved, while flatwise and chordwise flexibility were constrained
to move simultaneously relative to the pitch bearing. A modal
damping variation of such a design is almost identical to that shown
in Fig. 19. Resulting optimal design is found in Table 3. While
constraining Rg to be equal to R, 2% critical damping over
considered airspeed range and 32 kt flutter-speed increase are still
obtained in addition to satisfying lag frequency requirement.

B. Wing Design Optimization

Optimization of the wing design parameters is conducted next.
The optimization was attempted both over 150—400 and 200-500 kt
ranges. For both speed ranges, optimization was conducted using
both tight and relaxed constraints (Table 4), yet no increase in flutter
speed is observed. However, the designs from optimization over
200-500 kt improves subcritical wing beam mode damping
(Fig. 20). With both tight as well as relaxed constraints, the wing
beam mode frequency hits its lower bound, whereas the wing torsion
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Fig. 19 Rotor design optimization; Maximize damping over 150-
400 kt airspeed range under relaxed constraints with rotating lag
frequency constraint.
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Fig. 20 Wing design optimization; Maximize damping over 200-500 kt
airspeed under tight and relaxed constraints.

Table 4 Wing design optimization results

Awy, Awg, Aw AKpy  AKpyp

P

Tight (150400 kt) +5.0% —-50% +5.0% —0.1 —0.1
Tight (200-500 kt) —5.0% +50% +5.0% —0.1 —0.1
Relaxed (150-400 kt) +20%  —20%  +20%  —0.6 —0.6
Relaxed (200-500 kt) —20%  +20%  +20%  —0.6 —0.6

frequency hits its upper bound, thereby maximizing the separation
between these two modes. In addition to reduced wing beam stiffness
and increased torsion stiffness, the optimized design also has
negative bending-torsion couplings in the wing. However, further
analysis indicated that wing beam and torsion stiffness change were
the dominant reasons for subcritical wing beam mode damping
increase. Even if the other design variables are held at their baseline
values, the modal damping results versus airspeed appear very close
to those seen in Fig. 20. Since wing chord mode damping shows no
sensitivity to wing design variables, a moving-point optimization
over 150-400 kt speed range is not successful. Over this range, the
wing chord mode is the critical mode, and the optimizer, in a fruitless
effort to improve it, actually degrades the wing beam mode damping.

C. Rotor/Wing Design Optimization

Since rotor design optimization and wing design optimization
each had certain beneficial effects, the question that was posed was,
“What is the effect of combining the optimal rotor design solution
and the optimal wing design solution?” When the optimal rotor
design (determined using relaxed constraints, lag frequency active,
and over a 150-400 kt range, modal damping results in Fig. 19) and
the optimal wing design (relaxed constraints, over a 200-500 kt
range, modal damping results in Fig. 20) are simply combined, the
resulting modal damping characteristics versus airspeed is shown in
Fig. 21. Although the subcritical damping levels are reasonable, the
critical whirl flutter speed using such a sequential optimization
procedure actually reduces to 350 kt (down from 390 kt).

Next, concurrent optimization of rotor-wing design parameters is
examined, with relaxed constraints on both sets of parameters and
with lag frequency constraint active. Again, the objective function is
to maximize the damping of the least damped mode over a 150—
400 kt airspeed range. The optimal design is presented in Table 5, and
the modal damping versus airspeed results are shown in Fig. 21.
Compared to optimization of the rotor variables alone (Fig. 19), a
further increase in subcritical beam mode damping levels is observed
(especially over the 200—400 kt range). The rotor parameters in the
optimal design follows the general trends observed in the parametric
studies section, but the wing parameters show differences. Specif-
ically, the reduction in wing beam mode frequency and increase in
wing torsion frequency previously observed, is reversed.
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Fig. 21 Sequential combination of rotor and wing optimal designs vs
concurrent rotor/wing design optimization (over 200-500 kt airspeed
range under relaxed constraints with rotating lag frequency constraint).
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Table 5 Rotor/wing design (concurrent) optimization

Awgy Awy Ry R; AKpg  AKp;

(4

Awy, Aw,, Aw, Awpy  Awpy

Relaxed 150-400 kt with v constraint

+20% +20% 092 0.78 0.28 0.29

+17%  +20% —-20% —16% 0.54 —0.6

Relaxed (150-400 kt) with Rg = R;

+20% 4+20% 0.82 0.82 0.21 0.27

+17%  —16%  +20% —20% 0.6 —0.6

When flatwise and chordwise bending flexibility are moving
simultaneously, almost the same stability improvements (over 2%
critical damping over considered airspeed range and 40 kt flutter-
speed increase) are achievable, compared to the result of Fig. 21. The
optimal design for this case is presented in Table 5.

VI. Conclusions

An analytical investigation of the influence of various rotor and
wing design parameters on soft in-plane tiltrotor whirl flutter stability
was conducted. The baseline tiltrotor configuration used in the study
was the full-scale soft in-plane Boeing model 222 rotor on a
semispan wing. The influence of parametric changes in individual
design variables on flutter speed was considered first. Formal
gradient-based optimization was then used in order to identify
combinations of design parameters that would increase the critical
whirl flutter speed and improve the subcritical modal damping levels,
especially in the poorly damped wing vertical bending mode. The
process of formulating a properly posed optimization problem in
order to achieve the desired stability characteristics is examined, as is
the effect of tight versus relaxed constraints on design variables, and
additional rotating frequency constraints. Optimization is conducted
for rotor parameters only, wing parameters only, and the two sets
considered together.

The main conclusions drawn from this study are summarized
below.

1) Of the rotor parameters considered, the most influential is the
flatwise flexibility distribution relative to the pitch bearing. For the
baseline model 222 configuration, the flatwise flexibility was all
outboard of the pitch bearing and the hub was rigid. This introduces
destabilizing negative pitch-flap and pitch-lag couplings. Moving
some of the flexibility inboard of the pitch bearing reduces the
destabilizing couplings and increases the flutter speed. However, it
should be noted that if a substantial portion of the flatwise flexibility
is moved inboard of the pitch bearing, although it can produce large
benefits in flutter speed and subcritical wing mode damping
increases, the blade is now stiff in flatwise bending, and the high
collective angle transfers a large part of that stiffness into the lag
mode. The resulting designs tend to be stiff in-plane designs. When
frequency constraints are placed on the lag mode during optimization
to alleviate this problem, only a small amount of flatwise flexibility
can move inboard of the pitch bearing, and the improvements seen
are much more modest.

2) Other rotor parameter changes that have benefits in terms of
flutter-speed increase are reduction in rotor overall chordwise
stiffness, a positive increase in pitch-flap and pitch-lag coupling, and
an increase in control system stiffness.

3) With tight constraints on the design variables, an optimized
design increases flutter speed but does not increase the subcritical
damping. The optimizer produces generally intuitive results in that
the optimal combination of design parameters follow trends
identified by varying design parameters individually.

4) With relaxed constraints on the design variables, lag frequency
constraint, and a proper selection of airspeed range over which
optimization is conducted, a modest increase in subcritical wing
beam mode damping can be achieved (from a very low level of less
than 1% to levels in excess of 2% critical), in addition to an increase
in critical flutter speed.

5) Constraining flatwise and chordwise flexibility distributions to
move simultaneously relative to the pitch bearing can achieve
comparable stability improvement to that from moving flatwise and
chordwise flexibility independently with the rotating lag frequency

constraint either in rotor design or in rotor/wing design concurrent
optimization and also successfully maintain the rotating lag
frequency less than 1/rev.

6) In general, wing design parameters are less influential than the
rotor design parameters. They are unable to increase the critical
flutter speed because damping in the wing chord mode, which is the
critical mode, is uninfluenced by the wing design parameters.
However, increasing the wing torsion frequency and simultaneously
reducing the wing vertical bending mode frequency (thereby in-
creasing the frequency separation) appears to increase the subcritical
damping levels in the wing beam mode. Wing bending-torsion
couplings also appear to play a role, albeit a smaller one.

7) Concurrent optimization of rotor/wing design variables is
able to increase flutter speed up from 390 to 425 kt and provides over
2% critical of subcritical wing beam mode damping (further
improvement compared to that observed from the rotor design only
optimization) relative to the level of less than 1% critical of baseline
configuration.
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