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Abstract: Whirl flutter of a tiltrotor aircraft is a complex aeroelastic phenomenon and it can result
in catastrophic consequences. The deflection of an aileron mounted on a wing has the potential to
solve this fatal problem. Whirl flutter suppression using an actively controlled aileron is studied in
this study. Firstly, a semi-span aeroelastic model is established for the whirl flutter problem using
the Hamilton principle. This model is composed of three parts: a rigid rotor, a rigid nacelle and a
flexible wing, and the effect of the aileron deflection on the aeroelastic responses is also taken into
consideration through a quasi-steady aerodynamic model. In addition, the accuracy of this aeroelastic
model is validated with the results of two different wind-tunnel tests. Then, an LQR controller is
developed to control the dynamic deflection of the aileron, and a full-dimensional state observer is
built to estimate the state of the time-invariant system of a tiltrotor aircraft. Finally, simulations are
carried out using the aeroelastic model and the LOR controller at different flight conditions to study
the influence of the aileron deflection on whirl flutter. The simulation results demonstrate that the
flutter boundary speed can be improved by 18.1% with the active deflection of the aileron, compared
with the uncontrolled condition.
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aerospace9120795 driven aircraft with hovering and high-speed forward flight. This type of aircraft, however,
suffers from dynamic instability problems resulting from aeroelastic coupling between
the rotor and flexible wing. In high-speed flight conditions, the in-plane aerodynamics

1. Introduction

Academic Editor: Andrea Da-Ronch

Received: 29 October 2022 resulting from blade flap movement couple with the flapping and torsional deformation
Accepted: 1 December 2022 of the flexible wing. This coupling causes the instability of whirl flutter and limit the
Published: 4 December 2022 high-speed advantage of tiltrotor aircraft.

In general, there are two different ways to suppress the whirl flutter of tiltrotor aircraft,
namely active control and passive control. Typical passive control methods, such as blade
geometry optimization and aeroelastic tailoring [1-6], enable favorable coupling between
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{ations. the rotor and the flexible wing to improve the stability boundary of whirl flutter. In recent

years, new concepts of passive control, including extensions and winglets, have received

increasing attention [7-9], and their principle is to generate a restoring force which is

EY opposite to the twist motion of the flexible wing, using these additional aerodynamic
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Model 222 rotor [10], and the modal damping of the wing vertical bending mode, which
was critical for the whirl flutter phenomenon, was increased through the active control
of the collective and cyclic pitch angles of the rotors. In 1986, Nasu et al. at the NASA
Ames Research Center used APC (Active Pitch Control) to control the longitudinal cyclic
control of the rotor and selected the chord bending velocity as the feedback signal [11].
It was shown that this method was capable of improving the boundary velocity of whirl
flutter. In 2004, Mueller et al. of Eurocopter conducted an aeroelastic study by combining
multibody dynamics and a GPC (Generalized Predictive Control) algorithm, in which
the wing bending deformation was used as the feedback signal to control the input of
the swashplate, and the simulation results demonstrated that the GPC control was able
to extend the whirl flutter boundary by 21% [12]. In 2017, Matthew et al. carried out a
simulation study of the influence of active wing tips on whirl flutter stability [13]. The
deflection of the wing tips, which was controlled by a PID controller, was capable of in-
creasing the boundary velocity from 160 kts to over 200 kts, demonstrating that a movable
aerodynamic surface had the potential to improve the boundary velocity of whirl flutter.
Paik et al. examined the effectiveness of two different methods of active stability augmenta-
tion, including wing-flaperon and swashplate actuation, and feedback control based on the
wing states was used instead of full-state control for simplicity [14]. A new wind-tunnel
test model named Tiltrotor Aeroelastic Stability Testbed (TRAST) was developed by the
US Army and NASA, and an active stability augmentation test was conducted with this
testbed [15,16]. Ivanco et al. performed a simulation of active stability augmentation and
vibration reduction on a tiltrotor model; in this study, an aeroelastic model was established
for the TRAST model using the Rotorcraft Comprehensive Analysis System (RCAS), and a
GPC algorithm was used for the blade pitch [17].

The aforementioned studies have proven the effectiveness of active stability aug-
mentation methods. In order to further improve the performance of active whirl flutter
suppression, an active control method based on an LQR algorithm and full-order state
observer was built and tested through simulation. A comprehensive aeroelastic model com-
posed of a rigid rotor, a flexible wing and a rigid nacelle was established. Aerodynamics
generated by the aileron were calculated using a quasi-steady model. The experiment re-
sults of two different wind-tunnel tests were used to validate the accuracy of this aeroelastic
model. An active controller was designed based on an LQR (Linear Quadratic Regulator)
algorithm to control the deflection movement of the aileron. A full-order state observer
was built to obtain the unmeasurable variables of the flexible wing, which were used as
the feedback signals in the active control. The simulations were conducted at different
flight conditions to suppress whirl flutter using the established aeroelastic model combined
with the LOR controller. Based on the simulation results, a semi-span model equipped
with an actively controlled aileron will be designed and tested in a wind tunnel for further
validation of the active stability augmentation method.

2. Aeroelastic Model
2.1. Definition of Coordinate Systems

According to numerical research results, the symmetric modal coupling between
the rotor and flexible wing of a tiltrotor aircraft is more prone to whirl flutter than the
antisymmetric modal coupling [18], making a semi-span model sufficient for whirl flutter
simulation. In addition, this type of model can dramatically reduce the computational cost.
Therefore, a semi-span aeroelastic model was built in this study.

A series of coordinate systems were established to describe the motion and deforma-
tion of the semi-span model. The flexible wing and the coordinate systems defined on the
rotor are shown in Figure 1.
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Flexible wing

Figure 1. Flexible wing and coordinate systems defined on the rotor.

As shown in Figure 1, the origin of the inertial coordinate system {Ii i Ki}T is
defined at the root of the wing elastic axis. The origin of the undeformed coordinate system

{I; J+ K} "is located at the wing elastic axis. Three twist angles are generated between
the deformed coordinate system {Iw Jw Kw}T and the undeformed coordinate system
{Id Ja Ky } T of the flexible wing due to its elastic deformation. The nacelle coordinate
system {I, J, Kp} " is used to describe the movement of the rigid nacelle, with the origin

defined on the tilt hinge, and { Xpw Ypw Zpw } T are the biases of the origin with respect to
the wing elastic axis. &y is the tilt angle of the nacelle, with the angle corresponding to the

helicopter mode defined as 0°. {Ih In Kh}T is the rotor hub coordinate system, with its
origin defined at the center of the hub, and {xh Yn  Zp }T are the biases of the origin with

respect to the tilt hinge. The rotor rotating coordinate system {I, J; Kr}T is generated
by rotating the rotor hub coordinate system an azimuth of ¥ around the K}, axis. The blade

rigid flap coordinate system {I, J, Kg}T is established by rotating the {I, ], Kr}T
an angle of B~ + B, around the I, axis, with Bi. being the flap angle of the ith blade, and p

being the precone angle of the rotor hub. The blade pitch coordinate system {I, J, K} L
which is used to describe the rigid flapping and pitching motion of the rotor blades, is
attached to the pitching hinge.

2.2. Hamilton Principle

The aeroelastic dynamic equations of the semi-span model are derived using the
Hamilton principle [19-22] as expressed in Equation (1):

ty
51T = /(5u 6T — 6W)dt = 0 (1)

5]

In Equation (1), 6U is the virtual elastic potential energy of the model, including the
elastic wing and the rotor hub, given by:

ou = ‘Suwing + Upup 2)
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0T is the virtual kinetic energy, which combines the virtual kinetic energy of the elastic
wing, the nacelle and the rotor blades, and 4T is calculated by:

Np
oT = 6Twing + 5Tnacell€ + Z 5Tbi (3)
i=1

O0W is the virtual work of the aerodynamics. In this study, the aerodynamics of the
wing and the rotor blades are taken into consideration. §W is estimated as:

Np
oW = waing + Z ‘wa[ 4
i=1

2.3. Flexible Wing Model

The flexible wing is one of the most fundamental parts of the semi-span model, and
its elastic deformation is taken into consideration, while the movement of the fuselage is
ignored. Therefore, the wing can be modeled as a cantilever beam as shown in Figure 2.

Free stream V
A Wing tip

/
6, /7]

“Elastic ¥/
axis x

W
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»/  hinge

Y

Iw

Figure 2. Schematic of the flexible wing.

The motion modes of the flexible wing include the flap bending mode 41, chordwise
bending mode g, and torsional mode p, and mode shape functions are used to describe
the elastic deformation of the wing of these three modes. Since the whirl flutter boundary
of the tiltrotor aircraft is primarily determined by the lower modes of the flexible wing,
only the lowest order of the motion modes is retained, so that the elastic deformation of the
wing can be described as:

Zow(Yw, t) = q1(H)171 (Vo) 5)
Xw (Yo, t) = g2(1) 12 (Yw) (6)
O (Y, t) = p(t)e(yw) (7)

where z, Xy, and 6, are the flap bending displacement, the chordwise bending displace-
ment and the twist angle of the wing, respectively.

After defining the deformation of the flexible wing, its elastic potential energy can be
calculated by:

1 (vrw P2z, \ > 2x\ 320, \ 2
uwing = 5/0 [EIX<azyZ> +EIZ<azy:> +G](82y:) d}/w (8)

Then, the stiffness matrix related to the elastic potential energy can be determined using:

P20 Using
Kwij = W )
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The kinetic energy of the wing is given as:

1 fyrw 9z \ 2 oxp \ 2 96, \ 2
Twing = E/O [mz <atw) + my (atw) +19w<a:}> ‘|d]/w (10)

The virtual kinetic energy of the wing can be described as generalized forces as:

L 9(6Ty,
(STwing = Z ( wmg)

g (11)
D

The mass matrix related to the kinetic energy of the wing can be evaluated by:

9% (— 0T,
wy = I (=0Toing) ore ) (12)
! 94;0;
The work of the aerodynamics acting on the wing is expressed as:
YyTw —
Wwing = /O [FZ‘Zw + Fx-xw + (MP‘ew —Fz (XA'Cw‘Gw))}d]/w (13)

In Equation (13), X4 is the non-dimensioned bias of the aerodynamic center with
respect to the elastic axis. The virtual work of the wing related to the aerodynamics can be
described as generalized forces as:

i a(‘swwing)

5Wwing = Z

5q; (14)
1 a%’ %

The damping matrix and stiffness matrix related to the aerodynamic work are as follows:

Cy = L MWaing) (15)
‘LU]] adql(sq]
9% (—6Waping)
, = —————27 1
Ky = 5050 (16)

The structural damping of the flexible wing can be expressed as:
C = 20v MyKy (17)

where C is the modal damping, M, is the modal mass, Ky, is the modal stiffness and ¢ is
the modal damping ratio.

2.4. Nacelle Model

The nacelle is mainly composed of several large components, such as the engine and
rotor shaft. The elastic deformation of these components is not strongly related to whirl
flutter; hence, the nacelle can be described by a rigid model. Any point on the nacelle can
be expressed as:

Utip T Xpw T Xp
Rpi = g Utip + (waTwi) Ypw + (TprwdeTdi) Yp (18)
Wip Zpw Zp

where {xpw Ypw sz}T is the bias of the nacelle connection point with respect to the

elastic axis of the wing, {x, vy, zp }"is the coordinate of any point located in the nacelle
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coordinate system and {utip Utip  Wtip }T is the displacement vector of the wing tip. The
velocity of any point related to the nacelle can be calculated by:

AR

Vyi = —F (19)

Then, yields the virtual kinetic energy of the nacelle:

Taceie = [ [ [ 0p8ViVyuav 0)

The degrees of freedom (dof) of the nacelle are identical to those of the wing, and
g={n 9 p}T. Hence, the linearized mass matrix of the nacelle can be expressed as:

MP-v _ 82(_5Tn7celle) (21)
Y 94q;0;

2.5. Rotor Model

In this aeroelastic model, the flap bending stiffness of the rotor hub with a universal
joint is taken into consideration, while each rotor blade is treated as a rigid body. Then, the
virtual elastic potential energy of the ith rotor blade resulting from the flap motion can be
expressed as:

OU; = OB (DkpcPe(t) 22)
where kg is the flap bending stiffness of the rotor hub. The flapping angle of the ith rotor

blade B (), which is related to the rigid flapping dof of the rotor hub, can be expressed in
terms of the flapping dof of the rotor hub and the azimuth ¥;(t) of the ith rotor blade:

B (1) = [cos ¥i(t) — sin (1) [’ggggfﬂ 23)

Adding the virtual elastic potential energy of each blade together yields the virtual
elastic potential energy of the rotor:

i Bcs(t)

Ny Ve
Upyy = ) 0U; = [0Bcc(t) dBcs(t)] [ (2) Nﬁm] [ﬁGC(t)} (24)
2

The dof of the rigid rotor blade, which combines the convected motion resulting
from the wing elastic deformation and the blade’s rotating dof B{;(t), is expressed as

i T cps . .
q={m g2 p P} . The position vector of any point in the blade coordinate system
can be expressed in the inertial coordinate system as:

Utip T Xpw T X
Rgi = 1 Vtp + (TawTwi)" § Ypw +(TprT£dewTwi) Yh

wt,‘p Zpw Zy (25)
T | Xb
+ (TbngrTrpThpr prdeTdi) Yo
Zb
The velocity of this point is calculated by:

Ri dt
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Then, the virtual kinetic energy of each blade is given by:

6Tyate = | | [ 0v6VikVriav @)

Using the zero-time end condition and exchanging the order of integration, we can obtain:

OTpiade = / / / PpOR i RpidV (28)
The virtual kinetic energy of each blade can be described as generalized forces as:

L Ao,
6Thiade = ), (E)ZWE)Mi (29)
1

1

The linearized mass matrix of the rotating blade can be represented as:

2(_
M;, = S 0Totade) (30)
v 044;09;

Then, the stiffness matrix and damping matrix related to the blade virtual kinetic
energy are given by:
0*(—0Tplade)

— blade) 1
Ky, 360,54, (31)
2(_
Cp. = M (32)
! 90904,
The transformation from the rotating frame to the non-rotating frame is expressed by:
() 100 0 0 Eg
@ _ (010 0 0
) (“loo1 o 0 <t()t) (33)
L(t 0 0 O cos¥(t) —sin¥;(t e
0 0 st | Fec)

The sectional aerodynamic loads acting on the rotor blade are given by:
p( +VE)ee (34)

1
Fo = 5p(VF+ V3 )ecq (35)

Decomposing these loads into components perpendicular and parallel to the rotor
disk, we will obtain:
F,=0
F, = —Fsin¢ — Fpcos¢ (36)
F, = Fycos¢ — Fpsing

The sectional aerodynamic loads of the rotor blade are denoted as:

Fy={F F FE}' (37)

They can be expressed in the inertial coordinate system as:

T
Fci = (Tngrp Thpr prdeTdi) 'Pcb (38)
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Then, the virtual aerodynamic work of each blade can be calculated by:

R T
—~ Witate = = | (TorTopTup Ty Ty TuaTar) -Fes- R (39)

The virtual work of each blade related to the aerodynamics can be described as
generalized forces as:
L 9(6W,
Whlade = ) (7W54i (40)
1 9;
Finally, the stiffness matrix and damping matrix related to the aerodynamic loads can

be determined as: X
_ 97 (—6Whlade)

bij — 85%5% (41)

Cp, = o tlade) (42)

2.6. Aerodynamics of the Aileron

According to quasi-steady aerodynamic theory [23,24], the additional aerodynamic
loads generated by the aileron, including lift AL and moment AM, can be calculated using

the pitch angle d¢, angular velocity 6 ¢ and angular acceleration 6 f of the aileron as follows:

AL = %pc [cmféfll? + clsf(ffutz +wa5f:|

. ; (43)
AM = %pc [Cm(sféfutz + cméféfuf + Cmsf(sf]
These loads are denoted as:
F* = [Dy]6 + [D1]6 + [D)s (44)

In this study, the deflection motion of the aileron is selected as the control input. Therefore,
the linearized governing equation of the semi-span model is given in the following form:

[M]G + [C]g + [K]q = [D2]6 + [D1]6 + [Do)o (45)

where g = {1 92 p Bcc ﬂGS}T. q1, 92 and g, represent the flap bending mode,
chordwise bending mode and twisting mode of the flexible wing, respectively. Bcc and
Bgs are the flapping angles of the rotor hub described in the non-rotating coordinate system
of the rotor hub.

2.7. Model Validation I

Firstly, the wind-tunnel test, which was conducted by Bell Helicopter with a full-
scaled semi-span tiltrotor model [25], was chosen to validate the accuracy of the established
model in this study. This test was performed at the 40-by-80-foot wind tunnel at the Ames
Research Center, and the fundamental parameters of this test model are listed in Table 1.

The modal damping and the modal frequencies of this semi-span model at different
flight speeds were calculated by the aeroelastic model built in this study. As shown in
Figure 3, the calculated values are in good agreement with the experiment results given in
reference, indicating that the established aerodynamic model is of high accuracy.
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Table 1. Fundamental parameters of the Bell test model [25].

Parameters Value
Number of blades N, 3
Rotor radius R 3.81m
Rotor solidity o 0.089
Rotor blade pitch/flap coupling K, —0.268
Lift curve slope a 57
Rotor rotational speed in hover (), 565 r/min
Rotor rotational speed in cruise (). 458 r/min
Blade flap inertia Ig 142 kg/m?
Wing length (semi-span) Ly, 1.333R
Wing chord length ¢ 0413 R
Rotor mast height 0.261R
Pylon center of gravity location /1, 0.05R
Pylon mass 655 kg
Pylon pitch moment of inertia Iy, 257 kg/m?
Pylon yaw moment of inertia Iy 231 kg/ m?
Wing sweep angle dy, —6.5°

15

o : Experiment
| Dash line: Reference
Solid line: Simulation Elapping

Chordwise bending /

10

Modal damping ratio (%)

Torsion

0 1 1 1 1
0 200 400 600 800 1000
Flight speed (km/h)
Figure 3. Variation of wing modal damping ratio with cruise speed.

2.8. Model Validation II

In order to study the aeroelastic characteristics of the tiltrotor aircraft and to validate
the accuracy of the numerical methods, we performed a wind-tunnel test with a scaled
semi-span model, as shown in Figure 4. The basic parameters of this model are listed in
Table 2, and more detail about the wind-tunnel test can be found in [26].

Figure 4. Wind-tunnel test with a scaled semi-span model.

In the wind-tunnel tests, the nacelle vibrations were measured at different wind speeds
using accelerometers, which were fixed on the nacelle. The vibration responses at wind speeds
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of 15m/s and 20.5 m/s are shown in Figure 5. It can be seen that, at a wind speed of 20.5m/s,
the nacelle vibration increased dramatically, and whirl flutter phenomenon appeared.

Table 2. Fundamental parameters of the scaled semi-span model.

Parameters Value
Number of blades N, 3
Rotor blade chord length ¢, 31 mm
Rotor rotational speed in cruise (). 1200-1800 r/min
Wing length (semi-span) Ly, 690 mm
Wing chord length ¢ 240 mm
Airfoil of wing NACA0024
Number of wing sections Ng 7
Span length of wing section L 80 mm
Wing dihedral angle J; 0°
Wing sweep angle J5 0°
Wing preinstall angle dpr 0°
Rotor mast height 150 mm
® 08
_5 06 F|— 15.0m/s
-é 04 | 20.5m/s | /
mw 8
_TS 02 C
£ ool
=3 I
£ 02 F
§ sl (/Y
5 b
g 06 ‘L 2
[} L S r o il
g -08 L. ¢ v
< -08 <06 04 -02 00 02 04 06 08

Acceleration in chordwise direction (g)
Figure 5. Nacelle vibrations at different wind speeds.

Numerical simulations were carried out with the established aeroelastic model, in
which a transient response analysis method was employed. The torsion responses at about
20 m/s are demonstrated in Figure 6. The wing torsion response converges slowly at a
wind speed of 20 m/s; however, if the wind speed increases to 21 m/s, the response cannot
converge, illustrating that the whirl flutter boundary of this semi-span model is around
21 m/s, which is in good agreement with the test results.

1.2 ——— — 1.2 - —
£ 10 ' | Spanwise position: £ 10 | anwise position: 170 mm ]
3 0.8 | Al iy g 0.8 - ' } ﬂ Mf N
S 06 . c 06 i it
Q Q i
7 04 Z 04 L
o g ‘
ED 02 i .,“f %Q 02 ‘ ‘
2 00 Spanwise position: = 0.0 rjk,,,,,
= 680 mm =
-0.2 PN T S -0.2
0 1 2 3 4 5 1 2 3 4 5
Time (s) Time (s)
(a) (b)

Figure 6. Wing torsion responses at different wind speeds: (a) 20 m/s; (b) 21 m/s.
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3. Active Controller and State Observer
3.1. Active Controller Based on LQR Algorithm

For the time-invariant system of the semi-span tiltrotor model, its state equation and
output equation can be expressed as:

x(t) = Ax(t) + Bu(t)
y(t) = Cx(t) + Dul) o)
where x = {‘71 G P Boc Bos 1 92 P Bac ,3(;5} y={q 4 p (5}T.
The objective function is defined as:
1=3 [ [ Qw0 + T oRru(n)]a 47)

In Equation (47), Q and R are the weight matrices. In performing the Laplace transfor-
mation on Equation (46), the following is obtained:

sX(s) = AX(s) + BU(s) + xo (48)

Then:
X(s) = (sI— A) 'xg+ (sI — A) " 'BU(s) (49)

Applying the inverse Laplace transformation to Equation (49) yields:
t
x() = L7Y[X(5)] = eAxo(t) + / A=) Bu(t)dr (50)
0
Given that the feedback control signal satisfies the following relationship:
u(t) = —Kx(t) (51)

Here, the state feedback control is defined, as represented by K in Figure 7.

> D

[ |
(==
|

u

Figure 7. Diagram of state feedback control.
Substituting Equation (51) into Equation (46) yields:
x(t) = Acx(t) (52)

where
A. = A—-BK (53)

With the state feedback control, the natural vibration characteristics of the semi-span
model are determined by matrix A.. The solution of Equation (52) has the following form:

x(t) = e?elxg (54)
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Then, the objective function defined by Equation (47) becomes:
J=xl [/ Al (Q + KTRK) eACTtdt} xo = xT Xxg (55)
J0
According to the optimal control theory, the optimal controller can be obtained as:
K=R"'BTX (56)
X should satisfy the following Riccati equation:
ATX + XA —XBR'BTX+Q=0 (57)

According to Equation (51), the controller output is determined by state variable x(t);
however, it is not practically measurable. Therefore, a state observer is needed which will
be described in the following section.

3.2. State Observer

Since it is convenient to measure the acceleration responses of the semi-span model
in wind-tunnel tests, the accelerations are selected in this study to reconstruct the state
variable x(t) using a state observer. The dynamic equations of a full-order state observer

can be expressed as:
2(t) = A%(
y(t

#() = A%() + Bu(t) — H[g(t) — (1) 59)
= (A— HC)&(t) + Bu(t) + Hy(t)

In Equation (59), (A — HC) is defined as the system matrix of the state observation,
and H is an n-by-q matrix.

The estimation error of the state observer can be given by combining Equation (46)
and Equation (59):

t) + Bu ) —y(t)]
Y = C2(t) + Du( 8)

Then,

x(t) — 2(t) = eAHOE) [x (1) — (k)] (60)

The convergence of the estimation error relies on the configuration of matrix A — HC.
Provided that the real parts of its eigenvalues are negative, the estimation error will
converge rapidly, and the convergence rate depends on the pole configuration of the
observer. The observer designed in this study is shown in Figure 8.

[p |
» D

State feedback
control

State observer

Figure 8. Diagram of state observer.
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4. Simulation Results
4.1. Model Configuration

A simulation model was established by adding an actively controlled aileron to the
Bell semi-span model as shown in Figure 9. The distance between the pitching axis of the
aileron and the aerodynamic center of the airfoil is I, = 0.5¢, while the distance between the
wing root and the inner end of the aileron is /3 = 0.5R. The maximum deflection amplitude
of the aileron is limited to £6°. Other characteristics of the simulation model, such as the
stiffness and inertia configuration, are identical to the Bell model.

Aerodynamic
I center

5 a__‘.:::- ﬁz________/

(a) (b)

Figure 9. Schematic of the simulation model: (a) Aileron mounted on the wing; (b) Cross section of
wing with aileron.

4.2. Whirl Flutter Suppression

A root locus was applied to evaluate the stability of the semi-span model. As shown
in Figure 10a, if the LQR controller is turned off, the root locus, which corresponds to the
wing flapping mode, crosses the imaginary axis and moves into the right half of the s-plane
at a forward flight speed of 828 km/h, meaning whirl flutter occurs.

100 100
80 Progre:.e% 80 I I:;;;:gsive
flapping B Happing
+ 60 - Wing chordwise + 60 - Wing chordwise
& bending a bending
— 40+ — 40
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Figure 10. Root locus of the semi-span model: (a) with controller off; (b) with controller on.

Figure 10b demonstrates the root locus of the semi-span model with the LQR con-
troller turned on. In this condition, the root locus remains in the left half of the s-plane,
illustrating that the system is stable and the actively controlled aileron combined with the
LOR controller is effective in improving the whirl flutter stability of the tiltrotor aircraft.

Transient response analyses were performed at forward flight speeds of 920 km/h,
970 km/h and 990 km/h. At the 10th second, an acceleration disturbance was applied at the
end of the wing to stimulate its whirl flutter, and the deflection angle of the aileron is shown
in Figure 11. It could be seen that the aileron responded rapidly to suppress whirl flutter,
demonstrating the effectiveness of the aileron as well as the established active controller.
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5. Conclusions

In this study, a semi-span aeroelastic model was established for a tiltrotor aircraft to
evaluate the influence of an aileron on whirl flutter phenomenon. In this model, the elastic
deformation of the wing and rotor hub was taken into consideration, while the rotor blades
and nacelle were treated as a rigid body. An active controller combined with a full-order
state observer was built to control the deflection of the aileron. Numerical simulations were
carried out at different forward flight speeds. The principal conclusions are as follows:

Firstly, the established aeroelastic model is capable of predicting the whirl flutter
boundary of a tiltrotor aircraft. Secondly, a wing-mounted aileron, which was controlled
by a controller based on an LQR algorithm and full-order state observer, is effective in
increasing the whirl flutter stability. For the simulation model in this study, its boundary
speed of whirl flutter was increased from 828 km/h to above 978 km/h.

Future works will focus on experimental research on whirl flutter suppression using an
actively controlled aileron. A scaled model equipped with an aileron driven by piezoelectric
actuators was proposed and wind-tunnel tests were scheduled in the following years.
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