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Abstract

The results of a formal design optimization study
to improve tiltrotor whirl flutter stability are reported.
The analysis used in this investigation considers some
design parameters which have not been explicitly ex-
amined in the literature, such as the distribution of
blade flexibility inboard and outboard of the pitch
bearing. While previous studies have investigated the
individual influence of various design parameters, the
present investigation uses formal optimization tech-
niques to determine a unique combination of param-
eters that maximizes whirl flutter stability. Constraints
on the optimization are selected that prevent unrealis-
tically large changes in the design parameters. The
influence of rotor and wing design parameters are
first considered separately, after which concurrent op-
timization studies are conducted. Emphasis is placed
on a physical interpretation of the optimization results,
to better understand the means by which certain com-
binations of design variables improve stability. The
rotor parameters with the greatest influence on flut-
ter speed are pitch-flap and pitch-lag couplings in the
rotor blade and the distribution of flap flexibility in-
board of the pitch bearing. The important wing param-
eters are wing vertical bending and torsion stiffness
and vertical bending-torsion coupling. Changes in the
rotor design parameters provide a greater stabilizing
influence than changes in the wing parameters. Opti-
mized designs are presented which require only mod-
est changes in design parameters, while substantially
improving whirl flutter stability. For the XV-15 rotor
used as a baseline for this study, an optimized config-
uration obtained while imposing tight constraints on
the design parameters increased flutter speed from 310
knots to 450 knots. If the constraints on the design pa-
rameters are relaxed, flutter speed may be increased
beyond the speed range considered in this investiga-
tion.�
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1 Introduction

Tiltrotor aircraft combine the vertical take-off and
landing capability of a helicopter with the speed and
range of a conventional fixed-wing aircraft. At high
speeds, however, tiltrotors are susceptible to whirl flut-
ter, an aeroelastic instability caused by coupling of
rotor-generated aerodynamic forces with elastic wing
modes. The conventional approach to ensuring ade-
quate whirl flutter stability margins has required wing
structures with very high torsional stiffness, to pro-
vide sufficient separation between wing beam bend-
ing and torsion frequencies (Ref. 1). This stiffness
requirement leads to rather thick wing sections, typ-
ically about a 23% thickness-to-chord ratio for current
tiltrotor aircraft. The large aerodynamic drag associ-
ated with such thick wing sections is an obstacle to
achieving the higher cruise speeds envisioned for fu-
ture tiltrotor aircraft. It is therefore desirable to ex-
plore alternative methods for providing the required
aeroelastic stability margins.

The mechanism of tiltrotor whirl flutter instability
has received considerable experimental and analyti-
cal attention [2–10]. Perturbation aerodynamic forces
generated on the rotor act on the wing/pylon support
structure, exciting wing motions which in turn are fed
back to the rotor. As airspeed increases, the magnitude
of the destabilizing aerodynamic forces also increases,
until an instability is encountered at some critical flut-
ter speed. The complex interaction of rotor and wing
degrees of freedom may be influenced by many differ-
ent design parameters. Numerous studies have inves-
tigated the influence of various rotor and wing design
parameters on whirl flutter stability.

In Ref. 2, Hall experimentally and analytically in-
vestigated the stability characteristics of the Bell XV-
3. Reduced rotor pylon mounting stiffness was found
to be destabilizing. Increased coupling between blade
flapping and the rotor control system (δ3 coupling)
was also destabilizing. In Ref. 3, Young and Lytwyn
examined the influence of blade flap stiffness on sta-
bility, and found that a fundamental flap frequency of
approximately 1.1–1.2/rev provided the greatest sta-
bilizing influence. In Ref. 4, however, Wernicke and
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Gaffey point 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. Gaffey,
Yen, and Kvaternik (Ref. 7) described the influence of
various rotor and wing design parameters on aeroelas-
tic stability, and also discussed the limits imposed on
these parameters by other design constraints. John-
son (Ref. 10) developed an analytical model which in-
cluded elastic blade bending and torsion modes. The
primary influence of blade torsion dynamics was re-
ported to be a destabilizing pitch-lag coupling intro-
duced 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, includ-
ing: rotor and wing stiffness properties [11], various
kinematic couplings arising from hub and control sys-
tem geometry [12], advanced geometry rotor blades
(tip sweep, taper, and anhedral) [13], composite cou-
plings in the wing [14, 15] and rotor blades [11, 15],
and blade center-of-gravity and aerodynamic-center
offsets [16–19]. Introduction of aeroelastic couplings
into the wing and rotor have generally been reported
to improve whirl flutter stability.

In the references cited above, the various parame-
ters under consideration in each study were individ-
ually varied. Differences in the analyses and model
configurations between the various studies make com-
parisons of the relative effectiveness of all the design
variables difficult. Furthermore, the influence of opti-
mal combinations of various design variables has not
been explored. Other design considerations besides
aeroelastic stability (such as limits on allowable blade
loads or rotor transient flapping) may prevent the de-
signer from fully exploiting the stabilizing influence
of any one design parameter. Small changes in sev-
eral design parameters may be able to provide the re-
quired gains in stability while still respecting other de-
sign constraints.

The focus of the present study is to identify combi-
nations of design parameters which provide the great-
est improvement in whirl flutter stability. In addition to
the design parameters generally considered in the liter-
ature (such as wing/rotor stiffness properties or aeroe-
lastic couplings), the analysis used in this investiga-
tion considers some design parameters which have not
been examined in previous studies, such as the distri-
bution of blade flexibility inboard and outboard of the
pitch bearing. Stability trends of the various design
parameters are identified through a parametric study,
and formal optimization techniques used to determine
a unique combination of parameters that maximizes
tiltrotor whirl flutter stability. Constraints on the opti-
mization are selected that prevent unrealistically large
changes in the design parameters. The process of for-
mulating a properly posed optimization problem in or-

der to achieve the desired stability characteristics is
also discussed. The influence of rotor and wing de-
sign parameters are first considered separately, after
which concurrent optimization studies are conducted.
Emphasis is placed on a physical interpretation of the
optimization results, to better understand the means
by which certain combinations of design variables im-
prove stability.

2 Analytical Model

The analytical model used in the present investiga-
tion was developed in Ref. 20. The model represents
a proprotor with three or more blades, mounted on a
semi-span, cantilevered wing structure. The point of
attachment between the rotor hub and the wing/pylon
system can undergo three displacements

�
x � y � z � and

three rotations
�
αx � αy � αz � . The mass, damping, and

stiffness properties associated with these degrees of
freedom derive from the wing/pylon structure. The
rotor hub may be gimballed, allowing cyclic flapping
motion at the blade root

�
βG � . In the fixed frame,

this gimbal degree of freedom allows for longitudinal�
βGC � and lateral

�
βGS � tilting of the rotor disk.

The blade is attached to the hub with some pre-cone
angle, βP. Perturbation of rotor azimuthal position in
the rotating frame

�
ψs � is included, allowing a wind-

milling rotor condition to be modeled. Blade flapping
motion (β ) and in-plane lead-lag motion (ζ ) are also
included. The model used to represent blade flap and
lag flexibility, its distribution with respect to the pitch
bearing, and its implications on system behavior, will
be described in more detail later.

The rotor aerodynamic model is based on quasi-
steady blade element theory. The rotor is assumed
to operate in purely axial flow. Prandtl-Glauert com-
pressibility corrections are applied to the aerodynamic
model. These corrections are essential for accurate sta-
bility predictions, since compressibility directly influ-
ences the magnitude of the aerodynamic forces which
cause whirl flutter instability. Perturbations in blade
pitch are related to gimbal, blade flap, and blade lag
motion through aeroelastic coupling parameters.

δθ ��� KPGβG � KPβ β � KPζ ζ (1)

The coupling parameter KPG (positive for gimbal
flap-up, pitch-down) relates perturbation changes in
blade pitch to perturbation gimbal motion βG. This
coupling is typically the result of rotor control sys-
tem kinematics, and can be specified in terms of a
“δ3” angle through the relation KPG � tanδ3. The
pitch-flap coupling parameter KPβ (positive for flap-
up, pitch-down) and pitch-lag coupling parameter KPζ
(positive for lag-back, pitch-down) relate changes in
blade pitch to blade flap and lag deflections. Potential
sources of pitch-flap and pitch-lag coupling include
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composite tailoring [11,15], advanced geometry blade
tips [13], or blade CG and AC offsets [16–19]. In the
present analysis, terms which describe the pitch-flap
and pitch-lag couplings that arise due to blade flexibil-
ity outboard of the pitch bearing (described below) are
included.

The semi-span cantilevered wing model used in the
present analysis is based upon the model developed
by Johnson in Ref. 9. The wing is represented using
only the first three structural modes: vertical bending
(q1), chordwise bending (q2), and torsion (p). Offsets
of the wing, pylon, and rotor centers of gravity rela-
tive to the wing elastic axis are considered which may
couple wing bending and torsion motion. In addition
to these inertial couplings which are present in John-
son’s original model, elastic coupling parameters have
been added to the present analysis. These parameters
may represent wing bending-torsion coupling due to
composite tailoring of the wing structure. The vertical
bending-torsion coupling parameter KPq1 and chord-
wise bending-torsion coupling parameter KPq2 are in-
cluded in the wing structural stiffness matrix as off-
diagonal coupling terms. The wing structural stiffness
matrix can then be written as:�	

Kq1 0 KPq1
0 Kq2 KPq2

KPq1 KPq2 Kp


�
(2)

where Kq1, Kq2, Kp, are the fundamental stiffnesses
associated with the wing modes.

2.1 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 anal-
yses [21, 22]. Blade flap and lag stiffness is modeled
using a set of orthogonal “hub” springs

�
KβH � KζH �

inboard of the pitch bearing, and orthogonal “blade”
springs

�
KβB � KζB � outboard of the pitch bearing (see

Fig. 1). The relative angle between the hub and blade
springs

�
θ̄ � varies as the blade springs rotate 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 (Kβ � Kζ �
and structural flap-lag coupling parameters

�
Rβ � Rζ �

which define the distribution of flap and lag flexibil-
ity inboard and outboard of the pitch bearing.

Kβ � KβHKβB

KβH � KβB

and Kζ � KζHKζB

KζH � KζB

(3)

Rβ � Kβ

KβB

and Rζ � Kζ

KζB

(4)

In Eq. (4), a value of Rβ � 0 describes a blade where
all the flap flexibility is located inboard of the pitch
bearing, and Rβ � 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 Rζ . See Ref. 22 for a detailed description of
this formulation.

Note that the terms “flap” and “lag” in the above
description may be somewhat misleading. At the high
collective pitch settings required to trim the rotor in
cruise, the blade “flap” and “lag” springs are rotated
such that the primary source of stiffness for in-plane
blade motion is actually Kβ (assuming a rotor where
most of the flexibility is located outboard of the pitch
bearing). The “flap stiffness” in the SFLC formulation
physically corresponds most closely to the blade flat-
wise bending stiffness, and “lag stiffness” corresponds
to chordwise bending stiffness. For clarity, blade stiff-
ness properties will henceforth be discussed in terms
of flatwise and chordwise bending stiffnesses.

Using the definitions of blade stiffness given above,
the elastic flap and lag restoring moments may be writ-
ten as 


Mβ
Mζ � ��� Keff ��� β

ζ � (5)��� Kββ Kβζ
Kβζ Kζζ � � β

ζ �
where Keff represents an effective stiffness matrix, the
individual terms of which are defined as

Kββ � 1
∆ � Kβ ��� Rβ Kζ � Rζ Kβ � sin2 θ̄ �

Kζζ � 1
∆ � Kζ � � Rβ Kζ � Rζ Kβ � sin2 θ̄ � (6)

Kβζ ��� 1
∆ � Rβ Kζ � Rζ Kβ � cos θ̄ sin θ̄

and

∆ � 1 ��� 2Rβ Rζ � Rβ � Rζ � sin2 θ̄ (7)� � Rζ � 1 � Rζ � Kβ

Kζ
� Rβ � 1 � Rβ � Kζ

Kβ � sin2 θ̄
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Tiltrotor aircraft may 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. Equations (5)–(7)
show that in the present model, the effective blade flap
and lag stiffness is a function of collective pitch θ̄ . By
selecting proper values of the fundamental blade flat-
wise and chordwise stiffnesses Kβ and Kζ , and cou-
pling parameters Rβ and Rζ , the variation of blade flap
and lag frequency with collective pitch may be mod-
eled directly. This is unlike many rigid blade tiltrotor
stability analyses, which require blade flap and lag fre-
quency variations be provided explicitly as inputs to
the analysis.

2.2 Pitch-Flap and Pitch-Lag Couplings due to
Blade Flexibility Distribution

The present analysis includes expressions for pitch-
flap and pitch-lag coupling parameters which cap-
ture the influence of blade flexibility distribution (in-
board/outboard of the pitch bearing) on aeroelastic sta-
bility. These couplings act to reduce the whirl flut-
ter stability boundary. Figures 2 and 3 show the pre-
dicted modal frequency and damping variation versus
airspeed for the baseline XV-15 full-scale semi-span
model. Figure 4 shows the damping characteristics
when the pitch-flap and pitch-lag coupling terms are
neglected. Comparing the stability boundary in Fig. 4
to the stability boundary in Fig. 3 shows that these cou-
plings are responsible for a substantial decrease in the
predicted flutter speed. The derivation of terms repre-
senting the contribution of blade flap and lag flexibility
distribution to the overall pitch-flap and pitch-lag cou-
plings is summarized below, to show how various rotor
design variables can influence the magnitude of these
couplings. Reference 20 contains a more detailed ex-
amination of the origins of pitch-flap and pitch-lag
couplings due to the distribution of blade flexibility.

Considering the distribution of flap and lag flexibil-
ity 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 displace-
ments inboard and outboard of the pitch bearing.� β

ζ � � � βin
ζin � � � βout

ζout � (8)

When the blade undergoes flap and lag motions, the
feather axis of the blade undergoes a rotation of βin
out-of-plane and ζin in-plane. At the same time, the
blade itself undergoes rotations of βout and ζout relative
to the feather axis, as shown in Fig. 5. These motions
must be considered when formulating the blade pitch
equations of motion.

The flap and lag motions inboard of the pitch bear-
ing
�
βin � ζin � and the motions outboard of the pitch

bearing
�
βout � ζout � can be expressed as fractions of the

total flap and lag angles
�
β � ζ � . In Ref. 20, expres-

sions relating the deflections inboard and outboard of
the pitch bearing to the total flap and lag angles were
defined as: � βin

ζin � � � A B
C D ! � β

ζ � (9)� βout
ζout � � � W X

Y Z ! � β
ζ � (10)

where

A � 1
∆
� 1 � Rβ �#" Rζ � Kζ

Kβ
Rβ $ � Rβ � 1 � sin2 θ̄ �

B �%� 1
∆ " Rζ � Kζ

Kβ
Rβ $ � Rβ � 1 � sin θ̄ cos θ̄ (11)

C � 1
∆ " Rβ � Kβ

Kζ
Rζ $ � Rζ � 1 � sin θ̄ cos θ̄

D � 1
∆
� 1 � Rζ � " Rβ � Kβ

Kζ
Rζ $ � Rζ � 1 � sin2 θ̄ �

and

W � 1
∆
� Rβ �#" Rβ � Kβ

Kζ
Rζ $ � Rζ � 1 � sin2 θ̄ �

X ��� B (12)

Y ��� C

Z � 1
∆
� Rζ �&" Rζ � Kζ

Kβ
Rβ $ � Rβ � 1 � sin2 θ̄ �

(The term ∆ in Eqs. (11) and (12) is given in Eq. (7).)

Equations (9)–(12) show that the relative amount of
flap and lag motion inboard and outboard of the pitch
bearing is determined by the fundamental blade flap
and lag stiffnesses Kβ and Kζ , the SFLC parameters
Rβ and Rζ , and by the collective pitch setting.

Now consider the forces and moments on the blade
which contribute to the blade pitch equation of motion.
Figure 6 illustrates the forces acting on a representa-
tive section of the blade outboard of the pitch bear-
ing. The figure is oriented such that the blade’s feather
axis is directly out of the page. In addition to the
terms which are part of the fundamental pitch dynam-
ics, there are in-plane

�
Fx � and out-of-plane

�
Fz � forces

acting on the blade section which have moment arms
about the feather axis due to blade flap and lag dis-
placements outboard of the pitch bearing (βout � ζout).
This creates a coupling between blade pitching motion
and blade flap and lag motions. Reference 20 showed
that effective pitch-flap and pitch-lag coupling param-
eters could be extracted from the blade pitch equa-
tions of motion. These coupling terms, derived from
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first principles, capture the influence of the distribu-
tion of blade flexibility inboard and outboard of the
pitch bearing on aeroelastic stability. The couplings
are given as (from Ref. 20)

'
KPβ � 1

Kθ
� 2 � YKββ � WKβζ � β̄0� � ZKββ � � X � Y � Kβζ � WKζζ � ζ̄0 �

(13)

'
KPζ � 1

Kθ
� � ZKββ � � X � Y � Kβζ � WKζζ � β̄0� 2
�
ZKβζ � XKζζ � ζ̄0 � (14)

where β̄0 and ζ̄0 are the trim flap and lag angles, and
Kθ is the stiffness of the blade pitch control system.
Figure 7 shows the variation of the pitch-flap and flap-
lag coupling parameters with airspeed for the XV-15
semi-span model. The magnitude of the couplings
given by Eqs. (13) and (14) is influenced by several
factors. The distribution of blade flap and lag flexi-
bility determines how much blade flap and lag motion
occurs outboard of the pitch bearing. Smaller values
of the SFLC parameters Rβ and Rζ will yield less flap
and lag motion outboard of the pitch bearing, reduc-
ing the magnitude of the pitch-flap and pitch-lag cou-
plings. If all the blade flexibility is inboard of the pitch
bearing (Rβ � Rζ � 0), the pitch-flap and pitch-lag cou-
plings in Eqs. (13) and (14) are eliminated. Similarly,
a stiffer control system (increased Kθ ) will reduce the
couplings by constraining blade pitch motion. For the
case of infinite control system stiffness, the couplings
are eliminated.

In the present analysis, the total pitch-flap and
pitch-lag coupling can be represented as

K total
Pβ � 'KPβ � ∆KPβ (15)

K total
Pζ � 'KPζ � ∆KPζ (16)

where the terms ∆KPβ and ∆KPζ 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, blade
CG and AC offsets, or advanced blade tip shapes such
as sweep and anhedral. The influence of these design
parameters on whirl flutter stability stems largely from
the coupling between blade bending and pitch 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 ∆KPβ
and ∆KPζ may serve as a general representation of the
couplings arising from any or all of these sources.

2.3 Validation

Figures 8 and 9 provide sample validation results
obtained using the present analysis. Figure 8 plots
wing beam mode damping versus velocity for the full-
scale semi-span XV-15 model tested at NASA Ames in
the early 1970s (Ref. 9). The figure compares predic-
tions from the present analysis with results from two
elastic blade analyses (Refs. 10 and 11) as well as ex-
perimental data from Ref. 9. The figure shows good
agreement between all three models and the experi-
mental data.

A full-scale rotor designed for the Boeing Model
222 tiltrotor was also tested at NASA Ames, in 1972.
Unlike the stiff-inplane, gimballed XV-15 rotor, the
Model 222 rotor was a soft-inplane, hingeless design.
Figure 9 shows wing vertical bending mode damping
versus airspeed. The present analysis agrees closely
with the results from Johnson’s elastic blade formu-
lation from Ref. 10, and both analyses correlate well
with the available experimental data from Ref. 9.

Additional validation results may be found in
Ref. 20.

3 Parametric Study

Before beginning formal optimization studies, a
parametric study is conducted. The study provides
an understanding of the influence of individual design
variables on whirl flutter stability. The tiltrotor config-
uration used is the full-scale XV-15 semi-span model.
Table 1 lists some of the important model parameters
used in the present analysis (see Ref. 9 for a more com-
plete listing of model properties).

3.1 Influence of Individual Rotor Design Param-
eters

The rotor design parameters considered in this in-
vestigation are: (1) blade flatwise bending stiffness,
in terms of the non-rotating natural frequency ωβ0,
(2) blade chordwise bending stiffness, in terms of the
non-rotating natural frequency ωζ0, (3) gimbal spring
stiffness, denoted by ωβG0, the non-rotating gimbal
frequency, (4) pitch-gimbal coupling, expressed as a
“δ3” angle, (5) blade pitch-flap coupling parameter,
∆KPβ , which is added to

'
KPβ (Eq. (13)) to obtain the

total pitch-flap coupling, (6) blade pitch-lag coupling
parameter ∆KPζ , which is added to

'
KPζ (Eq. (14)) to

obtain the total pitch-lag coupling, (7) distribution of
blade flatwise bending flexibility, Rβ , and (8) chord-
wise bending flexibility, Rζ (inboard/outboard of the
pitch bearing), and (9) control system stiffness, ex-
pressed in terms of the frequency ωφ . The nominal
value for each of these design variables for the base-
line configuration are given in Table 1.
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Changes in some of the rotor design parameters
considered in this study influence the magnitudes of'
KPβ and

'
KPζ , the pitch-flap and pitch-lag couplings

due to blade flexibility distribution given by Eqs. (13)
and (14). These couplings have a powerful influence
on whirl flutter stability (compare Figs. 3 and 4), and
it is useful to identify whether the primary impact on
whirl flutter from a change in a given parameter is due
to a direct influence on the system dynamics (such as
through a change in modal characteristics), or from
its effect on the magnitude of pitch-flap and pitch-lag
coupling. For the parameters which influence the mag-
nitude of these couplings, results will also be exam-
ined for a case where the distributions of

'
KPβ and

'
KPζ

remain fixed to their baseline values (shown in Fig. 7).
Thus the influence of each design variable on overall
whirl flutter stability can be better understood.

Figures 10–19 show the influence of the various ro-
tor design variables on the critical whirl flutter speed.
The influence of the various design variables may be
summarized as follows:

1. Altering the blade flatwise and chordwise bend-
ing stiffness properties can influence stability two
ways. The change in blade stiffness will af-
fect the variation of rotor frequencies with col-
lective pitch, influencing the interaction between
rotor and wing modes. In addition, a change in
blade stiffness affects the magnitude of the desta-
bilizing pitch-flap and pitch-lag couplings given
in Eqs. (13) and (14). In the case of increased
flatwise bending stiffness (Fig. 10), the stabiliz-
ing influence comes mainly through the change
in rotor frequencies. Increased flatwise bend-
ing stiffness increases the frequency of the rotor
lag modes. The shift in low-frequency cyclic lag
mode frequency in particular changes the interac-
tion of that mode with the wing modes, increas-
ing damping in the wing modes. Increased flat-
wise bending stiffness slightly reduces the mag-
nitude of

'
KPζ , but also slightly increases the mag-

nitude of
'
KPβ , so the net influence of the changes

in pitch-flap and pitch-lag coupling is negligi-
ble. If the influence of changes in blade flatwise
bending stiffness on flutter speed was examined
while holding

'
KPβ and

'
KPζ to their baseline val-

ues, the results would be almost exactly the same
as shown in Fig. 10.

For reduced chordwise bending stiffness
(Fig. 11), the increased stability comes almost
entirely through a decrease in the magnitude of'
KPζ . Negative pitch-lag coupling as calculated
by Eq. (14) is reduced by a third at high speeds,
from about -0.3 to -0.2, while the pitch-flap cou-
pling from Eq. (13) remains virtually unchanged.
Figure 12 illustrates the reduction in

'
KPζ as a

result of reduced chordwise bending stiffness.

If
'
KPβ and

'
KPζ are held to the baseline values

shown in Fig. 7, changes in blade chordwise
bending stiffness have almost no influence on
flutter speed.

2. Increased gimbal spring stiffness has only a slight
beneficial influence on flutter speed. In Ref. 11,
changes in cyclic flap frequency (equivalent to
gimbal natural frequency in the present analy-
sis) had a somewhat larger effect on stability than
in the present analysis. However, the range of
frequency variation considered in Ref. 11 (0.9–
2.5/rev) is much larger than in the present anal-
ysis and is unlikely to be attainable in practice.
Reference 4 points out that although increased
flapping restraint can be stabilizing, design con-
straints on allowable blade loads place an upper
limit on flap restraint stiffness which may pre-
clude taking advantage of this parameter to in-
crease aeroelastic stability. In the present analy-
sis, a variation in ∆ωβG0 of ( 100% corresponds
to a rotating frequency variation of 1–1.07/rev.
Since the XV-15’s gimbal spring is composed of
a relatively soft elastomeric material, changes in
stiffness required to achieve a ( 100% change in
∆ωβG0 are feasible.

3. The δ3 angle (Fig. 13) gives rise to a coupling be-
tween blade pitch and gimbal flapping, and has
a strong influence on aeroelastic stability. The
baseline value of δ3 for the XV-15 is � 15o. In
Fig. 13, we can see that more negative values of
δ3 are very destabilizing. The maximum increase
in flutter speed occurs as δ3 approaches 0o, fol-
lowed by a sharp decrease in flutter speed for pos-
itive δ3 angles, as a rotor mode instability is en-
countered. These results are consistent with the
descriptions in Ref. 6 and elsewhere of the influ-
ence of δ3 on stiff-inplane proprotor stability.

The baseline δ3 angle of � 15o represents a trade-
off between conflicting design requirements, as
described in Ref. 7. Larger (more negative) val-
ues of δ3 are desirable to minimize transient blade
flapping response, while a δ3 angle close to zero
is beneficial for aeroelastic stability. Further-
more, due to geometric constraints, it is diffi-
cult to design a control mechanism with a δ3 an-
gle close to zero, especially for gimballed rotors
which have effectively zero flapping hinge-offset.
For these reasons, it may be difficult to exploit
reduced δ3 angles to improve tiltrotor aeroelastic
stability, and it may in fact be desirable to iden-
tify design configurations which allow for larger
negative values of δ3 while still maintaining ade-
quate stability boundaries.

4. The design variables ∆KPβ in Fig. 14 and ∆KPζ
in Fig. 15 refer to an additional value of pitch-
flap and pitch-lag coupling, respectively, that are
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added to the couplings due to blade flexibility
distribution to obtain the total values of blade
pitch-flap and pitch-lag coupling. Positive val-
ues of additional pitch-flap (Fig. 14) and pitch-lag
(Fig. 15) couplings are both stabilizing. Positive
pitch-lag coupling has a particularly strong stabi-
lizing influence. This is consistent with the find-
ings reported in Refs. 11 and 15, where compos-
ite couplings that produced lag-back, pitch-down
motions in the blade were stabilizing.

It should be noted in Fig. 15 that the stabilizing
influence of ∆KPζ becomes particularly strong as
the parameter reaches values near +0.3. At high
airspeeds near the flutter boundary, the baseline
level of pitch-lag coupling due to blade flexibil-
ity distribution calculated in Eq. (14) is approxi-
mately -0.3 (see Fig. 7). The critical flutter speed
in Fig. 15 increases most sharply when the posi-
tive pitch-lag coupling from ∆KPζ completely off-

sets the negative contribution from
'
KPζ . Thus,

the important criteria to ensure a beneficial influ-
ence on aeroelastic stability is that the total level
of pitch-lag coupling (amount of coupling from
Eq. (14) plus any pitch-lag coupling contribution
from other sources) in the rotor be positive (lag-
back, pitch-down).

5. The influence of blade flexibility distribution in-
board and outboard of the pitch bearing is ex-
amined in Figs. 16 and 18. As was the case for
blade stiffness, changes in blade flexibility distri-
bution may influence stability by directly chang-
ing the variation of blade frequencies with collec-
tive pitch, or by effecting the magnitude of

'
KPβ

and
'
KPζ , the pitch-flap and pitch-lag couplings

due to blade flexibility distribution. Figure 16
shows that Rβ , the distribution of blade flatwise
bending flexibility, is a powerful parameter. As
the flap flexibility inboard of the pitch bearing in-
creases (the parameter Rβ becomes smaller), the
amount of pitch-flap and pitch-lag coupling from
Eqs. (13) and (14) is reduced sharply (as shown in
Fig. 17), increasing the flutter speed. It is this ob-
servation that provides the motivation for the use
of a flexured hub on the V-22. The hub’s coning
flexure allows more trim elastic coning deflection
to take place inboard of the blade pitch bearing,
thus minimizing the undesirable coupling, as re-
ported in Ref. 23. Moving some of the blade
flatwise bending flexibility inboard of the pitch
bearing also influences the variation of rotor lag
frequency with collective pitch. Figure 16 shows
that even if

'
KPβ and

'
KPζ are held to their base-

line values, increased flap flexibility inboard of
the pitch bearing still has some stabilizing influ-
ence. As was the case for increased blade flatwise
bending stiffness, this stability increase is due to

a change in the nature of the interaction of the ro-
tor low-frequency cyclic lag mode with the wing
modes. The total influence of changes in the pa-
rameter Rβ on whirl flutter stability is thus a re-
sult of both rotor frequency changes and a reduc-
tion in the destabilizing pitch-flap and pitch-lag
couplings.

Increased blade chordwise flexibility inboard of
the pitch bearing (Fig. 18) has a slightly destabi-
lizing influence on stability. Reducing the param-
eter Rζ from its baseline value of 1 causes a sta-

bilizing positive increase in
'
KPζ , but also a desta-

bilizing negative change in
'
KPβ . The net influ-

ence of these changes in pitch-flap and pitch-lag
couplings on stability is negligible. The primary
source of the slightly destabilizing effect of in-
creased chordwise flexibility inboard of the pitch
bearing is through a change in the variation of
rotor frequencies with collective pitch. Holding'
KPβ and

'
KPζ to their baseline values has little ef-

fect on the influence of Rζ on stability.

6. The influence of control system stiffness (Fig. 19)
on whirl flutter stability is due to its effect on the
magnitude of

'
KPβ and

'
KPζ (Eqs. (13) and (14)).

As the control system stiffness increases, flutter
speed also increases, since a stiffer control system
reduces the destabilizing couplings due to blade
flexibility distribution. This is consistent with ob-
servations in Refs. 10 and 23. If

'
KPβ and

'
KPζ

are held fixed to their baseline values, changes in
control system stiffness have no influence on the
predicted stability boundary.

3.2 Influence of Individual Wing Design Parame-
ters

The wing design parameters considered in the
present study are (1) wing vertical bending stiffness
(Kq1), (2) chordwise bending stiffness (Kq2), (3) tor-
sional stiffness (Kp), (4) vertical bending-torsion cou-
pling (KPq1), and (5) chordwise bending-torsion cou-
pling (Kq2). The bending-torsion coupling represented
by the parameters KPq1 and KPq2 may come from sev-
eral sources, including composite tailoring of the wing
structure, wing sweep, or mass offsets of the wing or
rotor/nacelle structure, relative to the wing elastic axis.
The findings of a parametric study of the influence of
these wing stiffness and coupling parameters on whirl
flutter stability may be summarized as follows:

1. Reduced vertical bending stiffness increases the
stability of the wing vertical bending mode, while
slightly destabilizing the chordwise bending and
torsion modes. Figure 20 shows how changes in
the wing vertical bending stiffness influence flut-
ter speed. This observation is consistent with the
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results reported in Refs. 7, 11, and 24. While de-
creased wing stiffness is generally destabilizing
for whirl flutter, decreased vertical bending stiff-
ness increases the frequency separation between
the vertical bending mode and torsion mode, re-
ducing the amount of coupling between wing ver-
tical bending and torsion motion. This interpre-
tation of the influence of reduced vertical bend-
ing stiffness is confirmed by examination of the
eigenvectors produced by the stability analysis.
For typical tiltrotor configurations, wing vertical
bending and torsion motions are inertially cou-
pled through the mass of the rotor and nacelle
which is offset from the wing elastic axis. When
the separation between wing vertical bending and
torsion mode frequencies is increased, there is
less pitching motion of the nacelle in the wing
vertical bending mode, which reduces the amount
of blade flapping and thus reduces the destabiliz-
ing rotor aerodynamic forces acting on the wing.
Figure 20 shows that if the natural frequency of
the vertical bending mode is reduced by about
17%, the mode is completely stabilized.

2. Figure 21 shows that reduced wing torsional stiff-
ness is destabilizing, particularly in the case of
the vertical bending mode. This is again due
to the fact that reduced torsional stiffness re-
duces the frequency separation between the verti-
cal bending mode and torsion mode and increases
the coupling between wing vertical bending and
torsion motion. Figure 21 illustrates the need for
very thick, torsionally stiff wings in current tiltro-
tor designs. Even a modest reduction in wing tor-
sion stiffness would result in an unacceptable de-
crease in flutter speed. Increased torsional stiff-
ness, on the other hand, is not a desirable de-
sign solution, since increasing the torsional stiff-
ness would require even thicker wing sections, in-
creasing aerodynamic drag.

3. The analysis shows very little sensitivity to
changes in wing chordwise bending stiffness.
This is consistent with Ref. 7, where changes in
wing chordwise stiffness within the typical de-
sign range had little influence on flutter speed.

4. Figure 22 illustrates the influence of wing verti-
cal bending-torsion coupling. Positive values of
the coupling parameter KPq1 (which in the present
analysis denotes a wing bend up/twist nose down
coupling) have a beneficial influence on the criti-
cal vertical bending mode, and are only slightly
destabilizing for the other modes, yielding an
overall increase in flutter speed. This additional
elastic coupling introduced in the wing opposes
the inherent inertial coupling due to the offset
mass of the rotor and nacelle at the wing tip. Thus
the overall coupling of wing vertical bending and

torsion motion is reduced, as was the case for re-
duced vertical bending stiffness. The beneficial
influence of vertical bending-torsion coupling in
the wing has been reported in Refs. 1, 14, 15.

5. Wing chordwise bending-torsion coupling
(Fig. 23) has virtually no influence on flutter
speed boundaries for the baseline wing/rotor
configuration. Negative values of the coupling
parameter KPq2 do slightly improve the subcrit-
ical damping of the wing chordwise bending
mode, however. References 1 and 14 do not
note any stability benefits from wing chordwise
bending-torsion coupling. In Ref. 15 however,
chordwise bending-torsion coupling was re-
ported to be strongly stabilizing for tiltrotor
whirl flutter. The source of the discrepancy
between these studies and the reported influence
of chordwise bending-torsion coupling in Ref. 15
is unclear. It is possible that differences in the
tiltrotor configuration used to perform the study
are responsible for the discrepancy. The wing
chordwise bending and torsion motions were
reported to be coupled in Ref. 15, while the
configuration used in the present analysis shows
little coupling of these motions.

4 Parametric Optimization

After developing an understanding of the influence
of the individual design parameters on whirl-flutter
stability, formal optimization techniques are used to
identify combinations of these design variables that
improve the vehicle’s whirl-flutter stability character-
istics.

4.1 Formulation

A gradient-based algorithm is used to perform the
parametric optimization. This routine attempts to min-
imize a user-defined objective function F

�
Dj � , where

Dj is the vector of design parameters considered in
the optimization. The optimizer calculates sensitivity
gradients, ∂F ) ∂Dj, numerically by individually per-
turbing each design variable. Based on these gradi-
ents, a steepest-descent search direction is determined,
and a new combination of design variables is selected.
This procedure is repeated until the objective function
reaches a minimum value (i.e. when ∂F ) ∂Dj � 0),
or the design variables have all reached their user-
specified limits. For the purposes of this optimiza-
tion study, three sets of constraints on the design pa-
rameters are considered: relaxed, moderate, and tight
constraints. In an actual tiltrotor design, constraints
based on considerations such as weight, allowable
loads, and transient rotor flapping would prevent the
designer from making arbitrarily large changes in the
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design parameters in order to improve aeroelastic sta-
bility. 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. The
moderate and relaxed sets of constraints further show
what additional gains in stability are possible if larger
changes to the design parameters are permitted by the
overall design constraints. The three sets of constraints
on the design parameters are given in Table 2. Nom-
inal values for each design parameter (corresponding
to the XV-15 full-scale semi-span model) are provided
in Table 1.

Since the optimization uses a gradient-based ap-
proach, the optimizer may return a locally optimal so-
lution, instead of the global optimum. To avoid this
problem, the optimization was repeatedly performed,
with random initial starting points. Different “opti-
mized” solutions were returned for some initial con-
ditions, indicating that local minima do exist in the
design space. Performing the optimization repeatedly
allowed locally optimal solutions to be discarded in fa-
vor of globally optimized configurations.

4.2 Selection of Objective Function

In order to obtain a satisfactory design solution from
the optimization, the objective function F

�
Dj � must

be well-posed. Selection of a proper objective func-
tion can often be a trial-and-error process, where sev-
eral candidate functions are tested before a function is
identified which most effectively achieves the intended
goal of the optimization. The goal of the optimiza-
tion in general is to increase the whirl flutter stability
boundary. Additionally, it is desirable to avoid “cliff-
type” instabilities, where the transition from a stable to
an unstable condition occurs rapidly over a very small
speed range.

Initial efforts to improve whirl flutter stability by
formulating an objective function that sought to im-
prove damping of the wing vertical bending mode
(the critical flutter mode of the baseline configuration)
were unsuccessful. Combinations of design param-
eters which increased damping in the selected mode
were often strongly destabilizing for some other mode.
To achieve satisfactory design solutions, the optimiza-
tion must be formulated to improve the damping of
the least-damped mode, whichever mode that may be.
Thus, for each iteration of the optimization, the crit-
ical mode must be re-identified, since changes to the
design parameters in the course of the optimization
may cause different modes to become critical. Fur-
thermore, attempts to improve whirl flutter stability by
formulating an objective function to increase damping
at some given velocity produced unacceptable design
configurations. Performing the optimization at only
one airspeed tended to produce designs that displayed

sharp decreases in stability just beyond the optimiza-
tion speed. In addition, in some cases the damping
of several modes at low speed was degraded from the
baseline configuration. While most of this reduction in
damping occurred at or below the speed where a tiltro-
tor would begin the transition to helicopter mode, it is
not generally desirable to achieve increased damping
at high speeds at the expense of reduced damping at
lower speeds.

To address these issues, and produce significant sta-
bility margins over a range of flight speeds, a moving
point optimization is conceived. The objective func-
tion is written as

maximize F
�
D j �*� ζmin +V , 200 - 600kts (17)

Over a range of speeds from 200 to 600 knots, the
optimizer attempts to maximize the damping at the
point of least damping within that range. As the design
variables are adjusted in each iteration of the optimiza-
tion, this point may shift to a different airspeed. Thus
for each iteration of the optimization, the airspeed cor-
responding to the point of minimum damping must
first be identified. The search for the airspeed at which
damping is lowest can be formulated as a minimiza-
tion problem (Find the airspeed V such that ζmin is at
a minimum), and placed within the main optimization
loop. The same gradient-based optimization routine
used to determine optimal combinations of the design
variables can then also be used to locate the airspeed
at which the optimization is to occur. This two-stage
optimization process may be summarized by the fol-
lowing flowchart:

Main Optimization Loop

minimize F(V) = ζ
min

Iterate until Converged

∆ω β0 ∆ω ζ0 ... ]

ζ
min V

Dj

D  = [j

j
min

Iterate until Converged

damping is at a minimum)
min

1) Inner−Loop Optimization

2) maximize F(D ) =

(identifies V     , the velocity at which

(identifies new set of design variables Dj
which maximizes damping at V     )min
For each iteration, using the current set of rotor de-

sign variables, the optimizer first determines the air-
speed V at which the damping is lowest. An iteration
of the optimization is then performed at that airspeed
V obtained from the inner loop optimization. Sensitiv-
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ity gradients for each of the design variables are cal-
culated at the current design point and the design vari-
ables are updated, yielding a new configuration which
is tested for optimality. If the design is not yet opti-
mal, the optimization procedure is repeated, first re-
identifying the airspeed where damping is minimum
for the new configuration. Such an optimization algo-
rithm was originally conceived in Ref. 25 to optimize
rotor design variables to alleviate helicopter ground
resonance. See Ref. 25 for further discussion of the
algorithm.

The upper and lower limits of the speed range over
which the optimizer seeks to improve damping were
selected after experimenting with several different val-
ues. The lower bound of 200 knots was set low enough
to ensure that the optimized configuration would not
trade off damping at low speed for gains in stability at
higher speeds closer to the flutter boundary, but not so
low that the optimizer is trying to increase the damp-
ing of modes that are inherently lightly damped at very
low speeds. The upper limit of 600 knots was set well
above the maximum speed of conventional tiltrotor air-
craft. This ensures that any sharp “cliff-type” instabili-
ties will only occur well above the tiltrotor’s maximum
speed.

4.3 Optimization of Rotor Parameters

A moving point optimization attempting to maxi-
mize damping over the range of 200-600 kts was per-
formed, using each of the three previously defined sets
of bounds on the design parameters. Table 3 provides
the resulting values of the optimized design parame-
ters.

The damping characteristics of the configuration
optimized with tight constraints are shown in Fig. 24.
Note that for this optimization, each design parameter
has reached either its upper or lower limit. Compar-
ing the optimized design to the parametric study re-
sults shows that each parameter follows the stabilizing
trend identified in the parametric study. Even though
only small changes to the baseline configuration are
allowed by the tight bounds on the design parameters,
the optimized configuration was still able to substan-
tially improve the flutter speed by about 130 knots,
from 310 to 440 knots.

The influence of each design parameter on the final
configuration is examined by individually setting each
parameter in turn to it’s baseline value and examining
the resulting stability prediction. Using this procedure,
it was determined that the majority of the increase in
damping over the baseline is produced by the change
in the parameters ∆KPβ , ∆KPζ , and Rβ . Leaving these
parameters set to the optimal values given in the first
column of Table 3 and returning the others to their
baseline values yielded a configuration with a flutter
speed of 409 knots, still almost a 100 knot increase
over the baseline.

Figure 25 shows the damping characteristics of the
configuration optimized with the intermediate set of
constraints. As was the case when optimizing with
the tight bounds, each design parameter has reached
either its upper or lower limit. The values of each pa-
rameter are again consistent with the stability trends
identified in the parametric study. The greater free-
dom allowed by the intermediate bounds allows for an
optimized configuration that stabilizes the system up
to 600 knots, with damping levels of at least 2.7% crit-
ical over that range. Examining the contribution of
each design parameter to the overall stability reveals
that, in addition to ∆KPβ , ∆KPζ , and Rβ , the δ3 an-
gle also provides an important contribution. For the
tight set of bounds, the upper limit on δ3 was set to it’s
baseline value of -15o. The intermediate constraints
allowed δ3 to increase to 0o, providing a stabilizing in-
fluence on the wing modes, as shown in the parametric
study. Retaining only the optimized values of ∆KPβ ,
∆KPζ , Rβ , and δ3 yielded a configuration which still
remained stable to 600 knots, with at least 2% damp-
ing from 200 to 600 knots.

Figure 26 shows that the configuration obtained us-
ing the relaxed bounds is stable to 600 knots, with at
least 4.3% critical damping from 200 to 600 knots.
While many of the design parameters in the optimized
configuration have reached an upper or lower bound,
some have not. The δ3 angle has remained near the
value obtained when optimizing with the intermediate
bounds. The parametric study results showed that pos-
itive values of δ3 quickly brought on a rotor mode in-
stability (see Fig. 13), and that maximum flutter speed
was obtained for values of δ3 near zero. Similarly, for
the distribution of blade flatwise bending stiffness in-
board and outboard of the pitch bearing, the paramet-
ric study showed that flutter speed was maximized for
values of Rβ near 0.5, while further reductions in Rβ
had little effect on flutter speed. For the configuration
optimized with relaxed bounds, changes in the other
design variables have shifted this maximum slightly,
resulting in an optimal value of Rβ of 0.344. This
shift in blade flexibility has a large influence on the
pitch-flap and pitch-lag couplings given by Eqs. (13)
and (14). Reduced Rβ greatly reduces the negative
pitch-lag coupling due to pitch dynamics, as shown in
Fig. 27, which compares the variation of

'
KPβ and

'
KPζ

with airspeed for the baseline configuration and the
configuration optimized with the relaxed constraints.
Figure 27 shows that

'
KPζ is actually positive for the

optimized configuration. Since
'
KPζ is already positive,

there is little need for the parameter ∆KPζ to provide
further positive coupling. This is why the optimized
configuration only requires a moderate positive value
for ∆KPζ .

As with the configuration optimized with intermedi-
ate bounds, the biggest improvement in stability is due
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to the influence of the parameters ∆KPβ , ∆KPζ , Rβ , and
δ3. Since the optimal values of δ3 may not be feasi-
ble due to blade transient flapping considerations, the
key rotor design changes required for improving whirl
flutter stability are additional positive blade pitch-flap
and pitch-lag coupling (positive ∆KPβ and ∆KPζ ) and
increased blade flatwise bending flexibility inboard of
the pitch bearing (Rβ . 1). It should be noted that
more recent tiltrotor designs than the XV-15 rotor used
in this study may already have a value of Rβ less than
one due to the presence of a coning flexure, as used in
the V-22 rotor hub. The primary influence of all three
of these design parameters is to cause a net positive
change in the total pitch-flap and pitch-lag couplings
(Eqs. (15) and (16)) by reducing (in the case of Rβ )
or offsetting (by positive ∆KPβ and ∆KPζ ) the negative
pitch-flap and pitch-lag couplings due to the distribu-
tion of blade flexibility. The results of this rotor pa-
rameter optimization study indicate that whirl flutter
stability can be maximized by achieving positive total
pitch-flap and pitch-lag couplings.

4.4 Optimization of Wing Parameters

The optimization process is repeated, this time con-
sidering only the wing stiffness and coupling param-
eters as design variables. Initial attempts at improv-
ing stability through optimization using the objective
function in Eq. (17) did not produce satisfactory re-
sults. The problem is illustrated in Fig. 28, which
shows the damping of the wing modes for the base-
line configuration. The figure shows that the vertical
bending mode is the critical mode, becoming unsta-
ble at 310 knots. At speeds above 400 knots, how-
ever, all three wing modes are unstable and both the
chordwise bending and torsion modes are more un-
stable than the vertical bending mode. An optimiza-
tion process seeking to satisfy the objective function
of Eq. (17) will first seek a configuration that increases
damping at the point of lowest damping in the speed
range under consideration. For the baseline configu-
ration shown in Fig. 28, the optimization would seek
to increase the damping of the torsion mode at high
speed. Unfortunately, as shown in the wing parametric
study results (Figs. 20–23), changes in the wing design
parameters do not significantly improve wing chord or
torsion mode stability, so the optimization is unable to
proceed. The optimization never even gets around to
attempting to improve damping of the critical vertical
bending mode.

To obtain favorable configurations of wing design
parameters, the objective function must be restricted
to operate only in regions where the design parameters
are effective at increasing the damping of the critical
mode. This is achieved by reducing the upper bound
on the range of airspeeds considered in the optimiza-
tion from 600 knots to 300 knots. Therefore, the ob-

jective function used to optimize the wing design pa-
rameters is now:

maximize F
�
D j �*� ζmin +V , 200 - 300kts (18)

Optimized combinations of the wing design pa-
rameters obtained by using the objective function in
Eq. (18) and the three different sets of constraints (Ta-
ble 2) are shown in Table 4.

Figure 29 shows the damping characteristics of the
configuration obtained using the tight constraints on
the design variables. Table 4 shows that each de-
sign parameter has reached a limit imposed on it by
the tight constraints, and the optimized values are in
agreement with the stability trends identified in the
parametric study. Using this optimized configuration,
the stability boundary of the critical vertical bending
mode is increased from 310 to 340 knots. This in-
crease in flutter speed is due almost entirely to the
influence of the design parameters ∆ωq1, ∆ωp, and
KPq1. As was observed in the parametric study, in-
creased frequency separation between the wing verti-
cal bending and torsion modes (such as is provided by
decreased ωq1 and increased ωp) and positive vertical
bending-torsion coupling improve the stability of the
vertical bending mode. The other two design param-
eters, ∆ωq2 and KPq2, have a much smaller influence
on the overall damping, providing only a very slight
increase in damping.

The stability characteristics of the configuration op-
timized with the intermediate set of constraints are
shown in Fig. 30. Comparing the performance of this
design to that of the tightly-constrained optimized con-
figuration (Fig. 29) reveals that the vertical bending
mode is further stabilized, actually becoming stable
over the entire speed range considered in this study.
There is however only a marginal gain in actual flut-
ter speed relative to the design using tight constraints,
since the chordwise bending mode is now the critical
mode, and the wing design parameters are unable to
significantly improve the damping of that mode.

Examining the values (given in Table 4) of the de-
sign parameters obtained using the intermediate set of
constraints shows that all of the variables follow the
same trends seen in the parametric study and reach ei-
ther an upper or lower bound, except for the chord-
wise bending-torsion coupling parameter, KPq2. This
is due to the fact that positive KPq2 slightly increases
vertical bending mode damping, while slightly reduc-
ing chordwise bending mode damping. For the op-
timized configuration obtained using tight variables,
over the speed range considered by the optimization
(200 to 300 knots), the vertical bending mode damp-
ing is always lower than the chordwise bending mode
damping. For the configuration using intermediate
constraints, near 300 knots the damping of the vertical
and chordwise bending modes are nearly equal. Thus
if the value of KPq2 is either increased or decreased, the
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damping of one of the two modes would be decreased.
It should be noted however that the additional damping
provided by KPq2 is very small.

Optimization of Eq. (18) using the relaxed con-
straints yields a configuration with damping character-
istics shown in Fig. 31. As was the case for the config-
uration optimized using the intermediate constraints,
relaxing the constraints allows for further gains in ver-
tical bending mode damping, but flutter speed is un-
changed, since the chord mode stability boundary is
not strongly influenced by any of the wing design pa-
rameters. As shown in Table 4, the parameters ∆ωq1,
∆ωq2, and KPq1 continue to follow the trends shown in
the parametric study. Compared to the previous wing
optimization results, the change in torsion frequency,
∆ωp, and the chordwise bending-torsion coupling pa-
rameter KPq2 have now changed sign. This is again due
to the fact that these parameters have conflicting influ-
ences on damping of the vertical and chordwise bend-
ing modes. The optimization process balances these
effects on damping of the two modes, increasing the
damping of both of them as much as possible. Figure
31 shows that over most of the speed range considered
by the optimization, the level of damping in the verti-
cal and chordwise bending modes is the same.

The results presented in this study of wing design
optimization show that there is an upper limit on the
stability gains that can be achieved by changes in the
wing design parameters. Modest changes in the wing
vertical bending and torsion mode stiffnesses (∆ωq1
and ∆ωp) and wing vertical bending-torsion coupling
(KPq1) improve the stability of the critical wing verti-
cal bending mode. However, none of the wing design
parameters are able to significantly influence stabil-
ity of the wing chordwise bending and torsion modes.
Once the vertical bending mode is sufficiently stabi-
lized such that chordwise bending becomes the crit-
ical mode, larger changes in wing design parameters
are ineffective in further increasing the critical whirl
flutter speed.

4.5 Concurrent Wing/Rotor Optimization

An optimization is performed which considers both
rotor and wing design parameters simultaneously. Be-
cause of the much greater influence of the rotor param-
eters on damping, the concurrent wing/rotor optimiza-
tion study is restricted to the tight set of constraints.
Equation (17) is used as the objective function. Ta-
ble 5 lists the design configuration resulting from this
optimization. Figure 32 shows the damping character-
istics of the design. The optimized configuration has
a stability boundary of 435 knots, a 125 knot increase
over the baseline. For comparison, optimizing rotor
parameters alone using the tight constraints produced
a flutter speed of 440 knots, and using the wing param-
eters alone yielded a 340 knot flutter speed.

The fact that the concurrent optimization produces
a design with a lower flutter speed than optimiza-
tion of the rotor parameters alone indicates there is
a problem with the concurrent optimization as it is
originally posed. As was the case for the wing pa-
rameter optimization, performing the concurrent opti-
mization from 200 to 600 knots causes the optimizer
to select values for the wing design parameters that
are (slightly) beneficial to the wing chord and torsion
modes at high speed, but do not provide as great a ben-
efit to the critical vertical bending mode as is possible.
However, it is not desirable to use the objective func-
tion used for the wing optimization study (Eq. (18))
for the concurrent optimization, because reducing the
upper limit of the speed range under consideration will
prevent the optimization from taking full advantage of
the rotor design parameters.

To perform a useful concurrent optimization, a new
objective function is formulated. Instead of attempt-
ing to increase damping at a certain speed or over a
range of speeds, the objective function is formulated
to maximize the flutter speed of the system, the speed
at which the first instability is encountered. The objec-
tive function is thus written as:

maximize F
�
D j �/� Vflutter (19)

where Vflutter is the airspeed at which the damping of any
system mode goes to zero. It should be noted that the
objective function in Eq. (19) would not be suitable
for an optimization performed using the intermediate
or relaxed constraints on rotor parameters, since the
rotor parameters would then be powerful enough to
drive the critical flutter speed beyond the upper limit
on airspeed considered in the study. Once the upper
limit on airspeed was reached, the optimization would
make no effort to improve stability by increasing the
subcritical damping, as is the case when optimizing
using Eq. (17).

The results of a concurrent wing/rotor parameter op-
timization using Eq. (19) as the objective function are
also provided in Table 5. Figure 33 shows the sta-
bility characteristics of this configuration. The op-
timization to maximize flutter speed produced a de-
sign with a flutter speed of 450 knots, a 140 knot in-
crease over the baseline configuration. The values of
the optimized rotor design parameters are the same as
the values obtained when optimizing rotor parameters
alone. The wing parameters ∆ωq1 and KPq2 differ from
the values they take when wing parameters are opti-
mized alone. This again has to do with a difference
in which mode is critical between the wing-only opti-
mization and the concurrent optimization. It is inter-
esting to note that the concurrently optimized design
(Fig. 33) only slightly outperforms the design obtained
by optimizing only the rotor parameters (Fig. 24).
This demonstrates how much more potential is avail-
able for improving stability through the rotor variables
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than through the wing parameters. Optimizations per-
formed with more relaxed constraints on the wing pa-
rameters did not produce configurations that signifi-
cantly improved on the stability of the configurations
given in Table 5.

Throughout this optimization study, it has been
pointed out that the design parameters which have the
greatest influence on improving whirl flutter stability
are: the blade pitch-flap and pitch-lag coupling pa-
rameters (∆KPβ and ∆KPζ ), the distribution of blade
flatwise bending stiffness (Rβ ), change in wing ver-
tical bending and torsion stiffness (∆ωq1 and ∆ωp),
and wing vertical bending-torsion coupling (KPq1). A
tightly constrained optimization using the objective
function in Eq. (19) was performed using only these
key parameters as design variables. Table 5 provides
the resulting optimized values of these design param-
eters. Figure 34 shows that the damping character-
istics using only the key parameters is quite similar
to the case shown in Fig. 33, where all design pa-
rameters were considered. The flutter speed attained
through modest changes in only the key parameters is
425 knots, still 115 knots above the baseline stability
boundary.

5 Concluding Remarks

An analytical investigation of the influence of vari-
ous rotor and wing design parameters on tiltrotor whirl
flutter stability was conducted. The parameters were
all examined using the same analysis and same base-
line tiltrotor configuration, to allow for comparison of
the relative effectiveness of each parameter. In addi-
tion to investigating the influence of each parameter
individually (as in previous studies), numerical opti-
mization techniques were utilized to identify combi-
nations of the design parameters which could signif-
icantly improve tiltrotor whirl flutter stability. Rela-
tively tight constraints on the design parameters were
applied, in recognition of the fact that design consid-
erations other than aeroelastic stability preclude large
changes in many of the parameters.

The findings of this study may be summarized as
follows:

1. The rotor design parameters which have the
greatest influence on flutter speed are the addi-
tional pitch-flap and pitch-lag coupling param-
eters (∆KPβ and ∆KPζ ) and the distribution of
blade flap flexibility inboard of the pitch bearing
(Rβ ). These parameters act to increase stability
primarily by either offsetting (positive ∆KPβ and
∆KPζ ) or reducing (Rβ . 1) the magnitude of the
destabilizing couplings which arise due to blade
flexibility outboard of the pitch bearing (

'
KPβ and'

KPβ ). Stability may be maximized by ensuring

that the total pitch-flap and pitch-lag couplings
are positive.

2. The wing design parameters which have the
greatest influence on flutter speed are the wing
vertical bending and torsion stiffness, and ver-
tical bending-torsion coupling. Reduced verti-
cal bending stiffness, increased torsional stiff-
ness, and positive vertical bending-torsion cou-
pling (bend-up, twist nose-down) all act to reduce
the amount of nacelle pitching motion present in
the wing vertical bending mode, which is the crit-
ical mode for the present model.

3. Flutter speed shows a much stronger sensitivity to
changes in the rotor parameters than the wing pa-
rameters. Optimization of wing parameters using
the relaxed set of constraints produces a design
that increases flutter speed by about 50 knots,
while optimizing the rotor parameters using the
tight constraints on the design variable yields a
130 knot increase in flutter speed.

4. A concurrent optimization of the key rotor and
wing design variables provides only a modest in-
crease in flutter speed over configurations result-
ing from optimization of rotor variables alone.

5. The optimization process produces generally in-
tuitive results. The configurations obtained
through formal optimization are consistent with
the stability trends identified by individually
varying each design parameter.

6. The optimization procedures described in this
study can successfully identify combinations of
design parameters that increase whirl flutter sta-
bility. The optimal designs require only modest
changes in the key rotor and wing design parame-
ters in order to significantly increase flutter speed.
Such changes may be possible while still respect-
ing other design constraints.
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Table 1: XV-15 Full-scale Test: Model Properties
Number of blades, N 3

Radius, R 12.5 ft
Lock number, γ 3.83

Solidity, σ 0.089
Lift curve slope, clα 5.7
Rotational speed, Ω 458 RPM

Blade Inertia Properties

Ib 105 slug-ft2

Iβ 81.8 slug-ft2

Iβα 105 slug-ft2

Iζ 70.4 slug-ft2

Iζα 82.6 slug-ft2

Sβ 10.2 slug-ft
Sζ 8.69 slug-ft

Design Parameters—Nominal Values
ωβ0 59.8 rad/sec
ωζ0 103 rad/sec

ωβG0 9.04 rad/sec
δ3 -15o

∆KPβ 0
∆KPζ 0

Rβ 1
Rζ 1
ωφ 225 rad/sec

ωq1 19.9 rad/sec
ωq2 32.2 rad/sec
ωp 67.4 rad/sec

KPq1 0
KPq2 0

Table 2: Constraints on Design Parameters
Tight Intermediate Relaxed

Constraints Constraints Constraints

(Lower Bound/Upper Bound)
∆ωβ0 -5%/+5% -10%/+10% -20%/+20%
∆ωζ0 -5%/+5% -10%/+10% -20%/+20%

∆ωβG0 -25%/+25% -50%/+50% -100%/+100%
δ3 -15o/-45o 0o/-45o +15o/-45o

∆KPβ -0.1/0.1 -0.3/0.3 -0.6/0.6
∆KPζ -0.1/0.1 -0.3/0.3 -0.6/0.6

Rβ 0.8/1 0.5/1 0/1
Rζ 0.8/1 0.5/1 0/1

∆ωφ -5%/+5% -10%/+10% -20%/+20%
∆ωq1 -5%/+5% -10%/+10% -20%/+20%
∆ωq2 -5%/+5% -10%/+10% -20%/+20%
∆ωp -5%/+5% -10%/+10% -20%/+20%
KPq1 -0.1/0.1 -0.3/0.3 -0.6/0.6
KPq2 -0.1/0.1 -0.3/0.3 -0.6/0.6

Table 3: Rotor Parameter Optimization Results
Tight Intermediate Relaxed

Constraints Constraints Constraints
∆ωβ0 +5% +10% +20.0%
∆ωζ0 -5% -10% -20%

∆ωβG0 +25% +50% +100%
δ3 -15o 0o -2.21o

∆KPβ 0.1 0.3 0.6
∆KPζ 0.1 0.3 0.190

Rβ 0.8 0.5 0.344
Rζ 1 1 1

∆ωφ +5% +10% +20%

Table 4: Wing Parameter Optimization Results
Tight Intermediate Relaxed

Constraints Constraints Constraints
∆ωq1 -5% -10% -20%
∆ωq2 +5% +10% +20%
∆ωp +5% +10% -11.2%
KPq1 0.1 0.3 0.572
KPq2 0.1 0.0714 -0.6

Table 5: Concurrent Wing/Rotor Parameter Optimiza-
tion Results

Maximize Maximize
Damping Flutter Speed

All Design Only Key
Parameters Parameters

∆ωβ0 +5% +5% 0% (fixed)
∆ωζ0 -5% -5% 0% (fixed)

∆ωβG0 +25% +25% 0% (fixed)
δ3 -15o -15o -15o (fixed)

∆KPβ 0.1 0.1 0.1
∆KPζ 0.1 0.1 0.1

Rβ 0.8 0.8 0.8
Rζ 1 1 1 (fixed)

∆ωφ +5% +5% 0% (fixed)
∆ωq1 +5% +2.07% +0.104%
∆ωq2 +5% +5% 0% (fixed)
∆ωp +5% +5% +5%
KPq1 -0.1 0.1 0.1
KPq2 -0.1 -0.1 0 (fixed)
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cal bending mode vs. airspeed (from Ref. 20)
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Figure 9: Boeing Model 222—Damping of wing ver-
tical bending mode vs. airspeed (from Ref. 20)
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Figure 10: Influence of blade flatwise bending stiff-
ness on flutter speed
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Figure 11: Influence of blade chordwise bending stiff-
ness on flutter speed
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Figure 13: Influence of δ3 angle (pitch-gimbal cou-
pling) on flutter speed (Baseline δ3 � 15o)
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Figure 14: Influence of additional pitch-flap coupling
on flutter speed
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Figure 15: Influence of additional pitch-lag coupling
on flutter speed
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Figure 16: Influence of distribution of blade flatwise
bending flexibility on flutter speed (Baseline Rβ � 1)
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Figure 17: Influence of reduced Rβ on couplings due
to blade flexibility distribution (Baseline Rβ � 1)
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Figure 18: Influence of distribution of blade chordwise
bending flexibility on flutter speed (Baseline Rζ � 1)
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Figure 19: Influence of control system stiffness on
flutter speed
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Figure 20: Influence of wing vertical bending stiffness
on flutter speed
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Figure 21: Influence of wing torsional stiffness on flut-
ter speed
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Figure 22: Influence of wing vertical bending-torsion
coupling on flutter speed
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Figure 23: Influence of wing chordwise bending-
torsion coupling on flutter speed

0

2

4

6

8

10

12

14

0 100 200 300 400 500 600

D
am

pi
ng

 R
at

io
, %

Airspeed, kts

b
c

β0
ζ−1

β+1

ζ+1

t

Figure 24: Rotor Optimization: Maximize damping
from 200 to 600 kts (tight constraints)
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Figure 25: Rotor Optimization: Maximize damping
from 200 to 600 kts (medium constraints)
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Figure 26: Rotor Optimization: Maximize damping
from 200 to 600 kts (relaxed constraints)
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Figure 27: Rotor Optimization: Variation of pitch-flap
and pitch-lag couplings due to distribution of blade
flexibility
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Figure 28: Wing design optimization: Optimization
unable to improve beam mode damping, due to chord
mode and torsion mode instabilities at high speeds
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Figure 29: Wing Optimization: Maximize damping
from 200 to 300 kts (tight constraints)
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Figure 30: Wing Optimization: Maximize damping
from 200 to 300 kts (medium constraints)
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Figure 31: Wing Optimization: Maximize damping
from 200 to 300 kts (relaxed constraints)

0

2

4

6

8

10

12

14

0 100 200 300 400 500 600

D
am

pi
ng

 R
at

io
, %

Airspeed, kts

β+1

c

b

t

ζ+1

0

ζ−1

β

Figure 32: Concurrent Wing/Rotor Optimization:
Maximize damping from 200 to 600 kts (tight con-
straints)
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Figure 33: Concurrent Wing/Rotor Optimization:
Maximize critical flutter speed (tight constraints)
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Figure 34: Concurrent Wing/Rotor Optimization:
Maximize critical flutter speed (tight constraints, key
parameters only)
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