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ABSTRACT - Interaction between the structure and the control is investigated numerically
and verified experimentally for the active vibration control of carbon/epoxy laminated
composite beams with collocated piezoceramic sensor and actuator. Finite element method
is used for the analysis of dynamic characteristics of the laminated composite beams with
and without the piezoceramic sensor/actuator. Damping and stiffness of the adhesive layer
and the piezoceramics are taken into account in the finite element modeling. The impact of
varying stacking sequence of [&/oz/9@],, where o = O, 15,30,45,60,75 and 90 degree of

the laminated composite beam on the stiffness and the damping properties is studied.
Experiments on the active vibration control of the laminated composite beams have been
carried out by making use of velocity feedback with constant gain. Active and passive

damping ratios(~) and modal damping of the first bending mode of the beams are
measured experimentally. They are in good agreement with those predicted by the finite
element analysis. When the feedback gain is small, the active control follows trends of the
passive control but adds additional effects due to the active control. But for large feedback
gains, the active control is dominant over the passive control. Active control is more
effective to the structure with higher stiffness than to the structure with lower stiffness,
when the feedback gain is large.



INTRODUCTION

Methodology for vibration suppression of the structure can be categorized into two
groups, namely the passive and the active control, In the passive control, material properties
of the structure itself such as damping and stiffness are modified to change the structural
response. In the active control, the structural response is controlled by adding external
effort to the structure. Active control is complex and expensive, but it can achieve good
performance in comparison with passive control.

Several studies regarding the active control of structural vibration are availablel-G. A
common feature of all of these studies is ignorance of the inherent damping of the structure
when using piezoelectric sensors/actuators in the formulation. When a strain-rate sensor and
a piezoelectric actuator is used, it increases damping of the entire system. Therefore, the
damping must be taken into account in the finite element formulation and the validity of the
formulation should be verified in the viewpoint of damping. Most research using the
piezoceramic sensor/actuators has taken into account stiffness of the piezoceramics, but did
not consider damping and stiffness of the adhesive layer and the piezoceramics at the same
time.

In this paper, passive control by the tailoring and active control by the piezoceramic
sensor/actuator are investigated numerically and verified experimentally. Characteristics of
the optimal control in structural vibration of the smart structures are analyzed to study the
dependence of the active damping on the feedback gain and the stiffness of the structure. It
is aimed to address an analytical approach to evaluate the passive and the active vibration
control of the laminated composite beams with piezoceramics. Damping and stiffness of the
adhesive layer and the piezoceramics are taken into account simultaneously in the process
of finite element formulation. Experiments of the active vibration control of the beams have
been carried out by making use of the velocity feedback. Interaction between the passive
and the active control has been studied analytically and experimentally.

METHOD

Laminated composite beams with the piezoceramic sensor/actuator are modeled as 2-D
plates. Hamilton’s principle is used to derive the equation of motion for the plates.
Piezoceramic sensor/actuator layers and adhesive layers are treated as other layers with
different material properties in deriving the kinetic and the potential energies.

When the beam is not very thin and not very long, the vibrational response is
transmitted dominantly in flexural type motion and the vibrational flow in wave type
motion can be ignored. Thus the in-plane displacements can be ignored and transverse
vibration is considered only.

The equation of motion for the system in terms of the nodal displacements is as
follows.

(MS +M. +MP)q+(K~ +K~ +Kp)q=&,, (1)

where the subscripts S, B, and P represent the main structure, the adhesive layer, and the



piezoceramic materials, respectively.
Damping properties of the composite materials exhibit anisotropic characteristics, low

in the fiber direction and high in the transverse. It can be controlled by changing the fiber
orientations and the stacking sequences. Damping of the laminated composite beams is
analyzed using concept of the specific damping capacity (SDC) suggested by Lin, Ni and
Adams7. Damping of the adhesive layer and the piezoceramic sensor/actuator are

considered in the system modeling8. The SDC, (p, can be rewritten as follows :

qTKKJq
(p= T
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where

KD = ~ @!DAY#A
elem

(2)
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and KD is the damped stiffness matrix and DAthe damped flexural stiffness matrix. The
SDC can be derived for each vibration mode, which is called the modal SDC.

The equatibn of motion of a structure with multiple degrees of freedom in active
control is expressed in discretized form as follows :

Mq+Cq+Kq=F&, +FC (4)

where q(t) is the n x 1 displacement vector, M (=M,s+MB+MP) the mass matrix, C the
structural damping, K (=Ks+KB+KP) the stiffness matrix, FEXtthe external force vector,
and FCthe control force.

By introducing the modal coordinates, the transformed equation of motion yields

zij+c~+ zq=F&, +Duc (5)

where Q is the open-loop modal matrix, and the transformed modal space mass, damping,
stiffness, external forces and control influence matrices are, respectively, given by ;

~=@ TM@= I (6a)

~ = @TC@ = diag(2~1m1, 2~ztuz,..., 2~n@n) (6b)

The first-order state space form of the system equations equivalent to Eq. (5) is

X= AX+ BUC+BO (7)

where

(8)

In Eq.(7), the state vector x(t) E R*”, control vector uC(t)E Rm, and the system matrix A and

the control influence matrix B may contain time-varying elements.
The state space equation of Eq.(7) can be expressed as a complex eigenvalue problem



for the case of structural system without external forces
[J.Z-(A-BG)]{$}=O (9)

where G is the feedback gain in the active control.
The complex eigenvalue of Eq.(9) is expressed as follows:

A=p+ico~ (lo)

Damping ratio and modal damping are defined as follows:

C=* (11)

Modal Damping(2&o) = –2P. (12)

RESULTS AND DISCUSSIONS

Vibration control of the carbon/epoxy laminated composite beams with the
piezoceramic sensor and actuator is numerically simulated using the finite element method

and verified experimentally. The beam has stacking sequence of [&/0J902]~ where O = O,

15,30,45,60,75 and 90 degree. The beam is made of the carbon prepreg(CU125NS).
Direction of the beam length is chosen as Odegree of the fiber orientation. Thickness of the
carbon prepreg is O.125mm and size of the specimen is 230 x 20 x 2mm. Table 1
represents the mechanical properties of the carbon/epoxy laminates. Damping properties

qsl, 9s2 and qsu are measured by the impulse technique. Finite element model of the beam
consists of 46 elements with 72 nodes.

Fig. 1 shows experimental set-up for vibration control of the laminated composite
beam with the piezocerarnic sensor/actuator. Dimension of the piezoceramics in Fig. 1 is 50
x 20 x 0.5mm. Adhesive material used to attach the piezoceramic sensor/actuator to the

beam is cyanoacrylate adhesive9. Measured thickness of the adhesive layer is 0.05+0.01 mm.
Material properties for the piezoceramics and the adhesive layer are shown in reference 8.

Stiffness and damping of the structure change as fiber orientation changes as shown in
Fig. 2 and Fig. 3, respectively. Passive control by the tailoring shows that as the fiber
orientation changes, natural frequent y and damping ratio change. Stiffness of the beams
decreases as the angle of the fiber orientation increases for both beams without and with the
piezoceramics. From Fig. 2, one can realize that the stiffness of the adhesive layer does not
affect the total structure very much. Measured frequencies agree very well with the
predicted values for the beams without and with the piezoceramics. In Fig. 3, predicted
damping ratios, in which we have taken into account both damping and stiffness of the
adhesive layer and the piezoceramics, are in good agreement with the measured values.
However, the prediction*, in which damping and stiffness of the adhesive layer and
damping of the piezoceramics are ignored, shows large discrepancy between the prediction
and the measurement.

Piezoceramics are used to provide active damping. In order to achieve the desired



performance of the controlled structure, it is necessary to analyze the structural system and
to consider the effects of changes in mass, damping and stiffness. Fig. 4 shows increase of
modal damping with negative velocity feedback gain for the beams with the piezoceramics.
Modal damping changes as the outer layer fiber orientation changes for a constant gain,
When the feedback gain is small, they follow trends of the passive control but extra effect is
added to the structure. As the magnitude of feedback gain increases, modal damping of the
beam with higher stiffness increases more than the flexible beam does. Other words, the
beam with higher stiffness is more effective than the beam with lower stiffness in the active
control. Fig. 5 shows the time history of the [304/02/902]s specimen with the

piezoceramics. The FRF(frequency response function) before and after the active control is
represented in Fig. 6.

CONCLUSIONS

Active and passive control method is applied to investigate the control characteristics
of the laminated composite beams in the vibration control of the first bending mode. The
finite element method is used to analyze passive and active vibration control of the
composite structures. The following conclusions can be drawn.

A systematic and numerical method that takes into account both damping and stiffness
of the piezoceramics and the adhesive layer is proposed. Interaction between the structure
and the control is analyzed for the laminated composite beams with the piezoceramic sensor
and actuator. It shows good agreement between the analyses and the experimental results in
the natural frequencies, the damping ratios and the modal clampings.

When the feedback gain is large, the active modal damping increases more in the
beams with higher stiffness. While, for small feedback gain, the active modal damping is
maximum when the passive modal damping is maximum, i.e. it follows trends of the
passive control but adds additional effect due to the active control. Therefore, it can be said
that for controlling the structure actively the beam with higher stiffness is more effective
than the beam with lower stiffness.
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Table I Mechanical Proper[{es of Carbon/Epoxy laminates(CU 125NS)

Property Symbol Value

Young’s modulus in fiber direction E, 114.7 x 109Pa

Young’s modulus m transverse dlrectlon Ez 7589x 10g Pa

Shear Modulus G,* 4.77 x 109Pa

Poisson Ratio VIZ 0.28

Volume Dens]ty P 1510 kg/m3

Damping capacity in fiber dlrect]on w! 0013966

Dampmg capacity m transverse dmxtlon 9s2 0.049120

Dampmg capacity in shear dmsctlon $%12 0.074344

A= -l+=
Fig. 1 Experimental Setup for Vibration Control of Laminated Composite Beam
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Fig. 5 (a) Free Vibration and (b) Controlled VIbratIon of the [30J02/902], Beam
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