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ABSTRACT

This paper determines the optimal location of PZT actuators in conjunction with the use of
PVDF based wavenumber sensing approach for active sound radiation control of a simply-
supported beam. The PVDF based wavenumber sensing is first briefly reviewed. The
optimization problem for the optimum positioning of the PZT actuator is then formulated.
The genetic algorithm (GA), a general optimization procedure is adopted to determine the
optimal location of PZT actuators incorporated with linear quadratic optimal control theory
(LQOCT) to obtain the optimal control voltage, when the location of the PZT actuator is
determined. The optimal location of PZT actuators are successfully determined in
considering four types of cost functions associated with the wavenumber sensing approaches.
The control performance of the optimally positioned PZT actuators is compared with that of
the arbitrarily selected ones. Results show that the optimally located PZT actuators can
greatly reduce the radiated power. In particular, for the off-resonance excitation cases the
reduction of radiated power can be up to 10 dB. The control mechanisms of the optimum
PZT actuators are also studied by examining the sound pressure level (SPL) distributions and
the wavenumber transform spectra. This work enhances the sensing and actuation abilities
and leads to the optimum design of intelligent material structure systems for active structural
acoustic control.

keywords: piezoceramic transducers, optimum design, wavenumber, active structural
acoustic control, intelligent material structure system

INTRODUCTION

The development of intelligent materials structure systems (IMSS) is of great interest [1,2].
The actuators and sensors can be imbedded or attached to the structures, so as to perform
active control of structural vibration and sound radiation. The PZT actuator and PVDF
sensor are one of the frequently used materials for the IMSS. The IMSS for active structural
acoustic control (ASAC) has also been of concern. The design of various types of control




TRANSDUCERS FOR ACTIVE CONTROL

actuators and sensors are developed for different purposes of applications. The PZT actuator
and PVDF sensor are increasingly applied as the control transducers for ASAC and have
been shown many advantages over the conventional transducers, such as point force and
microphones [3,4].

Because of the strong correlation between structural vibration and sound radiation,
various types of structural sensors have been developed and used for structural sound
radiation control [5-8]. The accelerometers are conventionally used and adhered to the
structure surface to measure the point acceleration that is composed as the error signal for
active control applications [9,10]. However, the cost, mass inertia effect and practical
implementation for the accelerometer are its deficiencies. The PVDF film sensors that are
thin. light weight and low cost can be adhered to the structure surface to measure the
structure response. A strip type [8,11,12] or shaped PVDF sensor [8,13] was developed and
shown much potential in active vibration and acoustic controls.

The wavenumber domain sensing approach has been shown a promising way of
obtaining the efficient error signal for ASAC. As known, the supersonic wavenumber
component that will contribute to the sound radiation into the far-field. In contrast, the
subsonic wavenumber components will not radiate into the far field [14]. The wavenumber
domain control was first proposed by Fuller and Burdisso [15]. With the use of a
microphone as the error sensor, a cost function is defined as the wavenumber component
corresponding to the radiation angle of the microphone. The minimization of the
wavenumber component is similar to the minimization of the radiated sound pressure at the
prescribed angle.  Fuller and Maillard {16,17] applied a series of accelerometers and
performed discrete wavenumber transform on the acceleration signals to obtain the
wavenumber components. Those wavenumber components can then be adopted to construct
the cost function that is to be minimized for structural sound radiation control. Wang [18]
developed an PVDF based wavenumber sensing approach for active sound radiation control
of a simply-supported beam. A series of PVDF strip sensors are equally spaced and
distributed over the beam length. By performing the discrete wavenumber transform on the
PVDEF sensor signals, the PVDF wavenumber transform function can be obtained. The sum
of mean square value of PVDF wavenumber transform function in the supersonic region 1s
then defined as the cost function. Wang [18] showed that the PVDF based wavenumber
sensing technique is efficient for sound radiation control of a simply supported beam. Wang
[18] also indicated that for some off-resonance excitation cases the control can be inefficient
due 1o the improper location PZT actuator. For the application of PVDF strip sensors to the
wavenumber sensing approach, the length and thickness of PVDF sensors have been shown
little effect on the control performance. Therefore, the optimal location of PZT actuator
become of interest to improve the control performance, in particular for the off-resonance
excitation,

This work first formulates the optimization problem for the optimum positioning of
the PZT actuator. The length of PZT actuator is assumed to be fixed, and so forth the
central location of the PZT actuator is selected as the design variable. The genetic algorithm
(GA) is then applied to solve for the optimal location of PZT actuator in conjunction with
the lnear quadratic optimal control theory (LQOCT) to determine the control voltage input
to the PZT actuator. The control efficiency is shown greatly improved. The actuation and
sensing abilities of the IMSS can then be greatly enhanced.
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WAVENUMBER DOMAIN SENSING APPROACH

By performing continuous wavenumber transform (CWT) in terms of spatial coordinates for
a two-dimensional rectangular radiator, the acceleration wavenumber transform function, 4,
can be obtained as follows by neglecting the harmonic time function:

Ak x )~ f:[‘: wxy)e = dxdy (1)

where
k  -ksinBcosd (2)
x -xsinBsind (3)

and  represents the acceleration of the radiator. For a one-dimensional beam application
as shown in Figure 1, the y-direction response is negligible; therefore, the beam acceleration
wavenumber transform function (WTF), by performing the continuous wavenumber transform
and neglecting the time component, can be expressed as [18]:
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in which « -nn/L, and ¢ (w) is modal amplitude depending on the external force. &)n(xx)
is the continuous wavenumber transform of the mode shape function of the simply-supported
beam, ¢ (x), and can be approximated by the discrete wavenumber transform (DWT) as
follows:
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N is the number of discretization, i.e., the number of sensors applied in practical
measurement; and Ax is the equal distance between accelerometers. The acceleration WTF

by performing the DWT for x,=0 can then be derived:

ApymAx )-jbe?y " g (0)d (mAk) m=--(N-1),-(N-2),..,-1,0,1,..,N-2N-1 (9
n-1

It is noted that the negative wavenumber components (m = negative integer) are also
included and simply correspond to radiation in opposite directions than the positive
wavenumber ones.

Similarly, the generated voltages from the PVDF film [18] can also be taken by the
CWT in g-plane and derived as follows:

e Py

V(k x )-K [ - 1) q,(0)d%(x) (10)
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in which ¢”(x) is the PVDF mode shape function; K, is some constant related to the

physical properties of PVDF sensor [19]. Again, the continuous wavenumber transform of
the PVDF voltage shown in Equation (10) can be approximated by the discrete wavenumber
transform; therefore, the PVDF voltage WTF by performing the DWT for k=0 can be
obtained

Vowr(mAx )--jbY " q, (0)d2(mAK ) ,  m--(N-1),-(N-2),..,-1,0,1,. .N-2,N-1(12)
n-1

where

. mi

N i
$2mix )-3 0%Gdxe ¥ Ax,  me-(N-1,-(N-2),.,-10,1, .N-2.N-1 (13)
i-1

‘i)i(’"AKx) denotes the m-th wavenumber components of the PVDF mode shape d)f:(x) by

performing the discrete wavenumber transform: and jAx is the spatial coordinate of the i-th
sensor location.

COST FUNCTIONS

[t is noted that the mean square value of the acceleration wavenumber transform function,
Le., |4P. integrated over the supersonic region is related to the radiated power [14]. Only

the wavenumber components satisfying Kiﬂ(zyq(l contribute to sound radiation into the far-

field, and are termed as the supersonic waves. The other wavenumber components
associated with subsonic waves do not radiate into the far-field. For a one-dimensional beam
with infinite rigid baffle, the radiated power can be expressed in terms of the wavenumber
transform of beam acceleration as follows [20]:
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¢ - PCK fx H(Kx)fz dx,
-K\/KT—Q

It is difficult to exactly evaluate the above integral. Cremer and Heckl [20] provided an
approximate method to estimate the radiated power. Here, it is reasonable to construct the
cost function based on the wavenumber transform functions introduced in Equations (4) and
(10). Two types of cost functions associated with the wavenumber components in supersonic
region are defined as follows:

(14)
d 41t 2

@, ;- [A(k,x,-0)fdx, (15)

(Dm‘;-f_ZIV(KX’Ky-O)PdKX (16)

[t is noted that @_, is the integration of supersonic wavenumber components that contribute

to the sound radiation into the far-field, and is strongly related to the radiated power. Q.

is the integration of the mean square value of PVDF voltage wavenumber transform functions
over the supersonic region. By examining Equations (4) and (10), there are two main

differences. Firstly, constants _ 2 and K, are pre-multiplied for 4 and p respectively.
Secondly, ¢ (x ) and ¢?(x ) are for 4 and y in the summation respectively. ¢ (x ) andZ(x )
are obtained by performing the wavenumber transform on ¢ (x) and $2(x) - Itis noted that p?(x)

is the slope difference between the two edges of the PVDF film. In particular, ¢%(x) is
related to the displacement mode shape ¢ (x) for the case of simply-supported beam. From
the comparison between Equations (5) and (11), one can see that J;n(xx) and d’ﬁ("x) have
the same form of functions in terms of x_; therefore, cost functions @, and & can be

strongly correlated and also related to the radiated power, as shown in Equation (14). Both ® A

and @ . are continuous functions obtained from the acceleration and PVDF voltage

wavenumber transform functions, based on the CWT approach. It is noted that these two
cost functions can not be measured directly in reality, although these cost functions are highly
correlated to the structural sound radiation.

With the use of a series of evenly spaced accelerometers or PVDF strip film sensors
in conjunction with the DWT approach, the discrete wavenumber transform functions based
on accelerometers and PVDF sensors can be derived through Equations (4) and (10), and
shown in Equations (9) and (12). Both negative and positive wavenumber components can
be obtained. In fact, because of the symmetry of wavenumber spectrum and folding effect
of discrete wavenumber transform (analogy to the time domain Fourier transform), the
negative wavenumber components can also be obtained without the operation of discrete
wavenumber transform on the negative integer m. Notice that only the wavenumber

components below and above the Nyquist wavenumber £3 SV

to Equations (15) and (16) for the CWT approach, the cost functions based on the DWT
approach for accelerometers and PVDF sensors can be defined as

-_];[Axx are valid. Analogy
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Nk
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® ; and O,

A s represent the sum of mean square values ot the supersonic wavenumber

DWT

components ot the acceleranon and PVDFE voluage WTEs respectively: and N_ s the

+1. 1tis noted hat®_

minimum number of wavenumber components, such that min(N,)> A
DWT

and <I>“;Wr are measurable. and can be used to approximate the cost functions @ . and

D
@ . InSummary. @ cand @, derived from the CWT approach are ideal cost functions,
which are not measurable. (DM[,W and @ Uy ATC defined from the acceleration and PVDFE
voltage WTFEs by the DWT approach. and can be obtaimed by using a series ot equally
spaced accelerometers and PVDE sensors respectively.

Any one of the cost tunctions mentioned above 1s obviously quadratic and positively
detimte and possesses a umque mimmum.  The hinear quadratc optimal control theory
(L.LQOCT) can then be applied to minimize the cost funcuon, so as to tind the opumal control
voltages input to the piezoelectric actuators.  One can easily pertform minimization
procedures {21} to calculate the optimal control parameters, so as to minimize the cost
tunction.  The tull analysis can be referred to [22] and 1s omitted here for brevity.

FORMULATION OF OPTIMIZATION PROBLEM

Genetic Algorithm. The genetic algorithm is derived based on Darwin’s theory of "Survival
of the Fittest” [23]. The GA is a search procedure for general optimization problems and
is numerically simple involving nothing more than random number generation. bit
manipulaton and string exchange. The objective function 1s usually transtormed to a fitness
tunction

F(x)=base value -fx) (19)

The GA 1s o maximize the fitness function, F(x). 1 contrast to minimize the objective
function. Ax). m comparison with the tradinonal opumization procedures.  The design
variables. y. are encoded as a binary digit string which is analogous to chromosome in a
biological system.  When multiple design variables are desired. all design variables are
concatenated to one single string. In the beginning. the GA randomly generates a population
of strings by successive coin flips. The generation process is then succeeded to produce the
new generation of population by performing three basic operators ot GA: reproduction.
crossover. and mutation.  Strings can be decoded to obtain the exact values of the design
variables m order 10 calculate the fitness values. The design constraints can be treated by
the exterior penalty function method such that a constrained problem is transformed to an
unconstrained problem.
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Optimization Problem for Optimal Location of PZT Actuator. As shown in Figure 1,
a simply-supported beam in an infinite rigid baffle is considered as the plant subjected to a
harmonically excited point force disturbance. The sound radiation from the beam is
controlled by PZT actuators in conjunction with the use ot LMS feedforward control
algorithm_ while the accelerometer and PVDF based wavenumber sensing approaches are
adopted. The size of the i1-th PZT actuator is assumed to be fixed. The applied voltages to
the piezoelectric actuators can be calculated from linear quadratic optimal control theory
(LQOCT). Theretore, the design variables can be identified as:

XXy Xy (20)

where x are the central location of the i-th PZT actuator. The objective function can then

be detined as the total radiated sound power as shown in Equation (33) and transformed to
a funess tunction as shown in Equation (19). The bounds of design variables can be
inherently implemented, and the unconstrained optimization problem can be completely
defined. Therefore, the genetic algorithm can then be applied to determine the optimal
locations ot PZT actuators and microphone sensors. The solution strategy 1s described as
follows.

Implementation of Genetic Algorithm. The GA is implemented as FORTRAN codes
incorporated with the use of LQOCT for the calculation ot the optimal control voltages input
to actuators whenever the locations of actuators are determined. The solution tflow chart is
shown n Figure 2 {24]. The detail procedure is described as follows:

I. Setup GA constants. At the beginning of the program, some GA constants including
population size for each generation, the string length of design variables, crossover
probability, mutation probability and the number of maximum generation must be -
specttied.

2. Generate nitial population. The binary digit string is generated by successive coin

flips. The design variables are encoded as a binary digit string. All design variables
are concatenated to one single string.
Calculate the population statistics. In this stage. each string is decoded to obtain the
exact values of design variables. which are the central locations of PZT actuators and
the radial angles of microphone sensors. The LQOCT is then applied to calculate the
control voltages nput to the PZT actuators for each one string contained n the
populations. The fitness function for each string can also be computed. Finally, the
maximum., averaged, minimum and sum of the fitness for the current generation can
be obtamned. Those values are required in the production of new generaton.

4. Produce new generation. To produce a new generation. three basic GA operators.
1.e.. reproduction, crossover and mutation, are performed. A pair of reproduction
mates are first selected by a roulette wheel with slots sized according 1o the titness
values. The crossover 1s then pertformed for the selected reproduction mates based
on the crossover probability. Finally, the mutation is performed on the children sets
to produce the new generation array.

[V

5. Calculate the population staustics. The procedures are the same as those n Step 3.
6. Report results.  This stage 1s to print out the results of population statistics as well
as the string digit and the exact values of design variables tor turther analysis.

7. Repeat Steps 4 1o 6 until the program reaches the number of maximum generation.
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RESULTS AND DISCUSSIONS

A steel beam with length of 0.38m. width of 0.04m, and thickness ot 2mm 1s used in the

simulations. The tirst tew natural trequencies are 33.2 Hz, 128.8 Hz, 289.9 Hz, 515.4 Hz.

8053 Hzand 1159.6 Hz. Ttis noted that no damping was included i the tollowing analysis.

A harmonic point force with input parameters. b =0.3N and x},:().()67m, wads considered as

the disturbance input tor the following analysis. The piezoceramic patch (G-1195) [25] and

PNDE films (LDT-28 k) [26] are used respectively. The piezoceramic patch is located at

x, - 028m. x, =0.3485m tor the arbitranly selected case.  In order to achieve the

wavenumber sensing approach. a series of PVDLE sirip films are evenly distributed over the

beam length as shown in brgure 1. The PVDE strip tilm s assumed to be 0.02m 1n length
tor wavenumber sensing approaches.  or the purpose of comparison. a series of
accelerometers are also used and assumed to be located at the central location ot PVDFE
films. soas to pertorm the wavenumber sensing approach. Both the radiration direcuvity and

W distributions are shown to demonstrate the control mechanisms ot the wavenumber

senstng approaches.  The radiated sound pressure i1s calculated at a radial distance ot 3m

trom the beam. and plotted 1 dB re 20x10" Pa over §--90° 10 90° for ¢$-0" .

The opumal location ot PZT actuators tor the four types of cost tuncuons are shown

i brgure 30 and their values are histed in Tables | and 2. The PZT actuators are depicted

i bigure 30 the associated structural mode shape are also shown.  For the cost function ot

®, . several remarks can be made as follows:

| For on-resonance excitation cases, 1.e., 33.2 Hz, 128.8 Hz and 290 Hz corresponding
to the first. second and third resonance modes, one edge of the PZT actuator 15 near
to the maximum response of the associated structural mode shape. This agrees with
the conclusions ot previous works [27-29].

2. Por otf-resonance excitation cases, the PZT actuator 1s located right between the
locations associated to the on-resonance excitation cases. This can be postulated that
the opumal location of the PZT actuator 15 determined under a comprise to ehminate
the signiticant response ot structural modes. The control mechanmsms will be turther
discussed later.

3. As the excitauion trequency increases, the optimal location of PZT actuator 1s shitted
to the lett gradually.  As known. the lower structural modes usually have higher
radiation efficiency [30-32]. Theretore. the opumal location ot PZT actuator 1s
determined to mimimize the sigmticant modal response and to be shitted o the lett

For the case ot @, the cost funcuon i1s obtained by the CWT approach similar to

® .. but the PVDLE ideal sensors are assumed instead of ideal acceleration sensors.  Previous
work [ 18] shows that the cost function @ ; related o the radiated power 1s a proper candidate
as the cost function to pertform active sound radiation control. The opumal locauon ot PZT
actuator tor the case of @, tor ditferent excitation frequencies are depicted as shown on the
second column of Figure 3. One can see that the optimal locations ot PZT actuators are
quite sumilar (o those for the case of @ . This can be explained that the nature of the two

cost tunctions are physically sumilar, because they have the same form ot functions i terms
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of structural wavenumbers [18]. An interesting result is that the optimal location of the PZT
actuator is near the end of the boundary of the beam tor the third resonance excitation case.
This 1s not much surprising tor such a location that is still an optimum candidate according
to the previous works [27-29].

For the DWT approach associated with the accelerometer and PVDE based
wavenumber domain sensig. the number of sensor is assumed to be 10 as depicted and
shown in Figure 3. The optimal location of PZT actuators can also be found by the previous
method discussed.  There 1s only slight difference from the CWT approach and can be
concluded that the DWT approach is well enough to approximate the CWT approach. The
wavenumber domain sensing can therefore be practically carried out by the evenly distributed
accelerometers or PVDF sensors.

To turther examine the performance of optimized PZT actuator. the reduction of the
radiated power for the four cases as shown in Table 3 is compared with the arbitrarily
selected ones that is based on the cost tunction of ® ;. Some observations are made as
tollows: .

.. The CWT approach can provide better sound radiation control than the DWT
approach tor the optimal positioning of the PZT actuators.
The accelerometer based wavenumber sensing generally achieved more reduction ot
the radiated power than the PVDF ones, because the acceleration wavenumber
transtorm function 1s more related to the form of the radiated power than the PVDE
ones.

[

3. @, can provide the most reduction of radiated power than other tvpes of cost
functions for 1ts strong links to the radiated power.

4. @, s the best choice as the cost functions among the four types ot cost functions.
though 1t 1s not practically applicable. The arbitrarily selected sets of PZT actuators
for control application is chosen to compare with and to evaluate the optimally
posittoned PZT actuators.

5. Alarge amount of radiated power can be reduced for on-resonance exciation for the
arbitrarly selected actuators: however. only a small amount or almost none of
reduction of radiated power can be obtained for otf-resonance excitation cases.  This
has been indicated by the author in the previous work [18]. One can see that tor the
optimized cases cither on- or off-resonance excitation can achieve much more
reduction of radiated power than the arbitrarily ones.

The optimal location of PZT actuator 1s determined and their effect on the reduction
of radiated power s discussed.  The etfect of the location of PZT actuator on the control
performance can be further studied by examining the SPL. distributions and acceleration
wavenumber transtorm spectra. Figure 4 shows the SPL. distributions for difterent excitaion
frequencies considering the optimum design of PZT actuators for the four (vpes of cost
tunctions and the arbitrarily selected ones. Figure 4(a) is for the first resonance excitation
case. As menuoned. the central location of the arbitrary PZT actuator is located at one sixth
of the beam. 1.e . the maximum response of the third structural mode shape.  The PZT
actuator at such a location can well attenuate the significant radiation modes. 1.c.. the first
mode here. For the CWT and DWT approaches with the use of the optimum PZT actuators.
the dip near §-0° can be clearly observed. The dips indicate that the second radiation mode
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is actually amplitied. while the first mode is well controlled. Figure 5(a) also shows the
acceleration wavenumber transtform spectra corresponding to the case of Figure 4(a). The
dips at x =0 after being controlled, which corresponds to the radiation angle -0° . thus
cxplains the SPL distributions. It is also noted that the wavenumber components in the
supersonic region, 1.c.. -k<x <x. are greatly reduced. and thus a large amount of reduction
ot radiated power can be obtained.

For other trequencies excitation cases, the similar observation and discussions can be
made. It 1s worth to turther discuss the off-resonance excitation cases, because the
optimization 1s mainly for the need ot control inefticiency of off-resonance excitation. For
the case ot +=230H7. 1.¢.. between the second and third structural resonances, the
disturbance reveals @ monopole response but a small dip near §-0° that evidences the
existence of the second mode.  The arbitrarily selected PZT actuators will not achieve
ctiicient control, and only 0.01 dB reduction of the radiated power can be seen from Table
3. From Table 3. one can also observe that over 10 dB reduction of radiated power can be
obtamed tor the oft-resonance excitation cases. The global reduction of SPL distributions
can be also seen about 10 dB trom Figure 4(d).  As discussed previously, the optimal
location ot PZT actuator is determined under a compromise to attenuate the second and third
modes simultancously.  As observed from Figure 4(d). the residual SPL reveals the third
modc response and. theretore. indicates the second mode is well controlled leaving the third
mode as the significant ones.

CONCLUSIONS

[his work applies the genetic algorithm in conjunction with the LQOCT to optimally
determine the opumum position of PZT actuators tor the accelerometer and PVDF based
wavenumber domain sensing approaches in active structural acoustic control. Four types ot
cost tuncuions associated with wavenumber domain sensing for both the CWT and DWT
approaches are considered. The optimal positioning of the PZT actuator can greatly improve
the control efficiency. In particular, for off-resonance excitation the radiated power can be
obtained over 10 dB after the PZT actuator being optimized. The control mechanisms of the
opumum PZT actuator. are studied and characterized through the analysis of the SPL
distributions and acceleration wavenumber transform spectra. This work provides an
optimum design procedure with the application of GA to successfully determine the optimal
location ot PZT actuator tor sound radiation control of a simply-supported beam. The sensor
and actuator design enhances the application of intelligent material structure system to the
active structural acoustic control.
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Table 1. Optimal location of PZT actuators for the CWT approach

excitation ®; ¢,

frequency (Hz) x1,x2 x1,x2

33.2 0.128581,0.192081 0.067538,0.131038
100 0.121264.,0.184764 0.090018,0.153518
128.8 0.115600,0.179100 0.116700,0.180200
230 0.084228.,0.147728 0.086530,0.150030
290 0.065103,0.128603 0.316130,0.379630

Table 2. Optimal location of PZT actuators for the DWT approach

excitation <I>M-Dw Vo

frequency (Hz) xl,x2 x1,x2

33.2 0.096583,0.160083 0.067026,0.130526
100 0.117434.0.180934 0.127696,0.191196
128.8 0.116700,0.180200 0.116700,0.180200
230 0.084228.,0.147728 0.084228,0.147008
290 0.066721.,0.130221 0.316130,0.379630

Table 3. Reduction of radiated power (dB)

f (Hz) o, o, @ O Arb.

33.2 96.14 70.14 72.01 62.68 59.69
100 44.25 5.25 33.41 16.15 0.07
128.8 87.22 71.98 81.25 73.08 50.95
230 16.81 11.5 16.58 16.69 0.01
290 76.05 63.25 71.48 60.29 62.57
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