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A numerical study comparing the use of two structural sensing approaches for sound radiation
control is performed on a baffled rectangular plate. The first sensing approach implements an array
of accelerometers whose outputs are filtered to construct an estimate of the sound pressure radiated
at given angles in the far field. The second method uses the same array of point sensors to estimate
the net volume acceleration of the plate. Results show the improved performances of the sensor
observing far-field sound radiation over a volume acceleration based on sensb®98Acoustical

Society of Americd.S0001-49668)00801-7

PACS numbers: 43.40.At, 43.40.Vn, 43.40[RR

INTRODUCTION tural point sensorgusually accelerometersvhose outputs
are passed through digital filters to estimate in real time the

radiated noise remains the design and implementation of ngr'f'eld ra_dlated pressure in a given direction, or equiva-
ror sensors. The early works on active structural acoustit€Ntly: @ given wave-number component, over a broad fre-
control (ASAC)! were concentrated on the design of struc-GUeNcy range. The dlglta] filters are usually finite |mpylse
tural actuatordwhile the error signals to minimize were pro- '€Sponse(FIR) filters designed to model the appropriate
vided by microphones located in the far field. For the lastGreen’s function associated with each point sensor and far-
Coup|e of years, the research in ASAC has made somgeld locations. It was shown that Only a low number of pOint
progress in replacing error microphones by error sensors ir§ensors is needed to provide accurate sound radiation esti-
tegrated in the structureUnlike microphones which directly mates over a bandwidth encompassing the first few modes of
measure the quantity to be minimized, i.e., acoustic pressuré, rectangular plate. Moreover, the sensor’'s output can be
structural sensors only measure information related to thehifted in time such that the acoustic path delay present in
structural vibrations. The goal is then to design a structurathe Green'’s functions is removed. This allows the use of only
sensor whose output is strongly related to radiated sound few coefficients in the sensor FIR filter array and makes its
pressure so that minimizing the magnitude of the sensor ouimplementation on a digital signal proces$BISP) very ef-

put signal will also minimize the total radiated sound power ficient in terms of computational load.

In other words, an efficient structural sensing technique A simplified version of the above approach that has been
Should take intO ConSideration the Structure—ﬂuid interactio%uggested consists of rep'acing the radiation Green’s func-
such that only the radiating part of the structural vibrations isjons by a unity transfer function. The sensor output then

observed by the sensor. Indeed, minimizing both radiatin%immy becomes the sum of the acceleration signals. The re-

and nonradiating components of the vibrations typically ré-gting error information thus represents an estimate of the

quires more control effort below the coincidence frequency ot yolume acceleration of the structure. It is therefore some-

_Spatlally _dlstnbuted struc_tural sensors such as_polyw-what equivalent to the PVDF volume velocity sensor re-
nylidene fluoride(PVDF) materials have shown potential for ferred above except it is implemented in discrete form. This

observing the radiating part of the structural vibrations. In . : . .

. N . alternative sensing approach will be referred to as discrete
modal sensing, the PVDF film is designed to observe thestructural volume acceleration sensifi@SVAS). For planar
dominant radiating modes among those found in the struc- ’ P

tural responsé:® The concept of “radiation modes” has radiators, this error information is also equivalent to measur-
also been uséd in designing error senddrén particular ing the far-field pressure in the direction normal to the plane

several authors have demonstrated the use of PVDF sens@tsthe rad|ator1.5 _ .
designed to observe the first radiation mode of a rectangular 1S Paper presents a short numerical study comparing
plate?‘ll This mode, also referred to as the piston mode,the performance of the two sensing approaches introduced
presents the greatest radiation efficiency of all radiatiorRPOVe, i.e., DSAS and DSVAS methods, in active structural
modes. It can be detected by measuring the net volume digcoustic control applied to a rectangular baffled plate. The
placement over the surface of the structure and specially ddate is excited by a normal point force over a bandwidth
signed PVDF sensors have been constructed for thi€tdsk. encompassing its first nine flexural modes. The control is
Recently, a sensing technique referred to as discretachieved through two single-sided piezoelectric patches. The
structural acoustic sensindSAS was demonstrated both system modeling is briefly described in the first two sections
analytically and experimentally on baffled planar along with the plate’s physical characteristics. The third sec-
radiatorst?>~** The technique implements an array of struc-tion then presents the control performance in terms of mean-

An important issue in the active control of structurally
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square velocity and radiated power attenuation obtained fc v
various sensing configurations.
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I. SYSTEM MODELING

L./3 roe 2

The numerical model describing the structural respons:
of the plate excited by point forces and piezoelectric patche
is briefly presented. In this model, the mechanical displace
ments and electrical fields generated in the piezoelectric in
clusions are fully coupled. In order to solve for the dynamics
of this coupled electromechanical system, a Rayleigh—Rit.
formulation is derived based on the generalized form of
Hamilton’s principle for coupled electromechanical
system'® This energy-based method also allows modeling of
arbitrary boundary conditions applied along the edges of th L =195 mm Ly =195 mm
plate. The plate midplane displacements along the two lon
gitudinal and transverse directions are approximated by a
polynomial series where the unknown polynomial ampli- FIG. 1. Plate geometry and transducer locations.
tudes are the solution of a linear system. After solving this
system at each frequency of interest, various structural quan-  ag mentioned above, the plate is excited by a point force
tities, such as mean-square velocity, or point accelerationyjle two PZT patches are implemented to achieve control.
can be computed. For a complete derivation of this approacByrejiminary tests showed that a single piezoelectric actuator
applied to re<it7angular plates, the reader is referred t0 th@as not sufficient to achieve global sound radiation attenua-
work of Berry: _ _tion over the entire frequency bandwidth. The sensor based

The far-field sound pressure radiated from the plate ign ynit transfer functions, i.e., estimating the structural net
obtained from the normal displacement amplitudes by comyo|yme acceleration, provides one single error signal. To fa-
puting the continuous wave-number transform of the accelgjjitate the comparison with the sensor based on far-field
eration distribution over the frequency bandwidth. The radi-yressure estimates, only one far-field direction is considered.
ated power is estimated from the radiation impedance matrixnis control layout, i.e., two control outputs and one error
associated with the polynomial basis used to approximate th@nt, results in an underdetermined system which is solved
structural response. This approach is more efficient than sinfsy including in the cost function the weighted control effort
ply integrating the far-field pressure over the hemisphere sursym of the square modulus of each control voliage an
rounding the plate. More details can be found in Ref. 18.  4qgitional quantity to minimize, effectively constraining the

The output from the discrete structural acoustic sensor igq|ytion. This second variable is scaled dofg varying its
computed from the structural acceleration evaluated at ”i”ﬁ/eightin@ so that the main forces of the control are directing

point sensor locations on the plate and multiplied by thegards minimizing the error information rather than the
appropriate sensor transfer functions as described in Ref. 145ntrol voltages.

Note that the sensor transfer functions used in this numerical
study correqund to t.he ideal case of perfect filter modellng”_ SYSTEM CHARACTERISTICS
It was shown in previous work, however, that these transfer
functions are easily modeled to a high level of accuracy with  The system studied here is a model based on the plate
only a few coefficients per FIR filtéf tested experimentally in a previous papéThe translation
The controlled structural response is obtained by addingnd rotation stiffness factors along each side of the plate
to the uncontrolled response due to the point force excitationyjere numerically adjusted in an effort to match the experi-
the control field response due to the two one-sided piezomental natural frequencies. The resulting modeled boundary
electric patches. The optimal control voltage to each PZT iconditions were close to the simply supported case. The plate
computed using standard linear quadratic optimal controfeometry is shown in Fig. 1 along with the location of the
theory(see, for example, Ref. 19where the cost function to normal point force disturbance, the two PZT control inputs,
be minimized is a quadratic function of the control voltageand the nine accelerometers implemented in the discrete
amplitudes. It should be noted that this frequency domairstructural acoustic sensor. The physical parameters and di-
optimal controller does not take into account the causalitynensions for the plate and piezoelectric patches are shown in
constraint inherent to a real-time implementation on a DSPTable I. The point force and PZT center locations are pre-
In other words, the optimal controller transfer functions insented in Table Il. As mentioned earlier, the PZT patches are
the frequency domain might be acausal and therefore imposingle-sided. The impact of the resulting asymmetry will be
sible to reproduce using a digital filter. This results in over-discussed later in the paper. The control actuator locations in
estimating the attenuation achieved by the controller, howTable Il were optimally chosen for minimizing t{8,1) and
ever, it does represent the maximum achievable attenuatiofl,3) flexural modes, while the disturbance force location
if the system is causal. Also, the limitation due to the finiteensures all nine modes present in the bandwidth of interest
dynamic range of the analog to digital converters is not in-are excited. Finally, the model's natural frequencies are
cluded in this model. shown in Table IlI.
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TABLE |. Plate and PZT’s dimensions and material properties. TABLE Ill. Plate natural frequencies.

Parameter Plate PZT Mode (m,n) Natural frequencyHz)
Length inx axis (mm) 380 38 (1,1 86.0
Length iny axis (mm) 298 32 2,2 181.2
Thicknessh (mm) 1.93 0.1905 1,2 241.4
Young’s modulus (N/rf) 2.04x 10 6.1x10% 2,2 332.7
Poisson ratio 0.28 0.33 3,1 339.1
Mass density (kg/r) 7700 7750 3,2 484.6
Hysteretic damping factor 0.0005 0 1,3 494.5
da; constant(m/V) - 171x 10 12 4,1 557.7
2,3 580.7
4,2 695.5

The structure’s response is computed over the frequency

bandwidth, 50—-650 Hz, with a 1-Hz increment. Note that the

peak levels of the response at those frequencies is likely tBressure field in a single direction. To obtain a larger level of

L sound power reduction, additional far-field pressure error es-
be significantly below the actual resonance level reached at : S . :

) .7~ Timates in other directions could be included in the control
the resonance frequency: The small level of damping in-

cluded in the systerfsee Table)l results in sharp resonance system. Qr alternatively, a single error signal directly related
. . to the radiated power would also provide better overall sound
peaks relative to the above frequency resolution. :
attenuation.
The latter solution motivates the use of a sensor based
Ill. CONTROL PERFORMANCES on net structural volume acceleration. The resulting error in-
formation directly relates to the volumetric modes of the

frequency for the uncontrolled plateolid line) and the con- rsadiators, i.e., the odd—odd modes for a plate. These modes
q y P are the most efficient radiators, and the sensor output is

trolled plate using the two sensing approaches described e"ﬁierefore directly related to sound radiated power. This ap-

lier. The das_hed line corresponds to the DSAS approacproach corresponds to the dotted line where the sensor output
(pressure estimate based semsuord the dotted line to the | . - . .
is the sum of the nine acceleration sign@lsit transfer func-

DSVAS approachinet volume acceleration based sensor tion). As seen in Fig. 2, this second sensing approach per-

The direction of minimization for the DSAS approach is setforms well near the resonance frequencies of the odd—odd

to (0=36°, ¢=30°). This direction was chosen so that it ;
does not coincide with any of the nodal lines of the radiationmOOIeS of the plate. On the other hand, the radiated power

) . . . around the resonances of odd—even or even—even modes is
directivity of the modes present in the bandwidth. In other

words, the sensor based on the far-field pressure estirnanot significantly reduced. The global radiation level of the

observes the radiation of all the flexural modes of the pIateES’l) mode, for example, even increases after control. By

. . . definition, the net volume acceleration-based sensor does not
The first sensing approach of DSAS achieves good con-

. . . observe any of the odd—even or even—even modes of the
trol over the entire bandwidth with a very small amount of : .
. T . plate. Therefore the system is unable to effectively control
spillover. The largest level of attenuation is obtained for

o these modes. However, they still contribute to the total radi-
mode(1,1) around 86 Hz. Very good attenuation is also seen . : - -
4 . ated power, despite their lower radiation efficiency compared
for the other modes present in the frequency bandwidth ex- .
cept for the resonance at 333 Hz corresponding to(2@ o the odd—odd modes. In fact for some frequencies they can
P > Hz ponding ' radiate more power than volumetric modes.
mode of the plate. Around this frequency, the control system
only reduces the radiated power level by about 10 dB. Look-
ing at the pressure spatial directivity of the uncontrolled anc 5,
controlled plate at this frequency reveals that the pressur
distribution is slightly shifted along theé direction so that
the (2,2) mode radiation nodal lines go through the direction
of minimization(0=36°, ¢=30°). In other words, the am-
plitude of this mode is not reduced. Indeed, the structura
velocity distribution at this frequency shows hardly any
changes between the uncontrolled and controlled response
This phenomenon is commonly referred to as modal restruc

turing. This is a direct consequence of minimizing the sound

Figure 2 shows the sound radiated power plotted versu

120

701

60|

Sound Power Level (dB, re 10-2 Watts)

TABLE Il. Transducer location.

501 e

7 —— Before control
; : | 4 - - - DSAS after control | |
Transducer type Center coordinakél., Center coordinatey/L, 40 // . DSVAS after control
Disturbance point force —0.60526 —0.56376 305 v P s s prs v o0
Control PZT 1 0.41579 —0.45302 Frequency (Hz)
Control PZT 2 0.41579 0.38926

FIG. 2. Radiated power.
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140 . . . . . ; TABLE IV. Total mean-square velocity and radiated power attenuation.

Attenuation(dB) Mean-square velocity Radiated power
120
Error mic. 17.7 23.8
DSAS 17.1 23.8
100 1 DSVAS (3% 3) 5.5 10.1
DSVAS (20x 20) 3.9 8.2

sor with the required accuracy, especially for two-
: dimensional radiators!!
) To summarize the above results, the reduction levels for
i ——  Before control ] the total mean-square velocity and sound radiated power
/7 T Z(% ;zf(’)sgngasﬂ:;:z:::rol computed over the frequencies of interest are shown in Table
IV. The first line corresponds to an additional simulation
20 00 200 : : s0 e 70  case where the far-field pressure error estinaémsor out-
put) is replaced by the actual far-field pressure evaluated in
the same direction. Note that this configuration nearly yields
the same level of reductions as the pressure estimate struc-
tural sensor(DSAS). This demonstrates the ability of the

Another interesting feature of the control performance ofsensor to replace far-field measurements as it was shown in
the volume acceleration based sensor is the large control sprevious work. On the other hand, the sensors based on the
illover occurring around 290 Hz. In this frequency range, thenet volume acceleratioiDSVAS) yield a small level of
controlled structural response exhibits a velocity distributionoverall reductior(10 dB for the 3<3 sensor and 8 dB for the
which perfectly cancels the summation of the nine accelera20x20 sensor when compared to the performance of the
tion amplitudes. However, this velocity distribution radiatesDSAS sensor. The higher levels of attenuation achieved by
significantly in the far field which explains the control spill- the 3X3 sensor are consistent with the curves of Fig. 3 dis-
over. Examining the radiated power level at the resonanceussed earlier. Despite strong attenuation levels at the reso-
frequency of mode4,1), significant reduction can be ob- nance frequencies of the odd—odd modes, the overall reduc-
served(dotted ling even though the symmetry of the veloc- tion level remains small due to the remaining peaks in the
ity distribution associated with th@,1) mode should cancel controlled response of the odd—even and even—even modes.
the sensor output. This phenomenon is explained by the pres-
ence of the two PZT patches in the model resulting inlV. CONCLUSIONS

slightly asymmetric modes. These slight differences in mag- The discrete structural volume acceleration senéDy
nitude and phase of the acceleration amplitudes measured Ghs) approach, i.e., based on unit transfer functions, per-

the nine locations shown in Fig. 1 result in & nonzero erok,mg well in the low-frequency range below the resonance
signal amplitude. Note that these differences are averagegt e first nonvolumetric mode of the plate. Due to its sim-
out when using a higher level of discretization. To iIIustratep”City it is the recommended method in this frequency
this point, another simulation was performed where the sef g0 At higher frequencies, the discrete structural acoustic
sor uses a 2020 grid of acceleration point measurements t0gesing(DSAS) approach, i.e., based on radiation transfer
estimate the net volume acceleration. This level of discretis,,ctions provides much increased performance due to the

zation ensures an almost perfect estimate of the net volumg .t tat it observes radiation from all modes. Thus near and
acceleration in the frequency bandwidth of interest. Figure 3,55 e the resonance frequency of the first nonvolumetric

shpws the radlgted power befdsmlid line) a_nd after control mode, DSAS is the recommended sensing approach for
using the previous 83 sensor(dashed ling and the 20 Agac

X 20 sensoi(dotted ling. The 20< 20 sensor yields a much

more accurate estimate of the net volume dlsplgcement. Th'/!?CKNOWLEDGMENTS
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