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Abstract
aircraft control surface, which is based on magneto-

A new flutter suppression strategy of

rheological(MR) damper, is presented in this paper. A 3-
DOF aeroelastic equation of two-dimensional airfoil
with control surface and an MR damper is developed for
analyzing flutter of control surface. Unsteady
aerodynamics is modeled with an approximation to
Theodorsen’s theory. In order to increase the critical
flutter speed of airfoil, the effects of damping on the
flutter speed are also investigated under various system
parameters. The numerical results demonstrate that the
effects of control surface damping on the flutter speed of
airfoil exhibit saturation phenomena. That is, ‘saturated
damping (a relative larger damping)’, under which the
flutter speed is insensitive to the increase of the damping
of control surface. For increasing flutter speed of airfoil,
the MR damper with constant control current 3A, is
introduced to the airfoil structure. This ensures a
remarkably augmented damping ratio in comparison
with the original aeroelastic system without MR damper.
Numerical simulations indicate that MR damper can
provide the so-called saturated damping such that the
critical flutter speed of airfoil can be greatly increased

under the system parameters given in this paper.

Keywords: flutter suppression, MR damper, control
surface of airfoil, aeroelastic system
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1. Introduction

Flutter is the self-excited vibration in a wing caused
by airstream energy being absorbed by the lifting
surface. Flutter increases with the increasing speed.
Flutter analysis is related to aeroelasticity, which is the
interaction of structural, inertial and aerodynamic loads.
Combined these loads may cause aircraft components to
become unstable. Therefore, flutter suppression is one of
the most important issues in the design of high-
performance aircraft. Traditionally, flutter suppression is
realized through active control technologies based on
modern control theory. Active suppression of aeroelastic
instabilities such as flutter, divergence and control
reversal, will lead to improved performance. Many
control strategies have been applied to suppress flutter
or control wing motion, such as LQG"), H= control'?,
and so on. However, the major disadvantages using
active control in aircraft flutter are the highly energy
source requirements and complexity in design of control
systems.

In recent years, semi-active vibration control
devices are receiving significant attention because they
offer combined advantages of both passive and active
control system. Many types of semi-active control

devices such as electrorheological (ER) or MR dampers



have been developed for vibration attenuation of various
dynamic systems”‘ 4 These two kinds of dampers use
controllable fluids. Recently developed MR fluids
appear to be more attractive compared with ER fluids.
Carlson and Weiss '*! indicated that the yield stress of an
MR fluid is an order of magnitude greater that ER
counterpart and that MR fluids can operate at
temperatures from —40 to 150 °C with slight variations
in the yield stress. "I‘herefore, MR damper is more
practical in comparison with the ER damper in the field
of semi-active control. To take full advantages of the
MR damper, the output force model of MR damper must
be developed. In general, analytic and experiment
methods are adopted to modeling damping force of MR
damper. There are many analytic models to describe the
behavior of the MR damper: the nonlinear Bingham
model, nonlinear biviscous model, Bouc-Wen hysteretic
model, and so on. However, most applications related to
MR damper are limited to the field of civil engineering.
Our motivation is to extend the application scope of MR
damper and to apply MR damper to the flutter
suppression of airfoil.

This paper is organized as follows: In section 2,
aeroelastic equation of airfoil with control surface is
established. The effect of control surface damping on
flutter speed is discussed in section 3. Section 4
investigates the damping augmentation of control
surface using MR damper with constant control current.

Conclusions are drawn in section 5.

2. Aeroelastic Modeling of Airfoil with
Control Surface

Fig.1 shows the typical two-dimensional airfoil
with an MR damper to provide control surface with
large damping. [ is the length of brace at control surface
hinge. To demonstrate the effects of damping of control
surface on the flutter speed of this aeroelastic system, a

3-DOF aeroelastic equation of airfoil without MR

MR damper /

Fig.1 The sketch of two-dimensional airfoil with MR damper
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Fig.2 Mechanical model of the aeroelastic system with three degree-of-freedom
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damper should be developed. The situation with MR
damper will be discussed in section 3. The mechanical
model of airfoil with control surface is shown in Fig.2.
The trailing edge flap is hinged at x =cb. The airfoil
has a translational spring with stiffness k, as well as the
torsional spring with stiffness k, at the shear center.
kg is the torsional spring stiffness at control surface
hinge. The generalized coordinates are chosen as plunge
motion A, pitch motion & and the relative deflection of
control surface B, thatis g=[h a B]".The sum of
potential energy V and the kinetic energy T can be
expressed as function of the generalized coordinates and
its derivatives. Based on assumption of small deflections,

the application of Lagrange’s equations

_d AT -V)) (o -V) _ a)
e

on this lumped parameter system (without MR damper)
in the airstream results in a non conservative linear

system, can be expressed as

m mx, mxg
mx, mr} mr} +mx p (bc—ba) Zj
mxy  mr} +mx, (bc—ba) mr

c, k, F
+ Co g+ k, Gg=| M 2
Cp kp Mg

where C4sCqrCp denote damping coefficient of plunge,
pitch and control surface motion, respectively. The right
hand side of equation (2) denotes the lift F , the
aerodynamic momentum M and hinge momentum M .
Mass:
m= J pdx
The second moment of inertia of the airfoil about shear
center:
= J px’dx = mr?

The second moment of inertia of control surface about
hinge center:

= [ p(x~ (bc - ba))*T* (x— (bc — ba))dx = mr}
where U is uhit step function.
The first moment of inertia of the airfoil about shear

center :

Sq =Jpxdx=m.xa

The first moment of inertia of control surface about hinge
center:
Sp = [ P(x—(be - ba))U (x - (bc — ba))dx = mx,

Equation (2) can also be written as

m mx,, mx g
mx, mr; mr,; +mx,(c—a)|q
_mfp mFa2 +mxg(c—a) mez
[z, k, Flb
+ c, g+ k, g=| M/b* | (3)
i ¢, ky Mg 1b?
where
X,=x,/b, Xy=x41b, T,=r,1b, Fy=rylb,
g, =¢,, ',,=c IR, B =cylb®,
ky=ky, k, =k, Ib*, ky=kylb?,
g=[h/b a BT .
By introducing the following parameters
k k k
ol =4, j=f, wp —I—j-
and

R e

the equation (3) can be changed into

[M1{q)+[C)(g)+[K1(g) =(F,) “
where
1 X, Xg
(Ml=m-| X, oy Ta +Xg(c—a)
f,, r,,,z +J_cp (c—a) r',,2
%,0,
[Cl=m 2%, 7w,
25T 0,
o,
[K]l=m- rlo?
HH

(F,)=[F/b M/b? Mg /b*)"
Unsteady aerodynamic loads are given by

(F,} = q2CR) RIS, 1{a}+§c<k)mtsznq‘1

2b2
—{M . ]{q}+ [B..c](q}+2[K gl
=q[ZC(k)[R][Sl]+12kC(k){R)[52]—2k M, ]
+i2k[B, 1+ 2[K . 11{q)
=q[2C(k)[R][Sl]+23"C(k){R}[S2]+232[MM]
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+25[B,. 1+ 2K, 11{q)
=qA(5){q} (5)
where 5§ =ik=sb/V, sis Laplace variable, V is
airspeed, kis reduced frequency, g=p,,V’/2
denotes dynamic pressure, p,, is air density. C(k) is
Theodorsen function, can be approximated as

0.0075 , 0.10055
Cl =05+ 0045 jk+03 ©)
~21 - =
[R]=|2n(a+0.5)|, [S,1=[0 1 %]
=T,

T,
[S,]1=01 0.5-a —*
T

- na Y

M, 1=| ma —7:(%+a2) -2T,,

o3

T, =27, 3

0 - T,
1
[B,.1=]0 n(a—E) ~Tie

y ¥
o ory o
00 O
[Km:]: 00 _7‘15
00 —Jn
(2

T, ~T,, can be seen in reference[6].

For the time domain analysis, it is necessary to
transform the equations of motion into the state space
form. This requires to approximate the frequency domain
unsteady aerodynamic forces in terms of rational
functions of the Laplace variable. In this paper, Roger’s
approximation is very simple and accurately transforms
unsteady aerodynamic forces from frequency domain
into the time domain.

Roger’s approximation

N P 5
A(E)=[Po]+[P,]E+[P2]§2+Z~[’—k ()

SH5+0,,

O, is the aerodynamic poles which are usually

preselected in the range of reduced frequencies of interest.

Let’s define the calculated aerodynamic forces as

I W SSARR me = B S S 2 = A\ S

AlTﬂr/\rl—quv/
|

A(5)=[F(5)]+i[G(5)] . Then the real and imaginary
part of the approximated aerodynamic matrix will be

X [P)-5?)
A= ~2 J . 8
Re[A(5)] =[F, 1+[P,]s +,=3 Fheol, (3a)
N [P 5
1m[A(§)]=[p|]§+Z_[!_]_Gf_'2f_ (8b)

S (5hH+or,
The matrices [P;] are determined using least square

technique to fit the aerodynamic matrix, A(5).
2 [Aaero]” [Aaero](x,} =Z [Aaero]” [Baero] (9)
i

i

where
k?
1 0 -k} ——
ki +0;,
[Aaero] = , 4
oj—Zki
0 k, O 5 5
ki +0;,
F(k
[Baero]={~ ( ')},
G(k;)
x)=IFf B B Py
Define augmented aerodynamic state as
_ 5 - s _
(94)== {q}= {q},
5+0,;, S+Ka |
b J

(G,)= {3}-%0,--2{5,,1 .

then, the aeroelastic equation in state space becomes

{x,}=[Al{x,} (10)
where
0 1 0 0 ]
-M7'K -M'C qM’'P, gM'P,

Vv
P I (2 VN

(x,)=1g" q"

dr v qwl’
[M]=[M]-qP, 5Y [C1=[C]-qP, LS
B aly e "y
[K1=[K]-qP,

3. Effects of Control Surface Damping on
the Flutter Speed

To gain some knowledge about realizing damping
augmentation of control surface using MR damper, this
section deals with the effects of control surface damping
on flutter speed of airfoil. System parameters are listed in
Table 1.
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