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Abstract

The aim of this study is to investigate the efficiency of a system identification technique known as observer/Kalman filter

identification (OKID) technique in the numerical simulation and experimental study of active vibration control of

piezoelectric smart structures. Based on the structure responses determined by finite element method, an explicit state space

model of the equivalent linear system is developed by employing OKID approach. The linear quadratic Gaussian (LQG)

algorithm is employed for controller design. The control law is then incorporated into the ANSYS finite element model to

perform closed loop simulations. Therefore, the control law performance can be evaluated in the context of a finite element

environment. Furthermore, a complete active vibration control system comprising the cantilever plate, the piezoelectric

actuators, the accelerometers and the digital signal processor (DSP) board is set up to conduct the experimental

investigation. A state space model characterizing the dynamics of the physical system is developed from experimental

results using OKID approach for the purpose of control law design. The controller is then implemented by using a floating

point TMS320VC33 DSP. Numerical examples by employing the proposed numerical simulation method, together with

the experimental results obtained by using the active vibration control system, have demonstrated the validity and

efficiency of OKID method in application of active vibration control of piezoelectric smart structures.

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

A smart structure used in vibration control can be defined as a structure or structure component with
bonded or embedded sensors and actuators as well as an associated control system, which enables the
structure to respond simultaneously to external stimuli exerted on it and then suppresses undesired effects or
enhance desired effects [1]. It involves multi-discipline knowledge, such as mechanics, mechanical engineering,
modern control theory, and computer science. The performance requirements of future space structures, jet
fighters and concept automobiles have brought much interest to the area of smart structures.

Piezoelectric materials, such as lead zirconate titanate (PZT), produce an electric field when deformed and
undergo deformation when subjected to an electric field. Owing to this intrinsic coupling phenomenon,
ee front matter r 2006 Elsevier Ltd. All rights reserved.
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piezoelectric materials are widely used as sensors and actuators in smart structures. Among various smart
structures, those with piezoelectric patches have received much attention in recent years, due to the fact that
piezoelectric materials have simple mechanical properties, small volume, light weight, large useful bandwidth,
efficient conversion between electrical and mechanical energy, good ability to perform vibration control and
ease of integration into metallic and composite structures [2,3]. The technology of piezoelectric smart
structures has become mature over the last decade [4].

To design piezoelectric smart structures for active vibration control, both structural dynamics and control
theory need to be considered. The finite element method, a widely accepted and powerful tool for analyzing
complex structures, is capable of dealing with the piezoelectric smart structures. Numerous studies have been
completed on analyzing piezoelectric structures. Special finite elements have been developed to account for
piezoelectric effect [5–7]. Among commercially available finite element analysis (FEA) codes, ANSYS, has the
ability to model piezoelectric materials. Based on the finite method model, the mode superposition technique is
widely used to transform the coupled finite element equations of motion in the physical coordinates into a set
of reduced uncoupled equations in the modal coordinates, and then the state space model of the system is
developed [1,8,9]. Commonly, the MatLAB Control System Toolbox is used for the control law design and
then closed loop simulation is performed based on the state space model of reduced order [8,10]. As can be
seen, in most of the present researches, if not all, dynamic modeling of the smart structures and design of the
control systems are usually carried out separately without taking the interaction between the structure and the
control system into account. Due to the increasing interest in the design of complex piezoelectric smart
structures and the need for fast and simple implementation of piezoelectric control systems, it is necessary to
develop a general design scheme of actively controlled piezoelectric smart structures and then experimentally
study the efficiency of the control law.

In this study, a modern system identification technique is employed to develop an explicit state space model
for control law design from the output of a commercial finite element code ANSYS. System identification
technique stems from control engineering, which is widely employed to develop a mathematical model given
experiment data for the purpose of control law design. This requires the construction of a minimum order
model from the test data that characterizes the dynamics of the system at the selected control and
measurement positions. A finite element simulation provides time histories of the variables of a piezoelectric
smart structure, but does not generate an explicit mathematical model of the system. Finite element
simulations are analogous to performing experimental investigations where the only direct outputs are time
responses. Therefore, the structural responses determined by finite element simulations are employed as the
inputs to an identification technique known as observer/Kalman filter identification (OKID) [11,12] approach
that identifies the Markov parameters of an asymptotically stable observer. The system Markov parameters
are then determined recursively from the Markov parameters of the observer system, from which a state space
realization is obtained using the eigensystem realization algorithm (ERA) [11,13]. A linear quadratic gaussian
(LQG) based robust controller which is less insensitive to system parameter variations, and also works
efficiently when multiple modes of vibration are present in the response, is employed to design a control law
for controlling the vibrations of the piezoelectric smart structures. ANSYS parametric design language
(APDL) is then used to integrate the control law into the ANSYS finite element model to perform closed loop
simulations.

The goals of this research are to propose a general analysis and design scheme of piezoelectric smart
structures by using ANSYS and OKID approach, and to experimentally study the feasibility and efficiency of
OKID approach in the vibration control of piezoelectric smart structures. The experimental object of this
research is comprised of a cantilever plate, piezoelectric actuators, accelerometers and digital signal processor
(DSP) board. The rest of the paper is organized into four sections. In Section 2, based on the finite element
model of a piezoelectric smart structure, an explicit state space model of the equivalent linear system is
developed for the purpose of control law design. The OKID approach is summarized in brief. In Section 3, the
LQG control law design technique is employed to design a control law. By using APDL, the control law is
then incorporated into the ANSYS finite element model to perform closed loop simulations. In Section 4,
numerical examples are presented to demonstrate the validity of the proposed design scheme. And then a
complete active vibration control system is set up to conduct experimental investigation. Section 5 concludes
the study.
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2. Control design model development

2.1. Finite element model

It is assumed that the thermal effect is not considered in the analysis. The linear piezoelectric coupling
between the elastic field and the electric field can be expressed by the direct and the converse piezoelectric
equations respectively [14]

fDg ¼ ½e�f�g þ ½�̄�fEg, (1)

fsg ¼ ½Q�f�g � ½e�TfEg, (2)

where electrical variable {D} and {E} denote the electric displacement and the electric field intensity,
respectively; mechanical variables {s} and {e} denote the stress and the strain, respectively. Matrices [Q], [e]
and ½�̄� represent material properties: [Q] is the elastic stiffness matrix, [e] is the piezoelectric stress coefficient
matrix, and ½�̄� is the permittivity matrix. The superscript ‘‘T’’ denotes the transpose of a vector or matrix.

Modeling of piezoelectric smart structures by the finite element method and its implementation for active
vibration control problems have been presented in Ref. [5–8,15,16]. The global matrix equations governing a
smart structure system can be written as

Muu 0

0 0

� � €u
€f

( )
þ

Cuu 0

0 0

� � _u
_f

( )
þ

Kuu Kuf

KT
uf Kff

" #
u

f

( )
¼

F u

Ff

( )
, (3)

where u denotes structural displacement, f denotes electric potential, and a dot above a variable denotes a
time derivative; Fu denotes the structural load and Ff denotes the electric load; Muu and Kuu are the structural
mass and stiffness matrix, respectively, Kuf is the piezoelectric coupling matrix and Kff is the dielectric
stiffness matrix, Cuu is the damping matrix, which is usually assumed to be a linear combination of the
structural mass matrix Muu and the structural matrix Kuu

½Cuu� ¼ a½Muu� þ b½Kuu�. (4)

The constants a and b are the damping parameters [17]. It is notable to point out that proportional damping is
assumed but not required for system identification.

As mentioned before, the commercial finite element code ANSYS can be utilized to model the piezoelectric
smart structure with prescribed inputs to obtain a set of corresponding output time histories. The next step is
to employ a system identification technique, using the time histories of outputs and inputs of the ANSYS finite
element model, to determine an ‘‘equivalent linear system’’ for use as a control law design model.

2.2. Description of observer/Kalman filter identification technique

The OKID [11,12] method was developed to compute the Markov parameters of a linear system, which are
the same as its pulse response samples. The OKID technique has been applied to space structures, such as the
Shuttle Remote Manipulator system [18]. The method is formulated entirely in the time domain, and is
capable of handling general response data. One of the keys to the OKID algorithm is the introduction of an
observer into the identification process. The first step of the process is the calculation of the observer Markov
parameters. Then the system Markov parameters are determined recursively from the Markov parameters of
the observer system. In the following we will summarize it in brief.

Firstly, consider a general discrete multivariable linear system expressed in the state space format

xði þ 1Þ ¼ AxðiÞ þ BuðiÞ,

yðiÞ ¼ CxðiÞ þDuðiÞ, ð5Þ

where x is an n� 1 state vector, u an m� 1 input or control vector, y a q� 1 output vector. Matrices A, B, C

and D are the state matrix, input matrix, output matrix, and direct influence matrix, respectively. The integer i

is the sample indicator. The input–output description of the above system with zero initial conditions can be
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obtained from Eq. (5) recursively as

yðiÞ ¼
Xi�1
t¼0

Y tuði � t� 1Þ þDuðiÞ, (6)

where the parameters

Y t ¼ CAtB

together with D, are known as the Markov parameters of the system, which are also the system pulse response
samples. To reduce the number of Markov parameters needed to adequately model a system, an observer is
introduced into the OKID technique. If (A, C) is an observable pair, then there exists an observer of the form

x
_
ði þ 1Þ ¼ A x

_
ðiÞ þ BuðiÞ �M½yðiÞ � y

_
ðiÞ�

¼ ðAþMCÞ x
_
ðiÞ þ ðBþMDÞuðiÞ �MyðiÞ,

ŷðiÞ ¼ C x
_
ðiÞ þDuðiÞ. ð7Þ

The matrix M can be interpreted as an observer gain. Consider the special case where M is a deadbeat observer
gain such that all eigenvalues of A+MC are zero, the estimated state x̂ converges to the true state x(i) after at
most n steps where n is the order of the system. Eq. (7) then becomes

xði þ 1Þ ¼ ðAþMCÞxðiÞ þ ðBþMDÞuðiÞ �MyðiÞ,

yðiÞ ¼ CxðiÞ þDuðiÞ. ð8Þ

The input–output description of the system in Eq. (8) is

yðiÞ ¼
Xn�1
t¼0

Ȳ t½ uði � t� 1Þ yði � t� 1Þ �T þDuðiÞ i � n, (9)

where

Ȳ t ¼ ½CðAþMCÞtðBþMDÞ � CðAþMCÞtM�

¼ ½Ȳ
ð1Þ
t Ȳ

ð2Þ
t �.

Ȳ t and D are the Markov parameters of an observer system. A particular feature of the deadbeat observer is
that the Markov parameters Ȳ t will become identically zero after a finite number of time steps. The standard
recursive least-squares technique is used to solve Eq. (9) and then the observer Markov parameters are
computed. There is an algebraic relationship between the Markov parameters of the observer system and those
of the actual system

Y t ¼ CAtB ¼ Ȳ
ð1Þ
t þ

Xt�1
i¼0

Ȳ
ð2Þ
i Y t�i�1 þ Ȳ

ð2Þ
t D. (10)

A complete description for the computation of the Markov parameters is given in Refs. [11,12,19]. Once the
Markov parameters of the observer system are identified, the actual system Markov parameters can be
recovered according to Eq. (10). The actual system Markov parameters are then used to obtain a state space
model of the system by a realization procedure called the ERA [11,13].

2.3. Minimum realization by the eigensystem realization algorithm

The ERA is a system realization method that has been studied extensively [11,13]. It determines a state space
model (Ar, Br, Cr, Dr) of a structure from the system Markov parameters. The algorithm begins by forming the
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l� l block Hankel matrix denoted by H(l, t)

Hðl; tÞ ¼

Y t Y tþ1 � � � Y tþl�1

Y tþ1 Y tþ2 � � � Y tþl

..

. ..
. ..

.

Y tþl�1 Y tþl � � � Y tþ2l�2

2
666664

3
777775. (11)

The order of the system is determined from the singular value decomposition of H(l,0)

Hðl; 0Þ ¼ USVT, (12)

where the matrix U and V are unitary matrices, S is an n� n diagonal matrix of positive singular values, and n

is the order of the system. Defining a q� lq matrix ET
q and an m� lm matrix ET

m made up of identity and null
matrices of the form

ET
q ¼ ½Iq0q�ðl�1Þq�; ET

m ¼ ½Im0m�ðl�1Þm� (13)

a discrete-time minimal order realization of the system can be written as

Ar ¼ S�1=2UTHðl; 1ÞVS�1=2, (14a)

Br ¼ S1=2VTEm, (14b)

Cr ¼ ET
q US1=2. (14c)

The direct influence matrix Dr can be identified by solving Eq. (9). The above state space model of the system
dynamics is used to design a LQG-based robust controller.

3. Control algorithm and closed loop simulation

3.1. LQG design

The robust controller design using the LQG is discussed in this section. Considering the process
and measurement noise w(i) and v(i), the state space equation for the piezoelectric smart structure can be
written as

xði þ 1Þ ¼ ArxðiÞ þ BruðiÞ þ GwðiÞ,

yðiÞ ¼ CrxðiÞ þDruðiÞ þ vðiÞ. ð15Þ

In the LQG algorithm, the process noise w(i) and the measurement noise v(i) are both assumed to be
stationary, zero-mean, Gaussian white, and have covariance matrices satisfying

Cov w ið Þ;w jð Þ
� �

¼ E w ið ÞwT jð Þ
� �

¼ V 1;iidi;j,

Cov v ið Þ; v jð Þ
� �

¼ E v ið ÞvT jð Þ
� �

¼ V 2;iidi;j, ð16Þ

where E{ � } denotes the expected value, di,j denotes the Kronecker delta, V1 and V2 are both diagonal matrices.
In addition, w(i) and v(i) are assumed to be uncorrelated. The controller consists of a state feedback module
and a state estimation module. The former corresponds to the following control law:

uðiÞ ¼ �KxðiÞ (17)
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in which K denotes the feedback gain matrix. The feedback gain matrix is obtained so as to minimize the
quadratic cost function of the form

J ¼ E
X1
i¼1

½xTðiÞQxðiÞ þ uTðiÞRuðiÞ�

( )
, (18)

where Q is a symmetric positive semi-definite matrix and R is a symmetric positive-definite matrix. The
optimal feedback gain matrix that minimizes the above cost function is given by

K ¼ ðRþ BT
r P1BrÞ

�1BT
r P1Ar, (19)

where the positive definite matrix P1 is the solution to the following algebraic Riccati equation

AT
r P1Ar � P1 � AT

r P1BrðRþ BT
r P1BrÞ

�1BT
r P1Ar þQ ¼ 0. (20)

In Eq. (17) it is assumed that all of the states are available for feedback. However, in practice only the system
outputs are available for feedback. To estimate the states of the system from sensor outputs, a state estimator
based on the Kalman filter is designed

x
_
ði þ 1Þ ¼ Ar x

_
ðiÞ þ BruðiÞ þ L½yðiÞ � Crx̂ðiÞ �DruðiÞ�, (21)

where x̂ðiÞ denotes the estimated state and the observer gain matrix is obtained form

L ¼ ArP2C
T
r ðCrP2CT

r þ V2Þ
�1 (22)

in which the positive P2 satisfies the following algebraic Riccati equation

AT
r P2Ar þ GV 1G

T � ArP2C
T
r ðCrP2CT

r þ V2Þ
�1CrP2AT

r � P2 ¼ 0. (23)

Note that the state vector in Eq. (17) should be replaced by the estimated state x̂ðiÞ. One of the merits of the
LQG technique lies in the separation principle, which states that the design of the feedback and the estimator
can be carried out separately. A block diagram of the LQG controller is shown in Fig. 1.

The selection of Q and R is vital in the control design process. Q and R are the free parameters of design and
stipulate the relative importance of the control result and the control effort. A large Q puts higher demand on
control result, and a large R puts more limits on control effort [20]. The optimal values for Q and R are
typically obtained by trial-and-error methods. An efficient way of choosing Q is to compute it from Cr with

Q ¼ CT
r Cr. (24)

Weighting matrix R can be set as rI with r as a scalar design parameter. Therefore, the challenging task of
choosing Q and R reduces to choosing one parameter r. Consequently, the control performance such as
State estimator System dynamics

z-1 Br 

G

z-1

Ar 
Cr 

-K

Br 

Ar 

Cr 

L

w 

v 

_ 
)(ˆ ix x (i)

Fig. 1. A block diagram of the discrete-time LQG controller.
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Fig. 3. The configuration of an actively controlled cantilever plate.
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settling time and the maximum value of the actuator voltage can be tuned through changing the value of r.
This procedure is used in the illustrative example presented next.

3.2. Closed loop simulation in finite element environment

As discussed earlier, finite element simulations are analogous to performing experimental investigations. In
this section, by using APDL, the ANSYS finite element model of a smart structure is modified to accept
control laws and perform closed loop simulations. Therefore, the control law can be evaluated in the context
of finite element environment. The block diagram of the analysis is shown in Fig. 2. Fe is the vibration
generating force. The instantaneous value of the vibration generating force is defined at each time step. vs is the
sensor signal at a sensor location. For instance, for a cantilever plate, vertical velocity can serve as sensor
signal. va is the actuator voltage and it is determined by the LQG controller using Fe and vs.

In this study, to construct an ANSYS finite element model for a piezoelectric smart structure, SOLID45
elements are used for the metal part and SOLID5 elements are used for the piezoelectric part of the structure.
A macro has been written to perform the transient analysis, in which the control law is accepted. In the
transient analysis, the instantaneous value of the sensor signal is calculated at a time step. Then the feedback
voltage, which will be used as the input to the piezoelectric actuator during the next time step, is determined by
the LQG controller. This process will continue for the predefined time duration of the computed response.
Through the results of transient analysis, the control law can be evaluated in the finite element simulation.
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If the control law performance is not adequate, the control law can be redesigned and evaluated again until the
desired performance is obtained.
4. Numerical examples and experimental investigation

4.1. Numerical examples

In this section, a cantilevered plate is considered. The structure consists of a host aluminum plate
(700mm� 150mm� 1.2mm), APC-850 piezoelectric patches (70mm� 15mm� 0.5mm) and velocity
sensors. The adhesive layers are neglected. The piezoelectric patches work as actuators are perfectly bonded
on the upper and lower surfaces of the plate structure at the same location. It is assumed that the same
magnitude but the opposite direction of electric field is applied to the upper and lower piezoelectric patches so
as to create a pure bending moment for vibration suppression. Velocity sensors are bonded on top of the
actuators. The configuration of the structure is shown in Fig. 3. As can be seen in Fig. 3, there are three
Table 1

Material properties of APC850 and aluminum

— APC850 Al

E11 (GPa) 63.0 69.0

E22 (GPa) 63.0 69.0

E33 (GPa) 54.0 69.0

G12 (GPa) 24.6 27.0

G23 (GPa) 24.6 27.0

G13 (GPa) 30.6 27.0

n12 0.35 0.32

n23 0.44 0.32

n13 0.38 0.32

d31 (m/V) �1.75� 10�10 /

d33 (m/V) 4.00� 10�10 /

d15 (m/V) 5.90� 10�10 /

�̄11 (F/m) 1.43� 10�8 /

�̄33 (F/m) 1.55� 10�8 /

r (kg/m3) 7600.0 2700.0

-75

-60

-45

-30

-15

0

1 10 100 1000
-80

-60

-40

-20

0

M
ag

ni
tu

de
 (

dB
)

M
ag

ni
tu

de
 (

dB
)

Frequency (Rad/Sec)

1 10 100 1000

Frequency (Rad/Sec)

ERA
ANSYS

ERA
ANSYS

(a) (b)

Fig. 4. Frequency response functions: (a) from actuator 1 to sensor 3; (b) from actuator 3 to sensor 2.



ARTICLE IN PRESS

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-10

-8

-6

-4

-2

0

2

4

6

8

10

D
is

pl
ac

em
en

t (
m

m
)

Time (Sec)

Control off

Control on

Fig. 5. Displacement response to impulse excitation.

X.-J. Dong et al. / Journal of Sound and Vibration 297 (2006) 680–693688
actuator pairs marked with actuator 1, actuator 2 and actuator 3, respectively. Also, there are three sensors
marked with sensor 1, sensor 2 and sensor 3, respectively. It should be pointed out that in ANSYS finite
element model the elastic and inertial properties of the sensors are not taken into account. The first 10 modes
are taken into account to perform mode modal transient response analysis. Uniform damping ratio of 1.0% is
used except 0.8% for the first mode. The transverse velocities at sensor locations are calculated at each time
step and then serve as sensor signals. The material properties of APC850 and aluminum are listed in Table 1.

White noise is selected as the input signal since it satisfies the condition of persistent excitation, as required
by a reliable identification [21]. Finite element simulation using ANSYS is performed to obtain a set of
corresponding output time histories. The aforementioned system identification technique is then employed,
using the time histories of inputs and outputs, to set up a state space model for use as a control law design
model. Frequency response functions can be obtained from the state space model. For brevity, only two of
them are shown in Fig. 4. The results from the ANSYS finite element model are also shown in Fig. 4 for the
purpose of comparison. Fairly good agreement is observed between the two results except for the frequency
range above 300 rad/sec. For most structure systems under practical loading conditions, only the first few
modes play important parts in the vibration response of the system. Therefore, it can be concluded that the
state space model developed by identification technique characterizes the dynamics of the system and can be
used for control law design.

For the LQG controller, the free parameters r, V1 and V2 are selected as r ¼ 0.001, V1 ¼ 10�3 In and
V2 ¼ 10�6 Iq. As mentioned previously, these parameters are determined by trial-and-error methods to most
effectively control the structure. At the same time, these parameters are limited for the sake of the breakdown
voltage of the piezoelectric materials. The maximum voltage per thickness of the piezoelectric material is taken
as 300Vmm�1. Once the LQG controller design is completed, APDL is used to integrate control law into the
ANSYS finite element model to perform closed loop simulations. Finally, the control law is evaluated in the
finite element simulation. If the control law performance is not adequate, the control law can be redesigned
and reevaluated until the desired performance is obtained.

The external load is assumed to be applied at the free end of the plate and the dynamic responses at the free
end, i.e. the tip displacements, are given to evaluate the control law. For case 1, a transverse impulsive loading
of 0.1N is applied at the free end of the plate for 0.1 s. Transient responses of the plate tip displacement are
shown in Fig. 5. Results when the control is off are also shown for comparison. Actuator voltages are shown
in Fig. 6. As can be seen, the controller successfully damps the vibration of the plate. The actuator voltages
are lower than the breakdown voltage of piezoelectric materials. For case 2, banded limited white noise in
the frequency range 0–200 rad/s is applied at the free end of the plate. The tip displacement of the plate and the
actuator voltages are shown in Figs. 7 and 8, respectively. The controller is also effective in controlling the
random vibration. Still, the actuator voltages are lower than the breakdown voltage of piezoelectric materials.
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4.2. Experimental investigation

In this section, we shall experimentally evaluate the effectiveness of the proposed identification technique in
the vibration control of piezoelectric smart structures. The piezoelectric structure considered in experimental
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investigation is shown in Fig 9. Note that accelerometers are used as sensors in this structure. The test
structure is not exactly the same as the one used in simulation described in Section 4.1. The dimension of the
rectangular aluminum plate is 500mm� 70mm� 1.2mm. The used piezoelectric patch is APC-850 and its
dimension is 70mm� 15mm� 0.5mm. Three piezoelectric patches, denoted as actuator 1–actuator 3, are
bonded on the lower surface as actuators. Three accelerometers, denoted as sensor 1–sensor 3, collocated on
the upper surface as sensors. The distance between the left end of the actuator 1 and the clamped end of the
plate is 10mm, and that of the actuator 3 is 210mm. The inputs of the system are the voltages applied to the
piezoelectric actuators and the outputs of the system are the acceleration signals. The inputs and outputs are
both electrical signals that can easily be measured by a dynamic signal analyzer.

Fig. 10 depicts the experimental setup. The 16-channel DATA PHYSICS SignalCalc430 dynamic signal
analyzer is used for generating, analyzing and storing signals. The three-channel high voltage power amplifier
(HIT BoShi Precision Measure & Control Co., China), capable of driving highly capacitive loads, is used to
supply necessary voltages for the actuating piezoelectric patches. The Polytec OFV-3000 laser vibrometer is
used to monitor the vibration of the plate at the free end. The controller is implemented using a multi-channel
and multifunctional DSP board consisting of D/A and A/D interfaces, anti-alias filters, smoothing filters and a
TMS320VC33 DSP. The sampling rate is chosen to be 1 kHz, which gives an effective control bandwidth of
200Hz. This bandwidth includes the four lowest modes of the structure (see Table 2).

Single input multi output tests are conducted for the purpose of identifying the physical system. Pseudo
random signal generated by the signal analyzer is applied to each piezoelectric patch through the voltage
power amplifier. The input data and output data are then recorded by the signal analyzer. The aforementioned
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Fig. 10. The experimental setup: (a) picture of the overall experimental setup; (b) schematic diagram of the experimental setup.

Side View
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Fig. 9. The piezoelectric structure considered in experimental investigation.
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identification procedure is employed to set up the corresponding state space model. The LQG controller is
designed and then coded into the DSP. The free parameters of the LQG controller are determined based on
engineering judgement through an iterative procedure. The active vibration control system is schematically
shown in Fig. 10(b). Firstly, the acceleration signals monitored by the three accelerometers are put into the
digital control system, which is built on the DSP board. Proper control signals generated by the control
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Table 2

Natural frequencies of the structure

Mode Natural frequency (Hz)

1 4.44

2 26.56

3 71.92

4 139.65
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program according to the control law are then amplified by the high voltage amplifier and fed back to the
piezoelectric patches to perform closed loop control of the structure. The experimental results presented in this
study are limited to the case in which the vibration of the structure is generated by an initial displacement of
15mm. Fig. 11 shows the open loop and closed loop dynamic displacement response of the plate at the free
end monitored by the Polytec OFV-3000 laser vibrometer. As can be seen from Fig. 11, the vibration is well
suppressed by using the controller.

5. Conclusions

Under the interaction of structure and control disciplines, a general scheme of analyzing and designing
piezoelectric smart structures is successfully developed in this study. The scheme involves using a modern
system identification technique known as OKID approach to develop an equivalent linear model from the
outputs of the commercial finite element code ANSYS. Standard control law design techniques are then used
to design control laws. By using APDL, the resulting control laws are then incorporated into transient analysis
for evaluation. Numerical results are presented to demonstrate the efficiency of the proposed scheme in
simulating an actively controlled piezoelectric structure. It is pertinent to mention that the proposed design
scheme can further reduce cost, as well as shorten design cycle time for smart structures. Further more, the
proposed scheme can integrate a user selected control algorithm into the ANSYS finite element model to
perform closed loop simulation. Unfortunately, the application of the proposed scheme is limited to
piezoelectric smart structures. As to other smart structures, such as smart structures using shape memory
alloys or fiber optics, the scheme can’t be applied successfully.

Finally, a complete active vibration control system comprising the cantilever plate, the piezoelectric
actuators, the accelerometer and the DSP board is then set up to conduct experimental investigation. System
identification technique is employed to establish the state space model of the physical system before



ARTICLE IN PRESS
X.-J. Dong et al. / Journal of Sound and Vibration 297 (2006) 680–693 693
conducting the vibration control experiment. This method is considered to be more universal than analytical
or numerical methods, especially for complex systems, in which analytical solutions are impractical, if not
impossible. From the experimental results, it is observed that satisfactory performance of vibration
attenuation can be achieved. The feasibility of OKID approach in the vibration control of piezoelectric smart
structures is verified successfully. Equivalent linear models developed by employing OKID approach can
represent the physical system very well.
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