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ABSTRACT

An important problem in systems such as aerospéerars, automobile passenger compartments ard oth
cavities is the control of low frequency interiarise. Active control of this noise may offer a puially
better alternative to passive control due to caisis of weight and space. Active structural-adousintrol
(ASAC) is considered as an attractive strategy @afhe for controlling structure-borne noise. LQ@ded
feedback control is one of the popular stratediathas been used in the context of ASAC. The L@s&t
strategies utilize an observer that estimatestttiesof the plant for feedback and thereforekisyeelement
in the whole control loop. Since it uses a copyhef model of the plant for estimation, the accuraicthe
model is crucial for its performance. This papg@orts a study on the influence of the model unagiés on
the LQG based ASAC system. The influence of theettamties on the accuracy of the estimated stges
well as on the closed loop system performanceidiest. Uncertainties in material properties, geoynand
boundary conditions are considered. Study on amgctlar box cavity with a flexible plate is repakte
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1. INTRODUCTION

Active noise control techniques involve utilizatiofisecondary sources of sound or vibration to
obtained noise levels less than that due to prinsayces alone. This technique may be a preferred
technique over passive control in the low frequerange. Interior noise in aerospace and automotive
cavities are some of the problems where this hasnba&pplied and has potential for further
development and application. Active structural ataucontrol (ASAC) is a type of active control
where the objective is to actively control the molsy controlling or modifying the vibration of the
structure of the cavity (1). Due to this, the canglof the structure and the acoustic domain has a
significant effect on the noise produced when sdiis&urbance acts on the structure (2). While some
of the structural modes may be strongly couplechwite acoustic modes, leading to significant
contribution to the noise produced, some other maday have much less coupling and hence may
not be contributing much to the noise. It has bshown that the structural modes are not the
independent contributors to the acoustic field ehile same may be formulated in terms of ‘radiation
modes’ of the structure (3, 4).

The effectiveness of active noise control depemdthe characteristics of the primary noise source.
If the primary noise contains dominant harmonigjfrencies, then active noise control can be quite
effective with the feedforward control approach. wéwer, if the disturbance is broadband or
impulsive then there is difficulty in obtaining auitable reference signal and satisfying the
requirements of causality. For such cases, feedbantrol could be an effective strategy (5). Output
feedback and optimal control are the two mainlydueedback control strategies. LQG is an optimal
control strategy that utilizes an observer foretastimation using fewer numbers of measurements.
Reference (6) considers feedback control of intenioise using structural sensing. An LQG based
feedback control with Kalman-Bucy filter as thetstastimator is used. Reference (7) used Kalman
filter approach to develop a virtual sensing algur that computes optimal estimates of the error
signals at the virtual locations and implementeat tiigorithm on an acoustic duct arrangement.
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It is observed that the LQG based strategies asedan an observer that estimates the states of the
plant for feedback and therefore is a key elemenhé whole control loop. Since it utilizes a cady
the model of the plant for estimation, the accuratyhe model is crucial for its performance. This
paper reports a study on the influence of the madeértainties on the LQG based ASAC system. The
influence of the uncertainties on the accuracyhef ¢stimated states as well as on the closed loop
system performance is studied. Uncertainties inemalt properties, geometry and boundary
conditions are considered. Study on a rectanguardavity with a flexible plate is reported.

2. ASAC SYSTEM BASED ON FEEDBACK CONTROL

A schematic of the ASAC system proposed is showfigare 1. The ASAC system is based on
structural sensors and actuators in the form ofqeéectric patches.

Acoustic cavity

Collocated piezoelectric
actuator/sensor pair

Flexible plate

Clamping screws

¥q
P Frequency 2 Kalman _u
Controller —<—$— weighting filter [ filter

:_ Radiation filter based on radiation modes |

Figure 1 — Schematic representation of feedbackaloof interior sound

A radiation filter is developed for estimation ofcastic potential energy based on sensing of
structural vibrations. The radiation filter estiraatthe modal amplitudes of the radiation modesglon
with the efficiency of each mode. Since, the radmaimodes contribute independently to the acoustic
potential energy it becomes possible to estimateustic potential energy from the knowledge of
characteristics of the radiation modes. The filtethe current study is based on using only thst fir
radiation mode. The radiation filter is compose@dfalman filter and a frequency-weighting filtér.
Kalman filter is designed in the modal space ofgtrectural domain of the cavity. The Kalman filter
estimates the modal displacement and modal veéscif the required structural modes of the cavity.
Since the Kalman filter is designed in the modahdm of the cavity, the number of structural states
that need to be tracked is far less than the dizkeonumerical model that may be used to model the
plant. A frequency-weighting filter is developedathmodels the frequency dependence of the
efficiencies of the radiation modes. The radiafiitter therefore is designed for virtual sensingloé
acoustic potential energy based on a small numbestractural measurements. The filter is also
expected to be robust against measurement noise.

The controller is a linear quadratic regulator ()QRd is designed to minimize the weighted sum
of the acoustic potential energy inside the caaitg the control effort. From figure 1 it is seeatth

piezoelectric sensor senses the vibration respan#s location and gives output voltagg that is

fed to the Kalman filter. The Kalman filter estiraatthe modal amplitude&( of the radiation modes
while frequency weighting filter estimates efficmnof the radiation modes. Then the estimate of the
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acoustic potential energ::yp is fed to the controller that produces a controltage ¢ that is then
fed to the actuators.

The above system is developed for a numerical chaeD rectangular box acoustic cavity of size
0.261mx0.300mx0.686 m as shown in figure 2. Thesitgrand speed of sound for the medium of
sound is taken as 1.21 Kgimnd 340 m/s respectively. The cavity walls aredrifgom five sides and
the sixth side is made up of a flexible steel plait¢thickness 0.001 m clamped at its four edge® Th
density of the plate is 7800 Kg’mthe Young’s modulus is 200 GPa and Poisson'®ratB0. A
proportional viscous damping is simulated in theistural and the acoustic domain of the cavity. On
the plate, a P-876 A12 Dura Act piezoelectric paschonded, whose in-plane dimensions are 0.0522
mx0.050 m and is 5x1tm thick. For P-876 A12 Dura ACT piezoelectric pattite Young’s modulus,
density, Poisson’s ratio , piezoelectric strainfio@nts &;and g, , and dielectric constargzare
23.3 GPa, 7800 Kg/M0.34, -8.9678 C/fand 6.6075x18 F/m respectively.

The radiation filter is developed using a finiteemlent based numerical model of the
piezo-structural-acoustic system assuming weakcsiral-acoustic coupling. The flexible-plate is
discretized using a mesh of 10x12 four-nodded Kiodfis thin plate bending elements that have
three degrees of freedom (an out-of-plane displar#rand the two rotations) at each of their nodes.
The acoustic cavity is discretized using a mesi®f12x14 eight-nodded solid acoustic elements
with acoustic pressure as the degree of freedoeaeh of its nodes (figure 2). The piezoelectric
patches that are supposed to be glued on the feexilate are modeled with classical lamination
theory using piezo-electric constitutive relatiaral are discretized by 2x2 four-nodded rectangular
bending element with 12 mechanical DOFs and 2 eteBXOFs (voltage). One of the electrodes for
each patch is grounded. Figure 3 shows the fingenent mesh of the flexible plate of the cavity
structure with piezos.

Node no. 1941

Figure 2 — Finite element mesh of the acoustic domfthe cavity
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Figure 3 — Finite element mesh of the structuré wiezoelectric patches

3. STUDY OF THE EFFECT OF MODEL UNCERTAINTIES ON ASAC SYSTEM

PERFORMANCE

The controller used in the system described irldbesection is a linear quadratic regulator (LQR).
It is designed using the standard approach by ngadpropriate choices for weighting matrices in the
cost function. The Kalman filter is designed basadhe estimates of process and measurement noise
covariances. In this way, a closed loop systemdbase QG control strategy is obtained. This section
studies the open and closed performance of thesyathen the model of the plant used in the Kalman
filter design has uncertainties. The Kalman filieed in the strategy described in the previous@ect
needs an FE model of the cavity structure. Thisehothy have uncertainties associated with material
and geometric properties as well as boundary cardit

3.1 Effect of geometric Uncertainties

The model of the plant is built using certain vafoe the geometric parameters like thickness in
case of a plate or a shell like structure. Howetlds may not be consistent with the actual striestu
that may have statistical variations of the thicknever its geometry. This leads to uncertainttha
model used for Kalman filter design. To simulatéstsituation while the model used in the Kalman
filter is build with a unique value of thicknessietmodel used to simulate the experimental cavity
structure is build with a thickness of differentife elements distributed normally with mean edoal
the nominal thickness value of 1 mm and standakdadien of 10%. Table 1 shows a comparison of
the natural frequencies of the actual plant andntioelel used in the Kalman filter. It is seen thed t
maximum error between the frequencies is 1.9%. feigka-e shows the performance of the Kalman
filter in tracking the measured piezoelectric sensmtage and modal velocities of some structural
modes. In these and all subsequent figures, theahottput of the Kalman filter is compared wittketh
true value of the output. Figure 5 shows the ediimnaof modal amplitude of first radiation mode. It
is seen from these figures that the tracking pentorce of the Kalman filter is severely hampered due
to presence of the geometric uncertainties. Figaeshows a comparison of acoustic pressure at a
node inside the cavity with and without control.tiVcontrol the increase of acoustic pressure with
time indicates that the closed loop system is Wistaue to presence of geometric uncertainties
considered above. Figure 6b also shows a poletnamof the closed loop system with uncertainties.
Some closed loop poles are seen in the right taatfpiex plane indicating an unstable system.

Page 4 of 10 Inter-noise 2014



Page 5 of 10

13
1.7
0.5
1.4
1.6

0.8
1.9

% error
0.8

1111
213.2
251.2
334.6
369.4
461.6
545.0

Kalman filter Model
477.3

112.6
217.0
252.5
375.4
465.5
486.6
549.7

339.5

Table 1 — Comparison of natural frequencies (Hz)
Plant Model

1
3
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Figure 4 — Comparison of true and estimated vatfi@ piezoelectric sensor voltage and b)-e) modal
velocity of structural modes
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Figure 5 — Comparison of true and estimated valueanlal amplitude of first radiation mode
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Figure 6 — a) Comparison of open loop and closed &coustic pressure b) pole-zero map

3.2 Uncertainty in Boundary-conditions

Boundary condition is another dominant source ofartainty in structural models. Generally,
some idealized boundary conditions are used in mso@éich quite often do not reflect the boundary
conditions of the actual structure. For examplaeyesdof the surfaces of the cavity might be modeled
with fixed or simply supported boundary conditiomdile the physical structure may not be
completely fixed or simply supported. This sourdeuacertainty is simulated in this section by
considering a constant stiffness at the four eadebe flexible plate for each of the three degreks
freedom in the model used in the Kalman filter. the contrary, the model used to simulate the
experimental cavity structure is build with stiffees at the four edges with a normal statistical
distribution. Figure 7a-d shows translational anthtional stiffness in the plant and Kalman filter
model.

Table 2 shows a comparison of the natural frequenof the plant and the Kalman filter model. It
is seen that the maximum error between the fregesrs 0.13%. Figure 8 show tracking of measured
sensor voltage and modal amplitude of the firsiatidn mode under open loop condition. It is seen
that these quantities are tracked reasonably Wijure 9a shows acoustic pressure response with and
without control indicating that the closed loop ®m is stable under the presence of boundary
condition uncertainty considered in the study.tAB closed loop poles are also seen located itethe
half plane as seen from the pole-zero map (figumei®dicating stability.
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Figure 7 — Stiffness distribution at the boundafyh® plate a) Transverse stiffness in plant model
b) Transverse stiffness in Kalman filter model @jsional stiffness in Plant model d) torsional
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Table 2 — Comparison of natural frequencies (Hz)

S.No. Plant Model Kalman filter Model % error
1 104.9 104.8 0.02
2 202.0 201.8 0.11
3 237.1 237.2 0.04
4 318.0 317.9 0.03
5 351.3 350.8 0.13
6 435.9 436.1 0.04
7 455.8 455.5 0.06
8 518.9 518.9 0.01

Inter-noise 2014 Page 7 of 10



Page 8 of 10 Inter-noise 2014

x10*
0.06 S B 15 i B s
| | | | | | | True | | | True value of first radiation mode
oo r i I T T T Esti if : : : ----- Estimate value of first radiation mode
| | | | | | b
X L L L L i i i |
| | | | | | N! !
=~ 0.03 | | | | | | ° i !
g = N | R e R R o |
S ' | | | | | | | 2 i
g o0.02 n - t-]l-r-——+-——-+-—+-——+-—+-—1 g
K] ‘ | | | | | | °
5 0.0 [T il | F- -1 e g
g || |1‘ I WY | | | 2
= o R 1L LR ARy j
o | Al { 1 L iy Wi <
R | If 1 Il Il il il gl g
2 o TR ‘ :
& oo (] HHEH-§ oA g
HJ f 1 | | | | |
| | | ! ! | | | | |
0.02 i i LA T e T
| I | | | | | | | | !
0.03 7 [ ot el et it et it St Sns S !
| | | | | | | | | !
0.04 1 1 1 1 1 | 1 1 1 -1 L
’ 002 004 0.06 008 01 012 0.14 0.16 018 0.2 0 002 004 006 008 01 012 014 016 018 0.2
Time(sec) time (sec)
(a) (b)

Figure 8 — Comparison of true and estimated a)qakxctric sensor voltage b) modal amplitude of
first radiation mode
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Figure 9 —a) Comparison of open loop and closeg lacoustic pressure b) pole-zero map

3.3 Uncertainty in material property

In this section, the uncertainty in material prdges considered. Uncertainty in modulus of
elasticity of the material is introduced by considg 1% and then 5% difference in the values used i
the Kalman filter model and the simulated experitatmodel. The material property uncertainty can
be avoided if an accurate knowledge of the matepiaperties is available. In contrast, the
uncertainties considered in the previous two sutiiges are more inherent in practice. Figure 10
shows tracking of modal amplitude of the first i@ihn mode under open loop condition for these two
cases. It is seen that with 1% uncertainty estiomaits reasonably well while with 5% the discrepancy
is higher. Figure 11a-b) show acoustic pressure@éthe cavity with and without control for these
two cases. It is seen that in both the cases jirthk response becomes unstable, though for the 1%
case, initially the acoustic response is reducet wontrol.
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Figure 10 — Comparison of true and estimated madgllitude of first radiation mode (a) 1%
uncertainty (b) 5% uncertainty
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Figure 11 — Comparison of open loop and closed ogustic pressure (a) 1% (b) 5%

4. DEALING WITH MODEL UNCERTAINTIES

The design of control systems that are robust agaiodel uncertainties has been addressed atlog in
literature (8). Many technigues have been proptseal with model uncertainties. In the Fictitiouwsse
approach (9), the model uncertainties are repreddny fictitious noise sources by estimating edeivea
covariances of the process and measurement noisequivalent Kalman Filter Approach markov
parameters of the auto-regressive model is catulily solving a least square problem (9). H-infinit
control is another method, which is robust withpexs to a predefined level of structural uncerta{tiD).

All the above approaches essentially aim at mattiegontrol system more robust and insensitivaeo t
model uncertainties. For structural systems, pgassible to some extent address the model unciéetin
directly by trying to update the structural modsing experimental dynamic test data. If updating loa
carried out accurately then this may eliminatertioelel uncertainties to a great deal and henceawljol
instabilities that may occur due to model uncetiasnas observed in the results presented in #énaqus
section.

Some of the approaches mentioned in this sectiahddae taken to deal with the model uncertaintie$ a
study their effectiveness for ASAC feedback consgatem design in future work.
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5. CONCLUSIONS

This paper presented a study of effect of modekuainties on the performance of Kalman filter
used in an ASAC system based on feedback contreantgtric, boundary conditions related and
material property uncertainties are studied. lbliserved that while smaller levels of uncertainties
degrade the performance of the Kalman filter tokrstates of the cavity structure and radiation enod
modal amplitude, higher levels of model uncerta&stnay make system even unstable. Future efforts
would aim at extending some of the available apphhea for dealing with model uncertainty to ASAC
system based on feedback control described inpduper.
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