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Abstract

Rotating composite beam structures like blades are applied in many fields of aerospace and mechanical engineering. In

this research, bending vibration control of the pre-twisted rotating composite thin-walled beam is studied. The formulation

is based on single cell composite beam including a warping function, centrifugal force, Coriolis acceleration, pre-twist angle

and piezoelectric effect. A negative velocity feedback control algorithm is applied to realize the adaptive capability of the

beam. Using a finite-element method, numerical simulations show that macro-fiber composite (MFC) actuators which are

piezoelectric fiber composites and PVDF sensors can generate active vibration control effect. Relations between active

vibration control effect and design parameters of beams such as rotating speeds, pre-twist angles and fiber orientations in a

host structure are investigated in detail. Besides, a case study conformed that the effective damping performance can be

obtained by suitable arrangement and distribution of the sensor and actuator pairs.

r 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Thin-walled beams are applied in many fields of aerospace and mechanical industry. Helicopter blades, tilt-
rotor aircraft blades, flexible robot arms and wind turbines are representative examples of structures that have
the shape of a thin-walled beam. Recently, composite materials have been widely used in these structures,
obtaining an increased specific stiffness and specific strength. Because composite structures possess flexible
characteristics, vibration suppression has emerged as an important problem in determining the operating
quality of the system. Vibration suppression methods are classified into passive method and active method.
Recently, the later has been focus of research, because it can be allowed the adaptability according to
circumstances.

Numerous researches have been conducted on composite thin-walled beams. Rehfield [1] studied the
design analysis methodology of a thin-walled beam for composite rotor blades. Rehfield et al. [2] discussed the
ee front matter r 2006 Elsevier Ltd. All rights reserved.
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non-classical behavior of thin-walled composite beams with closed cross sections. Chandra and Chopra [3]
investigated the vibration characteristics of rotating composite box beams by experiment and theoretical
methods. Smith and Chopra [4] researched the aeroelastic response, loads and stability of a composite thin-
walled beam whereas Song and Librescu [5] studied the free vibration of anisotropic composite thin-walled
beams with a closed cross-section contour using an extended Galerkin method. In addition, Stemple and Lee
[6] investigated composite beams undergoing a large deflection with arbitrary cross-section warping using a
finite element method. Also, Oh et al. [7] discussed the effects of pretwisted and presetting angle of rotating
thin-walled composite beam.

Research has been intensifying over the past two decades regarding active vibration control methods for
structures by use of smart materials. The potential and suitability of using smart composite structures for
active suppression of vibration in aerospace industry is a widely investigated topic of research. The most
widely used smart materials for vibration control in structures are piezoelectric materials since it has desirable
characteristics; fast response and covering a broad range of frequency. They generate an electric charge when
subject to a mechanical deformation, which is called the direct piezoelectric effect. Conversely, mechanical
stress or strain is produced by applied electric field, which is called the converse piezoelectric effect. These
properties allow piezoelectric materials to act as distributed sensors and actuators in the active control of
dynamic systems. Reddy [8] proposed theoretical formulations and finite element models for laminated
composite plates with integrated piezoelectric sensors and actuators based on the classical and shear
deformation plate theories. Lam et al. [9] studied a finite-element model of a composite laminated plate with
distributed piezoelectric sensors and actuators for active vibration control using a negative velocity feedback
control algorithm. In his study, the static analysis of a piezoelectric actuation and active vibration suppression
of a cantilevered composite plate are performed as a numerical simulation. Further, Mukherjee et al. [10]
presented a general formulation for active vibration control for a stiffened plate with piezoelectric actuators
through a negative velocity feedback control and investigated the influence of the position of stiffener.

Also, a rotating active beam using piezoelectric materials has been studied. Song et al. [11] researched the
vibration of rotating blades modeled as anisotropic thin-walled beams containing piezoelectric materials
through the proportional control law and velocity control law. Chandiramani et al. [12] discussed optimal
vibration control of a rotating composite beam with distributed piezoelectric sensing and actuation. They
presented the numerical simulation for a time varying load that is often applied to structures such as rotor
blades. Also, Koldoff et al. [13] studied the active control of a composite box beam using surface bonded
piezoelectric materials actuation for individual blade control (IBC). Further, Choi and Han [14] gave a
concrete expression for the vibration control of the rotating cantilevered beam using piezo-actuator in an
experimental method.

The most widely used piezoceramics (such as lead zirconate titanate: PZT) for vibration control are in the
form of thin sheet that can be readily embedded or attached to composite structures. However, the typical
piezoceramic actuator has some disadvantages. They have the brittleness of piezoceramics which makes them
vulnerable to damage. In addition, they can hardly conform to the curved surface. To overcome these
drawbacks of a typical piezoceramic actuator, active fiber composite (AFC) actuator was introduced by Bent
[15] and macro-fiber composite (MFC) actuator was developed by Wilkie et al. [16] recently. These piezo-
composite materials consist of the piezoceramic fiber, epoxy matrix and interdigitated electrode. In addition,
they have advantages as follows. Piezo-composite materials can utilize the d11 piezoelectric constant to the
direction of piezoceramic fibers which is larger than the d31 piezoelectric constant of the typical piezoceramic
actuator. Also, the polymer matrix can protect piezoceramic fibers against the impact and it makes piezo-
composite materials flexible. Therefore, they can conform to the curved surface easily. These advantages of
piezo-composite materials can be applied to more practical applications of smart structure technology.
Further, piezo-composite materials can produce a twisting actuation due to the anisotropic characteristics;
difficult to achieve using the typical piezoceramic actuator. Plessis and Hagood [17] studied the modeling and
experimental testing of twist actuated single cell composite beam using AFC for blade control. Cesnik and
Shin [18] studied the vibration problem in a helicopter rotor blade using AFC for active individual blade
control. Also, Sheta et al. [19] researched active control of F/A-18 vertical tail buffeting using MFC actuators.

Till now, general piezoceramic actuators have been widely adopted in the reduction and control of the
bending vibration for rotating beam structures. In the present study, piezoelectric fiber composite actuators are



ARTICLE IN PRESS
S.-C. Choi et al. / Journal of Sound and Vibration 300 (2007) 176–196178
selected and, main aim is to improve the damping performance for bending vibration control of the rotating
composite thin-walled beam using MFC actuators and PVDF sensors. The formulation for vibration control of
the beams is based on the single cell composite beam, including a warping function, centrifugal force, Coriolis
acceleration, pretwist angle and piezoelectric effect. A negative velocity feedback control algorithm coupling the
direct and converse piezoelectric effects is used to actively control the dynamic response of the structure through
a closed control loop. Numerical studies based on a finite element method are performed, and dynamic
responses of the beam are analyzed. The effects of feedback control gain on damping performance are examined
in detail. Furthermore, influences of parameters, such as rotating speeds, pre-twist angles of the beam, and fiber
orientations in host structure are investigated. Also, a case study confirmed effective damping performance by
the suitable arrangement and distribution of sensor and actuator pairs.

2. Formulation

2.1. Basic assumptions

In this study, we will use the following assumptions for modeling of the thin-walled, single cell, composite
beam [1,17]:
(1)
 Cross-sectional shape is maintained during deformation but out-of-plane displacement is allowed.

(2)
 Wall thickness is small compared to other dimensions so that the problem can treated as a thin-walled,

plane stress problem.

(3)
 The transverse in-plane normal stresses are negligible (no internal pressure).

(4)
 Rate of twist can vary along the length of beam and it acts as a measure of the torsional warping of the

cross section.
2.2. Kinematics

Fig. 1 describes the rotating flexible beam model. The origin of the rotating axis system (X, Y, Z) is located
at the root of the beam, and R0 is the radius of the rigid hub. Also, the beam rotates about its polar
axis through the origin O. The length of the beam is l with the constant rotating speed O, and the local
coordinate system (Xp, Yp, Zp) is defined as the principal axes of an arbitrary beam cross section as shown in
the figure. The transformation formulas between two coordinate systems (X, Y, Z) and (Xp, Yp, Zp) are as
follows:

X

Y

Z

8><
>:

9>=
>; ¼

1 0 0

0 cos bðxÞ � sin bðxÞ

0 sin bðxÞ cos bðxÞ

2
64

3
75

X p

Y p

Zp

8><
>:

9>=
>;, (1)

where bðxÞ ¼ gþ b0ðx=lÞ.
In Eq. (1), g is the setting angle, b0 is the pre-twist angle per unit blade length, and b(x) is the pre-twist angle

in the arbitrary section.
The fixed coordinate system ðX ;Y ;ZÞ is attached to the center of the hub that is to say at O. In addition, the

local Cartesian coordinate system (x, t, n) is located at the mid-plane of the cross-section of the laminate beam
wall and moves around the contour with circumferential coordinate s. In the local coordinate system, t is the
tangential coordinate and n is the outward normal coordinate.

Also, the position, velocity and acceleration vectors for the deformed structure are described as [22]

R̄ ¼ ðxþ uþ R0Þiþ ðyþ vÞjþ ðzþ wÞk,

v̄ ¼ _u� Oðyþ vÞð Þiþ O _vþ ðxþ uþ R0Þð Þjþ _wk,

ā ¼ €u� 2O _v� O2ðxþ uþ R0Þ
� �

i

þ ð€vþ 2O _u� O2ðyþ vÞ
� �

jþ €wk. ð2Þ
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Fig. 2. Position vector of a point in the beam wall.

Fig. 1. Rotating composite thin-walled beam.
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2.2.1. Displacement fields

To reduce the three-dimensional (3D) elastic problem to an equivalent 1D one, the components of
displacement are considered according to basic assumptions [17,22]:

uðxÞ ¼ UðxÞ � ðY � nZ;sÞbzðxÞ þ ðZ þ nY ;sÞbyðxÞ þ cðsÞf;xðxÞ,

vðxÞ ¼ V ðxÞ � ðZ þ nY ;sÞfðxÞ,

wðxÞ ¼W ðxÞ þ ðY � nZ;sÞfðxÞ. ð3Þ

In these equations, global displacements u, v and w of any point in the beam wall can be given in terms of
the cross-sectional displacement values as shown in Fig. 2, U(x), V(x), W(x), the cross-sectional rotation f(x),
by(x), bz(x), the beam twist rate f,x, respectively. Also, the torsional warping function, c(x) is considered as

cðsÞ ¼
�2A

G

Z s

0

adsþ

Z s

0

rn ds, (4)
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where A is the cross-sectional area, a the warping parameter, and rn the normal projection of the mid-plane
position vector on the unit normal vector as shown in Fig. 3. Further, G represents both the contour and the
actual mid-plane contour length.

2.2.2. Strain-displacement relations

The axial normal strain is decomposed into the mid-plane strain and the local bending curvature strain as
[22]

�xx ¼ U ;x � Ybz;x þ Zby;x þ cf;xx þ nðY ;sby;x þ Z;sbz;xÞ ¼ �
o
xx þ nkxx. (5)

The shear strain in the wall of the beam is constant and is not a function of the thickness coordinate n. Thus

gxs ¼ ðV ;x � bzÞY ;s þ ðW ;x þ byÞZ;s �
2Aaf;x

G
¼ gxyY ;s þ gxzZ;s �

2A

G
af;x ¼ go

xs (6)

Therefore, the strain vector can be represented as

�xx

�ss

gxs

8><
>:

9>=
>; ¼

�oxx

�o
ss

go
xs

8><
>:

9>=
>;þ n

kxx

kss

kxs

8><
>:

9>=
>; ¼ �o þ nj. (7)
2.3. Constitutive relations

The beam is composed of composite materials. They consist of the passive material which is host structures
and the active material which is sensors and actuators. It is considered that both passive and active materials
used for beam construction can be modeled with the linear piezoelectric constitutive relationships as

D ¼ e eþ 2 E, (8a)

r ¼ C e� eT E, (8b)
Fig. 3. Displacement variables of thin-walled beam.
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where e, r, D and E are strain, stress, electric displacement and electric field vectors, respectively. While e, A
and C are piezoelectric constants, permittivity coefficients and material elastic coefficient, respectively.
Eq. (8a) describes the ‘direct piezoelectric effect’ and Eq. (8b) describes the ‘converse piezoelectric effect’.

The standard notation for composite materials is used instead of the standard piezoelectric notation in this
study. Fiber-reinforced composite materials and piezo-composite materials have transversely isotropic
characteristics. For transversely isotropic materials, there are only five independent stiffness coefficients as
follows:

s11
s22
s33
t23
t31
t12

8>>>>>>>>><
>>>>>>>>>:

9>>>>>>>>>=
>>>>>>>>>;
¼

C11 C12 C12 0 0 0

C12 C22 C23 0 0 0

C12 C23 C22 0 0 0

0 0 0 C22�C23

2
0 0

0 0 0 0 C66 0

0 0 0 0 0 C66

2
6666666664

3
7777777775

�11

�22

�33

g23
g31
g12

8>>>>>>>>><
>>>>>>>>>:

9>>>>>>>>>=
>>>>>>>>>;
�

e11

e12

e13

0

0

0

2
666666664

3
777777775

E1. (9)

Further, the important stresses for thin-walled composite beams are the normal stresses and the in-plane
shear stress in the laminate walls. Though the stress in the through-thickness direction exist, they are small.
Therefore the problem can treated as a plane stress problem with [20],

s33 ¼ 0; t23 ¼ 0; and t31 ¼ 0.

The reduced constitutive relation is

s11
s22
t12

8><
>:

9>=
>; ¼

Q11 Q12 0

Q12 Q22 0

0 0 Q66

2
64

3
75

�11

�22

g12

8><
>:

9>=
>;�

e�11

e�12

0

2
64

3
75E1. (10)

Also, transformed reduced constitutive relation for the fiber orientation is obtained as follows:

rk ¼

sxx

sss

txs

8><
>:

9>=
>;
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¼

Q̄11 Q̄12 Q̄16
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2
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k

�xx

�ss
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9>=
>;�

ēxx

ēss

ēxs

2
64

3
75

k

E1k. (11)

The electric field is defined as E1k
¼ �ðV k=pkÞ; where Vk and pk are the applied voltage and electrode

spacing of the interdigitated electrode for the kth layer, respectively.
The force and moment resultant vectors are defined as

N; M
� �

¼

Z h=2

�h=2
r 1; n
� �

dn. (12)

Therefore, the constitutive equation can be represented as

N

M

� �
¼

A B

B D

� �
eo

j

� �
�

Na

Ma

� �
. (13)

Since the hoop stress ss is zero, Ns is zero. In addition, the cross-section is infinitely rigid in its own
plane which results in zero transverse and twisting curvatures (ks, kxs ¼ 0). Therefore, Eq. (13) can be
reduced as

Nxx

Nxs

Mxx

8><
>:

9>=
>; ¼

L11 L12 L13

L12 L22 L23

L13 L23 L33

2
64
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75

�0xx

g0xs

kxx
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>;�
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a

xx

N̄
a

xs

M̄
a

xx

8><
>:

9>=
>; ¼ L e� PE1, (14)
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where the reduced laminate stiffness and piezoelectric stress resultant are defined as

L11 ¼ A11 �
A2

12

A22
; L12 ¼ A16 �

A12A26

A22
; L13 ¼ B11 �

A12B12

A22
,

L22 ¼ A66 �
A2

26

A22
; L23 ¼ B16 �

A26B12

A22
; L33 ¼ D11 �

B2
12

A22
,

N̄
a

xx ¼ Na
xx �

A12

A22
Na

ss; N̄
a

xs ¼ Na
xs �

A26

A22
Na

ss,

M̄
a

xx ¼Ma
xx �

B12

A22
Na

ss. ð15Þ

2.4. Governing equation including negative velocity feedback control

The strain energy due to deformation of composite beam can be written as

U1 ¼
1

2

Z l

0

I
G

Nxx�
0
xx þNxsgxs þMxxkxx

� �
dsdx. (16)

When the beam rotates, a centrifugal force exists as [22]

FCFðxÞ ¼

Z l

x

rĀO2ðR0 þ xÞdx ¼ rĀO2 R0 L� xð Þ þ
1

2
L2 � x2
� �� �

, (17)

where Ā is the real area of the cross-section, and r is the density of beams.
The strain energy due to the rotating motion of the beam can be written as

U2 ¼
1

2

Z l

0

FCFðxÞ
qV

qx

� 	2

dxþ
1

2

Z l

0

FCFðxÞ
qW

qx

� 	2

dx. (18)

Then, the total strain energy is expressed as follows [15,16]:

U ¼ U1 þU2. (19)

Further, the kinetic energy with the rotating motion is

T ¼
1

2

Z l

0

I
G

Z
h

rv̄ � v̄dndsdx. (20)

To derive the governing equation, the Hamilton’s principle is adopted asZ t2

t1

ðdT � dU þ dW Þdt ¼ 0. (21)

The variation of the strain energy U, kinetic energy T and external work W can be written as

dU ¼

Z l

0

I
G
deT L e� PE1f gdsdxþ dU2 ¼

Z l

0

I
G
dqT BT

uLBuq� BT
uPE1


 �
dsdxþ dU2, (22)

dT ¼ �

Z l

0

I
G
dqT P̄m þ P̄c þ P̄cf þ F̄ cf


 �
dsdx, (23)

dW ¼

Z l

0

dqTNuf dx, (24)
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where Bu, Nu, q, and f are the strain interpolation matrix, the displacement interpolation matrix, the nodal
displacement vector and external force vector, respectively.

Finally, the equation of motion can be derived as

M€qðtÞ þ CC _qðtÞ þ ðKL þ KCF þ KGÞqðtÞ ¼ Fv þ FCF þ RðtÞ, (25)

where, M, CC, KL, KCF, KG, FCF and R(t) are the mass matrix, the Coriolis matrix, the linear stiffness matrix,
the stiffness matrix due to centrifugal force, the geometric stiffness matrix, centrifugal force vector and
arbitrary load, respectively. Also, dimensions of M, CC, KL, KCF, KG matrices are n� n, and dimensions of Fv,
FCF, R(t) vectors are n� 1, where n is the degree of freedom.

Further, electric force, Fv can be written as

Fv ¼

Z l

0

I
Buð Þ

TPE1 dsdx ¼

Z l

0

I
Buð Þ

TP
Va

pk

dsdx ¼ KavVa, (26)

where Va is the voltage vector in actuators.
Then, a negative velocity feedback control algorithm is used to obtain the active damping effect is

performed. Generally, piezoelectric sensors and actuators are embedded or attached to composite layer as
shown in Fig. 4. Firstly, from the direct piezoelectric effect, the sensor equation can be derived [8,9]. In this
study, sensors are thin film-shape materials such as PVDF. Also, since no external electric field is applied to
the sensor layer, and as the charge is collected only in the thickness direction in PVDF sensor, only the electric
displacement D3 is of interest. The width of panel being relatively smaller than the length of the panel is a
geometric condition allowing the electric displacement of the sensor layer to be derived as

D3 ¼ e31�xx ¼ e31 U ;x � Ybz;x þ Zby;x þ cf;xx

� �
. (27)

The total charge generated on the sensor surface is the spatial summation of all the point charge on the
sensor layer

qsðtÞ ¼
XNs

i¼1

XNp

j¼1

Z
A

D3 dA. (28)

Therefore, the current on the surface of a sensor can be presented as

iðtÞ ¼
dqsðtÞ

dt
¼ Ksv _q. (29)

When the piezoelectric sensors are used as strain rate sensors, the current can be converted into the sensor
voltage output Vs as

V s ¼ GciðtÞ ¼ GcKsv _q, (30)

where Gc is the gain of the current amplifier transforming the sensor current voltage.
The distributed sensors generate a voltage when the structures are oscillating and this signal is fed back into

the distributed actuator using a control algorithm [8].
Fig. 4. The position of sensor and actuator layer.
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The system actuating voltage can be presented as

V a ¼ GcGiKsv _q, (31)

where Gi is the feedback control gain.
In the feedback control, the electric force vector Fv can be regarded as a feedback force [8]

Fv ¼ KavGcGiKsv _q. (32)

Let CV ¼ �KavGcGiKsv: Then, the governing equation considering a negative velocity feedback control
becomes:

M€qðtÞ þ ðCC þ CV Þ_qðtÞ þ ðKL þ KCF þ KGÞqðtÞ ¼ FCF þ RðtÞ. (33)

As shown in this equation, CV is the active damping term in the negative feedback control using distributed
piezoelectric sensors and actuators. Therefore, the voltage control algorithm applies a damping effect on the
vibration control of a distributed system.

2.5. Solution procedure

To obtain the natural frequency, we can derive the perturbed equation [21]. The solution of the equation is
separated into static- and time-dependent terms. Then the displacement vector q may be expressed as
q ¼ qs þ dðtÞ, where qs and d(t) denote the static solution and a small perturbation about the static equilibrium
state, respectively. Thus we can obtain the perturbed equations which take the form as

M€dþ C_dþ Kd ¼ 0, (34)

where C ¼ CC+CV and K ¼ KL+KCF+KG.
To solve this equation, it can be rewritten in the state space form:

Ag� B_g ¼ 0, (35)

where

A ¼
M 0

0 K

� �
; B ¼

0 M

�M �C

� �
and g ¼

_d

d

( )
.

The solution of the above equation is assumed to be of the form g ¼ ~C elt, where ~C is an arbitrary constant.
As a result, the equation of motion can be simplified as the generalized eigenvalue problem and takes the
form as

Ag ¼ lBg. (36)

The time response of the system is obtained through Newmark time integration method [23].
The equilibrium equations at time t+Dt are considered as follows:

MtþDt €qþ CtþDt _qþ KtþDtq ¼ tþDtF. (37)

The _q and q at time t+Dt are obtained from the €q, _q and q at time t, and are written as

tþDt _q ¼ t _qþ 1� ~d
� �

t €qþ ~dtþDt €q
� 


Dt,

tþDtq ¼ tqþ t _qDtþ
1

2
� ~a

� 	
t €qþ ~atþDt €q

� �
Dt2, ð38Þ
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where ~d and ~a are the parameters that can be determined to obtain the integration accuracy and stability
parameter, and Dt is time interval. ~d ¼ 0:5 and ~a ¼ 0:25 are chosen

tþDtq ¼ K
_h i�1

tþDt R
_h i

,

tþDt €q ¼
1

~aDt2
tþDtq� tq
� �

�
1

~aDt
t _q�

1

2~a
� 1

� 	
t €q,

tþDt _q ¼ t _qþ Dt 1� ~d
� �

t €qþ ~dDttþDt €q. ð39Þ

3. Numerical results and discussions

In the numerical study, we considered the effect of feedback control gain, rotating speed, pre-twist angle and
fiber orientation in host structures on the response of the rotating composite thin-walled beam. Furthermore,
to effectively use active materials, the positions and distribution areas of the sensors and actuators are
investigated through a case study. The response of the beam subject a time varying load such as an impulse
load or a sinusoidal load are investigated and the change of damping ratio at the first flap and lag mode is
presented.

3.1. Code verifications

To verify the code for numerical simulation, the normal mode analysis for the composite thin-walled beam
in the rotating condition is performed. In addition, the actuation performance of active beam with piezo-
composite actuators is calculated for code verification.

As a first step, the natural frequency of the rotating composite box beam is calculated and it is compared
with the previous data. The stacking sequence of the model is [�30]6 in top, [30]6 in bottom, [30/�30]3 in right
and left panel, respectively. In this paper, the ply-angle orientation is positive when it is measured from the
positive s-axis towards the positive x-axis (see Figs. 1 and 2). Furthermore, the beam is made of graphite-
epoxy. Table 1 shows the lowest three natural frequencies for the rotating speed of 1014 rev/min. Also, Fig. 5
presents the change of the natural frequency of anti-symmetric thin-walled beam for the various pre-twist
angles. Present results are almost equal to the data in Refs. [3,4,6,7].

In the second step, the actuating performance of piezo-composite materials is examined. The model of the
single-cell thin-walled beam with the cross-section of NACA0012 airfoil is used for verification [17]. The AFC
which is a piezo-composite materials is embedded between E-glass layers as active materials. Also, the fiber-
orientation of AFC pack is 451 to obtain twist control. Fig. 6(a) shows the twist angle at the tip of the active
beam under various applied voltages and Fig. 6(b) presents the variation of the twist angle through the span
when actuating voltage is 1800V. The present results were in good agreement with the references.

3.2. Vibration control applied by a negative velocity feedback control

To investigate the active damping effect produced by a velocity feedback control algorithm with distributed
piezoelectric sensors and actuators, a rotating composite thin-walled beam as shown in Fig. 1 is considered.
Table 1

Natural frequency at 1014 rev/min

Mode Experiment Analysis Present

Ref. [3] Ref. [4] Ref. [6]

Flap 1 28.60 28.13 27.33 27.65

Lag 1 39.50 42.85 38.66 42.16

Flap 2 135.0 139.8 133.6 135.7
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Table 2(a)

Material properties of passive materials

Material properties Graphite-epoxy

Longitudinal Young’s modulus, E1 (GPa) 141.96

Transverse Young’s modulus, E2 (GPa) 9.79

Shear modulus, G12 (GPa) 6.13

Poisson’s ratio (v12) 0.42

Density, r (kg/m3) 1445

Layer thickness, t (mm) 0.762
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Fig. 6. Tip twist angle for various actuating voltages.

S.-C. Choi et al. / Journal of Sound and Vibration 300 (2007) 176–196186
Dimensions of length, width, height and hinge offset are 844.5, 23.1, 12.6mm and 10% of the span,
respectively. The host structures are made of graphite-epoxy, while the sensors and actuators are PVDF
having a thin film shape and MFC that is piezo-composite materials, respectively. Their material properties
are presented in Table 2. Sensors and actuators are embedded between composite layers at the center of the
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Table 2(b)

Material properties of active materials

Material properties PVDF (sensor) AFC (actuator) MFC (actuator)

Longitudinal Young’s modulus, E1 (GPa) 2.0 30.535 36.5

Transverse Young’s modulus, E2 (GPa) 2.0 16.105 7.6

Shear modulus, G12 (GPa) 0.775 5.5 14.6

Poisson’s ratio (v12) 0.3 0.454 0.25

Density, r (kg/m3) 1800 4810 7552

Layer thickness, t (mm) 0.1 0.1689 0.23

Electrode space, p (mm) N/A 1.1 1.0

Piezoelectric strain constant (pm/V) 23.0(d31) 381(d11) 530(d11)

23.0(d32) �160(d12) �210(d12)
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Fig. 7. Time response of symmetric lay-up beam subject to an impulse load.
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cross-section. Further, MFC actuators are laminated at 01 with respect to the beam axis for bending control.
The stacking sequence of the host structures is [�30]6 in top, [30]6 in bottom, [30/�30]3 in right and left panel,
respectively.

Fig. 7 shows the time response of the beam under a Z-directional impulsive load at 0 rev/min. The beam is
oscillated to flapping direction by an impulse load. Also, because the beam has elastic coupling effects for flap-
lag and bending-torsion in symmetric lay-up, lagging and torsional oscillations are generated. Fig. 7 shows
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that the oscillation in the three directions can be damped out using a negative feedback control algorithm. As
the control gain is increased, damping effect is higher and vibrations are decreased quicker.

Fig. 8 shows the variation of the damping ratio at the first flap and lag mode for increasing of feedback
control gain. The damping ratio increases constantly as the feedback control gain increases. But, feedback
control gain can not be increased infinitely because applied voltage must be limited for the sake of breakdown
voltage of actuators.

3.3. Effects of rotating speed and pre-twisted angle

Generally, rotating beams like rotor blades, have specific rotating speed for operation. This operating speed
varies with the type of system and operating status. Also, most of blades have a pre-twist angle, which is a
common design factor of blades. Thus, the damping effect according to the rotating speed and pre-twist angle
should be investigated.

Above all, the effect of rotating speed is discussed. The symmetric lay-up beam which is used in Section 3.2
is considered for numerical simulation. Fig. 9 shows the variation of frequencies and damping ratios for the
first and second modes when the same feedback control gain (Gi ¼ 3000) is applied. Frequencies increase as
the rotating speed is increased, because of a larger centrifugal force at a higher rev/min. Conversely, the
damping ratio decreases at higher rev/min when the frequency increases. But, the real part of the eigenvalue
hardly changes with rotating speed, as shown in Fig. 9(c). Therefore, the absolute damping effect is nearly
same between the non-rotating condition and the rotating condition. Fig. 10 shows the time response of the
same beam subject to an impulse load when the beam is rotated at 0, 500 and 1000 rev/min. Fig. 10 presents
that the initial magnitude of vibration in non-rotating condition is larger than that in the rotating condition.
But, the absolute damping effect is almost similar to those of the cases in which the beam is rotated from 0 to
1000 rev/min, because the relative damping ratio of the non-rotating condition is larger than that of the
rotating condition.

Secondly, the effect of the pre-twist angle is presented. The pre-twist angle consists of the pre-twist angle per
unit length and setting angle of the beam as shown in Fig. 1. Three anti-symmetric lay-up beams are
considered to investigate the effect of pre-twist angle per unit length of the beam (b0). Their stacking sequence
of host structures are ½0 15 0 15 0 15�T , ½0 30 0 30 0 30�T and ½0 45 0 45 0 45�T , respectively. The sensors and
actuators are embedded between composite layers at the center of the cross-section. When the same feedback
control gain (Gi ¼ 3000), setting angle (g ¼ 0), and rotating speed (1000 rev/min) are applied, Fig. 11 shows
the effect of pre-twist angle of the beam for frequencies and damping ratios at the 1st and 2nd mode. As shown
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in Fig. 11, frequencies decrease and damping ratios increase as the pre-twist angle per unit length of the beam
increases.

Also, the effect of setting angle is investigated. The beam which has stacking sequence in host structures
[�y]6 in top, [y]6 in bottom, [y/�y]3 in right and left panel is considered. Active layers are located at the center
of the wall. For the same control gain (Gi ¼ 3000), the pre-twist angle per unit length of the beam (b0 ¼ 0) and
rotating speed (1000 rev/min) are applied, Fig. 12 shows the effect of setting angle of the blade. As the setting
angle increases, the frequency of the first flap mode decreases and the frequency of the first lag mode increases.
On the other hand, the damping ratio of the first flap mode increases and the damping ratio of the first lag
mode decreases. In a general actual blade, the pre-twist angle is not moderately large. So, variation of the
damping effect that is induced by the pre-twist angle is smaller than those of other factors.

3.4. The effect of ply-angle in host structures

Fiber orientation of composite materials is a very important design factor for composite thin-walled beams.
Generally, the variation of the ply-angle in host structures affects the frequency, and the change of the
frequency influences to the damping effect that is obtained through a negative velocity control.

First of all, three cases of a beam each possessing different lay-up types are considered. Case 1 ð½0 y 0 y 0 y�Þ
and Case 2 ([y]6) are an anti-symmetric lay-up beam and Case 3 ([�y]6 top, [y]6 bottom, [y/�y]3 right&left) is
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Fig. 13. The effect of ply-angle in host structures at various rotating speeds.
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a symmetric lay-up beam. When the same control gain (Gi ¼ 3000) and rotating speed (500 rev/min) are
applied, the influence of the change of ply-angle in the host structures is shown in Fig. 13. As the ply-angle in
host structures decreases, the frequencies of the beam increases, and damping ratios decrease as shown in Fig.
13(a) and (b). This result is induced because the bending stiffness of beams becomes larger at a smaller ply-
angle in the host structures. Also, the absolute damping effect is the highest when beams have the fiber-
orientation of 301. These results confirmed that the symmetric lay-up beam has a higher damping performance
than the anti-symmetric lay-up beam. Fig. 14 presents the variation in response for the change of the ply-
angles in the host structure under a sinusoidal load f ¼ f 0 sin 5ptð Þ

� �
for certain time. In this example, the

duration of the sinusoidal load is 0.5 s. Lay-up type of beams in passive structures is anti-symmetric [y]6. The
same feedback control gain (Gi ¼ 3000) and rotating speed (1000 rev/min) are applied. Fig. 14 shows that the
initial magnitude of vibration is decreased as the ply-angles of composite are decreased. These results indicate
that the frequency and damping ratio have a inverse relation. If the frequency is increased, the damping effect
is decreased. Further, the active damping performance can be increased through the proper structural tailoring
of the composite materials that are passive structures.

3.5. The influence of the position and area of sensor/actuator pair

The position and area of the sensor/actuator pair are important factors for effective vibration reduction
in an active beam. Because of the high cost of piezoelectric sensors and actuator, suitable arrangements for
Fig. 15. The position of sensor and actuator pair.
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position and the distributed area of sensor/actuator pair need to be discussed for economical use of active
materials.

Initially, the beam as shown in Fig. 15 is considered to investigate the influence of the position of sensor/
actuator pair. The beam at 1000 rev/min has a symmetric lay-up and the stacking sequences in host structure
are [�y]6 in top, [y]6 in bottom, [y/�y]3 in right and left panel, respectively. Also, the size of sensor/actuator
pair is 5% of the total surface area of the considered thin-walled beam. When the position of the sensor/
actuator pair is changed from the root to tip of beam, damping ratios of the first flap and lag mode are
calculated in Fig. 16(a). Damping effect is the highest when sensor/actuator pair is located near the root of the
beam. But, as the position of sensor/actuator pair is moved to the tip, the damping performance is decreased
dramatically. When the sensor/actuator pair is located over about 80% of the beam span from the root, the
damping effect is nearly zero. Because the first flap and lag modes are the most important mode to bending
control of the beam, the sensor/actuator should be located near the root to obtain better vibration control
performance. Also, the sensor/actuator pair near the tip of beam is invalid as an active structure. Further,
Fig. 16(b) shows damping ratios of the second flap and lag mode. Damping ratio of the sensor/actuator pair
located near the root and about 50% span is larger than that of the sensor/actuator pair at another position.
But, the contribution of the first modes is much larger than another higher mode in the case of the slender
beam. Therefore, the sensor/actuator pair at the root of beam yields more effective damping than that at
another location.
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Secondly, the influence of the position of the active layer that contains the sensor/actuator pair is
considered. Beams are rotated at 1000 rev/min. Three cases where the active layers are located at the outer,
center and inner section of the beam wall, respectively, are investigated in Fig. 17. Also, the active layer
located at the outer side shows the highest damping effect in the three cases for the same feedback control
gain. This is because the active layer at the outside has a larger bending force for actuation than in the case in
which the active layer is located inside.

Thirdly, the symmetric lay-up beam in Fig. 18 is considered to discuss the influence of the distribution area
of the sensor/actuator pair. And, the effect of the change of the active area is calculated in the non-rotating
condition. As shown in Fig. 19, when the area of the sensor/actuator pair increases from 5% to 100% of the
total surface area, damping ratios usually increase. But, as the active area is increased to over about 80% of
the total surface area, the damping ratio is decreased slightly as shown in Fig. 19(b). This is because the sensor/
actuator pairs near the tip is invalid as an active structure and they only act like added mass at the tip.
Therefore, actuators near the tip of the beam (about 80–100% of span) have a negative effect on the damping
performance. In addition, as the area of sensor/actuator pair is changed, frequencies are changed, as shown in
Fig. 19(a). As the decreasing of the frequency in structures need to be eluded generally, suitable active area for
considering the first flap and lag mode is approximately 70% of the total surface area as shown Fig. 19(c).
Further, Fig. 20 shows the influence of sensor/actuator position in the alternative case. The passive material
has the stacking sequence in Section 3.2 with the rotating speed at zero. The first fixed sensor/actuator
pair that is located basically in the 0–30% span. And, the position of the second sensor/actuator pair that has
a size 10% of total surface area is changed from 35% to 95% span. As shown in Fig. 18, when the second
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sensor/actuator pair is near the root of the beam, damping effect is larger. It is induced that the beam has a
slender shape. Thus, active materials near the root have more advantage than other cases.

Generally, the cost of active materials rises as the mass of the system increases with use of more actuators.
So, adequate vibration suppression performance will be obtained through the proper arrangement and
distribution size of the sensor/actuator pair.

4. Conclusions

Vibration control of the pre-twisted rotating composite thin-walled beam with MFC actuators and PVDF
sensors is studied. The results in this study illustrate that an active damping effect can be obtained through
negative velocity feedback control algorithm with PVDF sensors and MFC actuators. The active damping
effect has linearly related to the feedback control gain, so vibrations can be damped out quicker when the
higher feedback control gain is applied within the limit of the actuator voltage. Rotating beams like blades are
operated at a specific rotating speed, and they have pre-twist angle, generally. As the rotating speed is
increased, the frequency is increased. Accordingly, the damping ratio is decreased as the rotating speed is
increased. But, the absolute damping effect is nearly same between the non-rotating condition and rotating
condition. Also, the damping effect is changed, as pre-twist angle is increased. The influence for the pre-twist
angle is relatively smaller than that of rotating speed.

In addition, the fiber-orientation of composite materials in the host structures affects the damping performance
of the active beam. As the ply-angle is increased, the damping ratio is increased, generally. This is due to the fact
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that the bending stiffness decreases as ply-angle increases. Therefore, the damping effect can be increased through
the adequate structural tailoring of passive structures made of composite materials. Accordingly, adequate
vibration suppression performance will be obtained through the suitable arrangement and distribution size of
sensor/actuator pair. Also, it is confirmed that the optimal design and the optimal control theory need to be
studied for obtaining the optimal damping effect of rotating composite thin-walled beam. This research with
PVDF sensors andMFC actuators can be applied to enhance the damping performance for vibration suppression
of helicopter blades, tilt-rotor aircraft blades, flexible robot arms and wind turbine, etc.

The focus of this research is to obtain active damping effects using piezoelectric fiber composite materials
rather than general piezoelectric materials in structural viewpoint. In future work, more realistic controller
design is needed for practical implementation.
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