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(ABSTRACT)

Nowadays, numerous applications of active soundisiméssion control require
lightweight partitions with high transmission losser a broad frequency range and
simple control strategies. In this work an actieasgive sound transmission control
approach is investigated that potentially addretsese requirements. The approach
involves the use of lightweight stiff panels, desi attached to a radiating base structure
through active-passive soft mounts and coveringdtinecture surface. The resulting
double-partition configuration was shown to havedybigh frequency passive isolation,
but poor low frequency transmission loss due todbepling of the tiles to the base
vibration through the air gap. The low frequen@ngmission loss performance of the
partition was increased by using the active motmtsancel the local volume velocity of
the tiles. The use of a decentralized control agpgrowith independent single channel
controllers for each tile facilitates the implensin of a multiple tile system in a large

scale application.

A coupled structural-acoustic model based on aredapce mobility matrix approach
was formulated to investigate the potential perfamoe of active-passive tile approach
in controlling sound transmission through platebe Tmodel was initially applied to
investigate the sound transmission characterisfics double-panel partition consisting
of a single tile-plate configuration and then extigsh to model a partition consisting of
multiple-tiles mounted on a plate. The system wa®m to have significant passive
performance above the mass-spring-mass resonarnite afouble-panel system. Both
feedback and feedforward control approaches weralated and shown to significantly
increase the transmission loss of the partitiomjylying control forces in parallel with



the mounts to reduce the tile normal velocity. Arespondent reduction in sound
radiated power was obtained over a broad frequeartye limited by the tile stiffness.
The experimental implementation of the active-passile approach for the control of
sound transmission through plates was also perfibrii@o main experimental setups
were utilized in the investigations, the first csting of a single tile mounted on a
clamped plate and the other consisting of founvadiies mounted of a simply supported
plate. Tile prototypes were implemented with lighight stiff panels and integrated
active-passive mounts were implemented with piesigt Thunder actuators. Both
analog feedback and digital feedforward control esobs where designed and
implemented with the objective of reducing the nakrnvelocity of the tiles.
Experimental results have demonstrated signifibanad frequency range reductions in
the sound transmission through the partition byvadttenuation of the tile velocity. In
addition, the experiments have shown that decergdhlcontrol can be successfully
implemented for multiple tiles systems. The acpassive sound transmission control
characteristics of the systems experimentally saidvere observed to be in accordance
with the analytical results.
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Chapter 1

1 Introduction

The control of sound transmission constitutes apontant noise control problem in
modern structures such as aircrafts, helicoptetsnaobiles, and rocket payload fairings.
Acoustic noise can affect human health, with effeanging from discomfort to serious
hearing loss. Excessive acoustic noise can alsepte serious threat to mechanical and
electrical systems by producing excessive vibratistress, fatigue damage, and

malfunction [1].

In the case of the rocket payload fairing the sewabration/acoustic environment that
exists during launch was blamed for 30% to 60%atélte first-day failures [2]. The
main cause of the high intensity noise is the hofrithe rockets; aerodynamic noise
during the transonic stage and explosions that rodcwing the separation can also
contribute. The burn of the rockets during launeheagates an acoustic load that excites
the fairing walls. The vibration of the fairing uakouples with the acoustic field of the
fairing interior and can generate very high souresgure levels (SPL). The high levels
inside the fairing can excite and damage lightwegghuctures of the spacecraft, such as

solar panels.

The large acoustic transmission problem is augndebie the development of more
powerful engines and by use of larger fairingsthwith lightweight composite materials,
aiming at reducing fairing weight, maximizing pagtb capability and reducing costs.
Typical maximum SPL expected for the fairing of aelhg Delta launch vehicle are
shown in Figure 1.1. Levels between 125 dB anddB@an be expected in the 50 Hz to
400 Hz, and the overall SPL reaches 140 dB.

Because of the high costs involved in a rocket daymhe mass and free volume of the
fairing are very important parameters that limié tamount of treatment that can be

applied to the fairing interior to control the sdunlevels. The currently employed



passive control method of increasing the transmission loss consists of covering the
fairing interior walls with 2 to 4 inches thick acoustic foam blankets. Although this
method works for high frequency noise, it has proven ineffective at low frequencies [4].
The inefficiency of current noise control treatments helps motivating the recent great
research interest in novel solutions for controlling the low frequency sound transmission

in the payload fairing application.
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Figure 1.1: Typical sound pressure levels experienced by spacecraft during launch [3].

1.1 Active Control of Sound Transmission

The initial applications of active sound transmission control were based on the use of
acoustic sources located in the acoustic medium next to the structure. The basis of this
technique is reducing the acoustic radiation impedance seen by the structure [5,7].
Another approach that has received great research interest is active structural acoustic
control [6] in which active forces are applied directly on the structure and used for

modifying its radiating characteristics.



Fuller first demonstrated the active structuralustic control (ASAC) approach in an
analytical investigation of the control of the sduradiated by a panel over a large
frequency band using several point force actuatb®$. This work revealed that for

control of the structural sound radiation it is @ezary to control only the structural
modes that are well coupled to the sound fieldtHeurwork [20,21] demonstrated that
piezoelectric actuators could be used for reductbrihe far-field acoustic radiated

power with proper selection of the number, locateond size of the actuators, with

higher reductions observed with increased numbactfators.

The reduction in sound radiation using ASAC restittsn the modification of the
surface velocity of the structure by two distinblypical mechanisms: modal suppression
and modal rearrangement [8,22]. Modal suppressiorolves a decrease in the
amplitude of the dominating structural modes, wihiledal rearrangement involves an
adjustment of the amplitude and phases of thetsiralanodes resulting in a decrease of

the radiation efficiency of the structure.

1.1.1 Active Control for the Fairing Noise Problem

Active control techniques have been considered g®tantial solution for the low
frequency noise problem in payload fairings. Howevkeere are several requirements
for a successful implementation of an active cdngigstem to control the internal
acoustic noise levels in a rocket fairing. The allecontrol system should have the

following characteristics [14]:

The entire control system should be lightweight aodhpact, contained within a few
inches of the fairing wall;

* The control system should be rugged enough to taitlidsthe severity of the

launch environment;

e The controller should be able to control broadbalisturbances and both



structural and acoustic dominated system responses;

» The control system should impose reduced or no tiaddi interface

requirements on the launch vehicle;

* The actuators should have adequate control aughtaricontrol the very high

SPL that occur during launch; and

* The control system should draw reasonable amourgkectric power or current

from the launch vehicle.

Recently, several authors have investigated thécapipn of active control techniques
to the rocket fairing sound transmission problem. [17] MIMO feedback and
feedforward control approaches were investigatedidspeakers inside the fairing and
piezoelectric actuators attached to the fairingemesed as actuators. The error and
residual sensors consisted of microphones insidefaiiing and accelerometers at the
fairing walls. The trade-offs involved in implemerg a practical active noise control
system for the fairing are discussed, including: fledback versus feedforward control,
acoustic versus structural actuators and acoustisug structural error sensors. The
results showed that reaching the desired noisectiedu levels using the MIMO
controller depended on the use of a large numbariafophones as error sensors inside
the fairing. In addition, the use of both loudsperakinside the fairing or piezoelectric
actuators were recommended, as well as large nuwmibearctuators because of the

required control authority.

The application of a MIMO optimal feedback conteolfor reducing the interior sound
field of an enclosure using only structural sensaord actuators was proposed in [16].
Controlling the radiation modes of the system elmbes the need for interior
microphones. However, practical implementation \wasited as being constrained by
the large complexity of the control system as vealldifficulty in modeling the large
number of structural modes and including robustnesshe presence of model

uncertainty.



Other studies have been performed investigatingoinérol of the interior acoustic noise
by actively adding damping to the structural andustic modes of the fairing.

Piezoelectric sensors and actuators were usedloath feedback control for applying

broadband damping to the structure aiming at reduthe SPL inside the payload
fairing [31,32] but performance in large fairings limited by necessary actuator
authority. Control authority issues also limit thee of active proof-mass actuators with
local feedback controllers, as shown in [34]. Damypcan be added to the acoustic
modes of the fairing using acoustic sensor andatéats and local feedback loops. The
use of an array of spatially weighted loudspealdsrgen by feedback control was

demonstrated for controlling low frequency acousimdes of a small-scale fairing [35].

Still, the limited authority of current actuatorchmology constrained the practical
application of the approach in large fairings agalistic SPL.

The use of active-passive distributed vibrationoalbsrs for reducing the interior noise
of a composite cylinder excited by a high-level edderant acoustic field was
investigated by Johnson et al. [36,37]. The pasdexraces were tuned to the resonance
frequencies of the structure and the actuators wereen using a MIMO feedback
controller. The results demonstrated that it isspme to reduce the sound transmission
resulting from structural modes by damping to theicture. However, in order to
control the interior sound field caused by acousBsonances requires additional
acoustic tuned resonators. Both the feedback ahohalty tuned absorbers were based

on a detailed model of the system response foeeifsppayload fill condition.

Esteve and Johnson [61] demonstrated the simult@neese of distributed vibration
absorbers (DVA) and Helmholtz resonators (HR) famtoolling the interior sound levels
of a cylinder. Using a fully coupled model of thgsem it was demonstrated that
significant interior noise reduction could be aslei@ by optimally tuning the resonant
devices to add damping to both acoustic and straictmodes in the bandwidth of
interest. Good performance is however, restrictedightly damped structure and

acoustic cavity.

Although a great amount of research has been dedida the rocket fairing noise



problem, limited success has been obtained. Thigeld success can be attributed to
requirements listed at the beginning of this sectiaequisite for practical
implementation active control method to reduce so@mransmission into a rocket
payload fairing. The high stiffness of the payladdicture limits the implementation of
a system based on the ASAC approach because oblaeladily available commercial
off-the-shelf high authority actuators that areuieed [15]. The implementation of an
ANC system requires microphones error sensorsiposi in the interior of the fairing,
which would complicate the payload integration aspeof launch vehicle operations
[16]. In addition, the necessity of controlling higPL at low frequencies imply in the

bulky and heavy loudspeakers, which consume largruats of electrical power.

Furthermore, as the payload fairing system is gleoustructural-acoustic system it is
necessary to control both acoustic-dominated amdctstal-dominated modes. In
general, the control of a structural-acoustic cedpsystem requires a multiple-input,
multiple-output (MIMO) controller, and possibly gbrid ANC/ASAC system [17, 18].

The use of a MIMO control system with a large numbg channels results in very
complex control system implementation at the expevisgreat computational power
and complex integration of the actuators and sensothe fairing. In addition as the
controller design depends on a system model, peddthplementation is constrained by
the high order model [16], and controller perforimarand stability can suffer if the
system changes or if a transducer fails.

The use of feedforward control is limited by thdfidulty in obtaining an adequate

reference signal that gives time-advanced inforomatibout the disturbance, given its
random and broadband nature. Another difficultihess necessity of reducing the control
system interface requirements, which eliminatetyssibility of using an external array

of microphones as reference sensors.

1.1.2 Other Approaches in Active Control of Sound Trarssiun

The great amount of research in the area of aaixems for controlling sound

transmission through a partition has resulted iteraftive concepts, such as
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active-passive hybrid systems [38,39] and actiwe §mart) skins [40] which are

reviewed next.
Partition Segmentation

An important aspect of several of the alternativeiva control approaches for

controlling sound transmission has been the dimigibthe partition to be controlled in

segments. These segments are individually actuatedch a way as to minimize sound
radiation. In general, this approach involves the af actuators for reducing either the
vibration of the sub panel or its radiation effrotg. A potential benefit of such approach
includes the simplification of the control requirents with the use of decentralized
single-input single-output (SISO) control loops tmmtrolling each segment, based on

local structural or acoustic information.

Several approaches have been proposed for thenmaptation of the active control of
sound transmission using segmented partitions.edrttical investigation of partition
segmentation by modeling the segment/actuator gordtions using electro-
mechanical-acoustical circuits is given in [41].rd¢h et al. [42,43] presented an
analytical and experimental investigation of the a§segmented trim panels as acoustic
control sources for controlling interior noise lesvef a cylinder. The numerical results
presented, suggested that an increase in the nuwwhbegments increases the frequency
range in which the acoustic pressure can be ctéedrdih an experimental investigation,
flat aircraft trim panels restricted to move in thiston mode and driven by a small
shaker, were used as acoustic sources for congddoth structural and acoustic sound

transmission through a cylinder.

Ross and Burdisso [44] proposed the concept of akve®und-radiating cell, which
consists of two mechanically coupled surfaces wiresponse is out-of-phase and of
nearly equal magnitude and that radiate as an #acodgpole. When placed on a
vibrating structure, it converts the motion of thase vibrating structure into an
inefficient radiator, in this case a dipole radratAttenuation of sound radiation by a
structure was obtained by covering the surfacehef dtructure with arrays of weak



radiating cells. A requirement of this method iattthe resonance frequency of the cell
should be lower than frequency bandwidth where c¢tdu is desired. This reduction in
the resonance frequency is obtained either by asong the mass of the cell’s vibrating
surface or reducing the stiffness of the systenpeimental implementation validated

the potential of the proposed approach in the aqy range from 400 to 1600 Hz.
Double Panel Partitions

Double panel partitions are often used for contiglithe transmission of sound when
high transmission loss is required with a relagnMehtweight structure, such as aircraft
fuselage walls. However, the transmission loss goerance of the double panel
degrades at low frequencies because of the coupétween the partition panels and can
even be lower than that of a single panel [23]. pber low frequency transmission loss
of double panel partitions has motivated the usaadive control methods aiming at

improving the low frequency transmission loss peniance.

Active control of double wall partition can be ireptented with control of the interior
SPL inside the air gap [25,27] or control of theustural vibration [24,46]. Carneal and
Fuller [24] demonstrated the use of ASAC to conwblsound transmission through
double-panels applied to noise reduction in aitaraériors. Piezoelectric actuators were
used to apply control forces to the structure ameedforward controller minimized the
radiated power sensed by microphones located iadbestic far field. It was shown that
the application of the control inputs to the raidigtpanel resulted in better performance
than when the control forces were applied to theebpanel. In addition, increased
performance, by passive and active effects, wasodstrated with the use of a stiffer

radiating panel with lower modal density.

It is well known that at low frequencies the volumelocity of the radiating panel
controls the sound radiation. For the case ofalfle panel, a single shaped error sensor
can be employed to achieve large reductions imat&ted power [26,33]. In the case of
the sound transmission through a stiff panel, tlged rboody modes were shown to
dominate the sound transmission at low frequer@2k In this case, large attenuations



of the sound transmission can be obtained usiregthctuators, one for each vibration
mode (one piston and two rocking modes). In additigh levels of attenuation of

sound transmission can be achieved with a sindieator if the panel is restricted to

move in the piston mode. Several works exploresl¢bncept as discussed below.

Thomas et al. [46] presented an experimental ifyegsbn on the control of single
frequency sound transmission through a double-ppaition consisting of a clamped
steel plate and a freely mounted aluminum honeycphate. A feedforward controller
was used to generate control signals sent to ethatamic shakers between the plate
and honeycomb panel for minimization of the soumedsgure at error microphones
positioned in the acoustic far field. Flanking maih the experimental setup ensured
appreciable sound transmission, even if the radjgbanel remained motionless and in
order to attain further reductions in radiated pues, the panel had to act as a secondary
acoustic source. Significant improvement in perfance was obtained when using four
smaller panels. A better control of the rotationaddes of the composite panels and
better control of the sound radiated by the flagkpath were given as possible reasons
for this improvement, resultant from the increasathber of secondary acoustic sources.
The need for microphones in the far field as esemsors and bulky electrodynamic
actuators as control actuators limit the practicgllementation of this approach in real

world applications.

In a related work [50], the same authors used aifreddoudspeaker as an actuator for
applying a control force between two aluminum haoeyb panels. The panels were
mounted on flexible gaskets and positioned in adewn between two acoustic chambers.
The first panel, which served as the base structuas excited with broadband noise by
an electrodynamic shaker. Attenuation of the raudjatpanel sound was achieved
through the use of optimal digital feedback conwidh the objective of minimizing the
signal from an accelerometer mounted at the ceaiténe radiating panel surface. The
excitation of the radiating panel rocking modesviiration was shown to limit the
frequency band where sound attenuation could beasth The results obtained in this

work were encouraging for demonstrating the pobtsitwf reducing sound radiation by



minimizing the velocity of the radiating panel with single acceleration sensor.
However, the implementation made use bulky elegmachic actuators and no

analytical model to predict the behavior of thetegswas presented.

In [27] the active control of sound transmissiorotigh double panels was investigated
analytically considering the simultaneous use afuatic actuators in the air gap and
active vibration isolators connecting the panelsudspeakers were shown to be
effective control sources at low frequencies, wh@n sound transmitted is resultant of
the coupling of the panels through the air in theity (that has a spring like behavior at
low frequencies). At higher frequencies, abovefist resonance of the cavity, coupling
of the panel structural modes and cavity acousticdes controlled the sound
transmission. The active mount configuration stddieas effective in reducing sound
transmission only when used in combination withdspeakers. This failure in reducing
sound transmission through the use of active mowassattributed to the positioning of
the mounts at the corners of the panels, where Werg unable to control structural
modes that radiated efficiently or the mass-spnrags coupling mechanism of the

double panel system.

1.2 Active-Passive Tile Concept

This work investigates a novel active-passive samadsmission control approach that
consists of arrays of lightweight stiff panels (des) attached to a radiating surface
through active-passive mounts and covering thees(dr most of the) structure surface.
At low frequencies, the sound radiated by the tiexstly due to the tile piston mode of
vibration (or volume velocity mode) is proportiortal the normal velocity of the tiles.

Thus reductions in the total sound radiated povaer be achieved by reducing the

vibrations levels of the surface.

Each active-passive tile element consists of lawgight, stiff panel connected to the
base structure through integrated active-passiftensamunts, which ideally behave as a

spring-damper systems with an active force apphegarallel. The use of soft mounts
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provides good passive isolation characteristidagtt frequencies. The active element is
used apply control forces to improve the isolatperformance at low frequencies
without weight or size penalties. Each tile hastsmal velocity, measured by a single
point sensor, minimized by independent single-inpugle-output (SISO) control loops.
As long as the tiles behave rigidly and the volurelcity mode is the main contributor
to sound radiation, the acoustic radiated powg@raportional to the normal velocity of
the tiles. Figure 1.2 shows an illustration of eustured covered with arrays of tiles
connected to the structure via active-passive nsufigure 1.3 shows a schematic of

the proposed decentralized control approach.

Sound transmitted to
payload fairing interior

active tile /”"’_ x
\\

3 3 ] Iz 3 &
S \\\\/\\\\ T RS

fairing structure actlve passwe
mounts

Incident
acoustic
wave

Figure 1.2: Schematic of surface treatment usitigertles.

The active-passive tile approach for active contfdound transmission is an alternative
to ASAC systems specially when the patrtition igéaand has low mechanical mobility,
which would require an overly complex MIMO contreystem and high authority

control actuators. The surface treatment approathecactive tile method also provides

an alternative to ANC systems for controlling higkel low-frequency sound, which
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requires large acoustic actuators (loudspeakers).

The active tile approach also potentially redubescontrol system implementation costs
and simplifies the controller design through the o$ a decentralized control scheme.
As mentioned earlier, the use of a centralized MIktidtrol system for a large system
has several disadvantages. The complexity of araleagd controller increases rapidly
with number of sensors and actuators requiringeatgamount of wiring for connecting
all transducers to a single controller and largewmts of processing power. In addition,
since the MIMO controller is based on a complex eloof the system, the control
performance and stability are threatened by trarexdfailure or changes in the system
not taken into account by the model. The use oteedtralized control system with
multiple independent loops has the advantages difcexl complexity and wiring. In
addition, the system can be made modular and sgsténincreased complexity can

readily be implemented with a larger number of Emgontrol units.

— Controller 1 — Controller 2
|_: Additional
Sensor 1 < Sensor 2 dditiona
7y /'Y tiles/control loops
— Tile 1 R B Tile 2

Figure 1.3: Schematic of active tiles with decdizea control
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1.3 Dissertation Goals and Contributions

The main goal of the present work is to investigdite sound transmission control
characteristics of the proposed active-passive dpproach. This approach can be
applied to numerous applications of active sourahdmission control that require
lightweight partitions with high transmission losser a broad frequency range and
simple control strategies. In particular the pragubsnethod addresses several of the
practical requirements of an active control systembe used in the fairing noise

problem:

The control system can be made lightweight and @mtp@nd contained within a

few inches of the fairing wall;
* A simple decentralized control system can be impiaied;

» Simple integration with the launch vehicle and losgible integration with passive

blankets;

* The control system is modular and the tile can lamufactured as a stand-alone

device with integrated battery, controller, actuatod sensor.

» The control system and hardware can be readilyredgrhto multiple tiles.

The actuators are demonstrated to have adequateolcamithority suitable for

application in the very high SPL environments.

The investigation is divided into an analytical aat experimental effort. The
motivation for the analytical component of the wasko determine the potential sound
transmission control performance of the system.ofipted structural-acoustic model
based on an impedance-mobility matrix approachoimilated to represent double-
panel systems consisting of a rectangular base platnected to a single or multiple
tiles through active-passive isolators and an doousavity. The base plate is

acoustically excited and the sound radiated poweromputed using the tiles surface
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velocity in the active and passive cases. The #imait model is also used to efficiently
study the effect of parameter variation on the eystperformance and trade-offs
involved in the tile design, including the modeg¢ tiffect of tile flexibility on the sound

transmission performance.

An extensive experimental effort was performedval@ate the practical application of
the active tiles approach in controlling sound sraitted through plates. Active tile
prototypes were designed using lightweight compgsénels and Thunder piezoelectric
elements as integrated passive-active mounts. Taiao experimental setups were used
for the investigations. The first consisting ofiagte tile-plate double partition mounted
in a window between acoustic chambers and the semamsisting of a simply-supported
plate and four active tiles, creating a double pagaatition separated by a sealed
acoustic cavity. Both feedforward and feedback idiers were designed and evaluated.
Single-input single-output (SISO) feedback conen@lwere designed and implemented
with analog electronic circuits, minimizing the tasd complexity of the overall control
system. In addition, active tiles were tested udihgred-x LMS feedforward digital
controller and tests were done for feedforward radlers using ideal reference and
realistic (acceleration and pressure measuremeaftskence signals. Although the use of
feedforward control would potentially increase castd complexity, it serves as a
benchmark to judge the performance of the feedbamitroller. The experimental
system with multiple tiles was used for investiggtinter-tile coupling and performance

of decentralized control schemes.
Contributions of this work to the current statdalof art can be summarized as follows:

* The development of a new active-passive tile apgrdar active control of sound
transmission through partitions. The proposed agpgraneets the requirements of
being compact, lightweight, with simple controlagégy and can be applied to large

structures.

» The novel implementation of active-passive tilestptypes taking advantage of both
active and passive effects provided by Thunderatota
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* The formulation of a fully coupled structural-acbasmodel of plate-tile systems
based on a mobility-impedance matrix approach gmuied to single and multiple

tile systems.

* Analytical investigation of the passive and acipezformance of single and multiple

tile systems including different control strategae®sl physical parameter variations.

* Analytical and experimental investigation of intde- coupling mechanisms and its

effect on the decentralized control system perforrea

* Experimental implementation of the active-tile aygmh in a multiple tiles system
utilizing feedback and feedforward decentralizedtodd schemes. In addition, the
implementation of feedforward control with a re@disreference signal was

demonstrated.

1.4 Dissertation Outline

Following the introduction and literature review @hapter 1, Chapter 2 presents the
theoretical modeling and simulation approach usedtudy the sound transmission
characteristics of tile-plate double panel pamisioThe impedance mobility approach is
introduced and initially applied to the modelingao$ingle tile-plate system excited by a
plane acoustic wave. The passive and active soanhdtion response of the system is
simulated for velocity feedback and harmonic feedéod control. The analytical model
is then extended to include multiple tiles and twestigate inter-tile coupling
mechanisms. In addition, the analytical model igduso investigate the effect of
parameter variations, such as tile stiffness, matiffiness and damping and air gap
volume, on the active and passive isolation perémoe of the tile. Chapter 3 presents
the design and experimental tests of active titgqtypes. It includes the selection of the
tile material and actuator and the constructioadaive tile prototypes. An investigation
of the vibration isolation characteristics of agéenmount tile is presented for the passive
and active control cases, using both feedforward &edback control. Then an
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experimental setup consisting of a single tile/bals¢ée system is described and results
of the control of sound transmission using a feedfod controller are presented.
Chapter 4 investigates a single tile base plateesysvith a larger base plate that was
also used in a multiple tiles setup. A SISO fee#tbaontroller is designed and
implemented with analog electronic circuits. Expental results of the reduction of tile
velocity and estimated sound radiated power obthireeng feedforward and feedback
are presented and compared. Both ideal and prhotifeaence signals are used in the
feedforward control tests. Chapter 5 covers theeamental testing of a system with
multiple tiles. An experimental setup is descrilbleal is used to test the performance of
four active tiles covering a simply supported platee performance of the multi-tile
system is tested using decentralized control schefiest, multiple independent SISO
feedback controllers are designed and implementddamalog electronic circuits. The
design of the analog feedback controller is defailecluding the plant estimation,
controller design via loop shaping and controllerpiementation using operational
amplifier circuits. Additional tests are performeding digital feedforward controller
with both ideal and realistic reference signal iempéntations. Chapter 6 presents
conclusions, summarizes the main contribution af tHissertation and presents

suggestions for future research.
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Chapter 2

2 Analytical Modeling

This work investigates the control of sound trarssmin through a double panel partition
consisting of plate and lightweight stiff panelde@). Each tile is attached to the base
structure through an active-passive mount usegpdyaa reactive force between the tile
and the base structure to reduce the tile velodihe effectiveness of the approach is
based on minimization of the tile surface velocsty that the vibration of the base
structure is decoupled from the associated sowhd. fThis approach for control of sound
radiation should be particularly useful in the ¢ohbf sound radiation by large and low

mobility structures.

Assuming that each tile behaves as a rigid body &ndconstrained to move
perpendicularly to the base structure, there ahg thinee possible modes of vibration, a
piston mode and two rocking modes. At low frequesadhe piston mode is responsible
for most of the sound radiation. For the rockingdem® of vibration, the tile radiation
resembles that of an acoustic dipole, which is kk® monopoles of same strength
vibrating 180 degrees out of phase. It is knowr ¢hdipole is a very inefficient radiator
at frequencies where the acoustic wavelength ishntarger than the dimensions of the
source. Thus, depending on the frequency rangdhentle size, the contribution of the
rocking modes to the sound radiation should be Isara the control of the rocking

modes can be neglected [48].

A reactive control force is applied between the @hd the base by active mounts for
minimizing the tile normal velocity as measuredgmnt error sensors positioned on the
tile surface. The flexible behavior of the tilehegh frequencies limits the effectiveness of
controlling the surface velocity at a single pdmt reducing the tile radiation. Thus, it is
important to investigate how the flexibility of thdes limits the effectiveness of the

active tile approach, which can be performed usihg structural acoustic model
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developed in this Chapter.

The problem of suppressing the normal velocityheftile to attenuate the piston mode of
vibration is similar to a vibration isolation preoh when it is desired to isolate the tile
(equipment or receiver) from the vibration of thesé structure (source of vibration). An
important difference is that in the active tile lplem there is the additional air borne path
of vibration transmission. As mentioned previoudhgere is great practical interest in
keeping the control system as simple as possible simplifying the practical

implementation of the approach in a large structimdependent SISO control loops
implemented with simple analog electronic circugi® utilized for reducing overall

complexity and cost.

Two control approaches are investigated in this p@ra velocity feedback (skyhook
damping) control and harmonic feedforward contiikect velocity feedback using a
reactive actuator between the source and receilsgy know as “skyhook damping,” is a
well-known technique to implement active vibratisolation [6]. This approach is
studied given its simplicity and potential to p&iboth good performance and stability
when used to actively increase damping. Feedforwandrol is a possible alternative for
active vibration isolation in the cases where it pgssible to obtained advanced
information about the disturbance that can be used reference signal. Harmonic
feedforward control is considered in this chaptevpling results that illustrate the best

possible achievable performance for a feedforwardrol system.

In this Chapter, the velocity feedback control &admonic feedforward control schemes
are briefly reviewed, followed by a review of theusd transmission characteristics of
double-leaf partitions. Then a coupled structucaustic model of a flexible tile on a
flexible plate is formulated based on an impedanoeility matrix approach. The model
is used to investigate the passive and active padoce of the tile using the feedback
and feedforward control approaches. Finally the ehasl extended to include multiple
tiles. A comparison of the impedance-mobility agmto to a model based on modal
coupling theory is presented in Appendix D.
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2.1 Control Strategies

Next, the application of feedback and feedforwardtml to the vibration isolation of a

single degree of freedom (SDOF) mass spring systemrigid base is reviewed.
2.1.1 Feedback Control

Feedback control is the control strategy of chdiee the implementation of active
vibration isolation system in the case of randostutbances, when a reference signal
required for a feedforward controller is not avieiéga One common approach for
implementing feedback control for vibration isotettiis placing a reactive actuator in
parallel with the passive isolator producing a éoproportional to the velocity of the
system being isolated. The components of a vibraismlation system with velocity
feedback control (skyhook damping [6]) are showifrigure 2.1. Note that for an active
tile system in the low frequency range, when theuatic wavelength is larger than the
dimensions of the physical system, the air trappdtle gap between the tile and the base
structure has the effect of an additional mechargpang in parallel with the isolator

stiffness.

velocity | c
sensor active
Wfi < Wfi
m m

i 1 k Llc lFC<— WS\ kL e

Figure 2.1: Vibration isolation of a SDOF base teatisystem using velocity feedback
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For the system in Figure 2.1, the equation of nmotd the mass to be isolated can be

written as:
—w'mw (@) + jac(w, (@) =W, (@) + k(W (@) —w, (@) = F, (2.1)

where wb is the base displacement and wr is tbeiver (or equipment) displacement.
Assuming that Fc is proportional to the velocitytioé receiver mass multiplied by a gain

g it is possible to write:
— P mw (c) + (W, () =W, () + K(W, (60) =W, () = g (jaow,) 2.2)
and the displacement transmissibility becomes:

W, (@) _ jax+k
W, (@) «’m+ ja(c+g)+k (2.3)

This expression can be rewritten as:

w. (w) _ 1+2i£,Q
W@ 1-07+2(E, +£)0

(2.4)

where, wn is the mounted mass resonance frequefry;: wwn is the normalized
frequency, ¢p is the passive damping ratida is the active damping ratio and g is the
feedback gain. The displacement ratio given by egual is plotted in Figure 2.2 for a
low-damping passive isolato&f = 2.5), a high-damping passive isolat&p € 40) and a
low-damping active isolatorép = 2.5 anda = 40). This graph illustrates the
disadvantage of using a purely passive isolatictesy: for low values ofp there is the
possibility of resonant amplification of the didtance, whereas for higher valuesgpf
the transmissibility increases. In the case ofvactibration isolation, higher values &
decreases the transmissibility at resonance withetgrioration of the system isolation

performance at high frequencies, as occurs in éissipe isolator case.
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Figure 2.2: Transmissibility of base excited SDORhwpassive isolator and velocity
feedback.

It should also be noted that when linear quad@#assian (LQG) modern control theory
is applied to the vibration isolation of a baseiext SDOF mass-spring system shown in
Figure 2.1, with cost function given by:

3 = E[qW? (t) +1f 2(1)] 2.5)

where q is a weighting on the mean square velauity r is a weighting on the mean

square control effort, the feedback control lawt tha@nimizes J can be shown to

- is2
be fs ==va/rw:(t) , which is exactly the “skyhook damping” feedbackwl

with 9 = valr . The complete analysis, which can be found in f&monstrates that
“skyhook damping” can be considered an optimal ibrstrategy, since it minimizes the
mean square velocity of the mass to be isolated.
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2.1.2 Feedforward Control

In the feedback control approach discussed indabedection, no advanced knowledge of
the primary source of random excitation of the batsgcture was assumed. However, in
some applications it is possible to obtain suclorimiation, which allows the use of a
feedforward control approach. Advanced knowledgthefprimary source excitation can
be obtained, for example, when the disturbancesisrthinistic or when the disturbance
propagates through an acoustic or structural sydtethis case a reference sensor is able

to measure the incident disturbance, which cansed by the feedforward controller.

error
sensor v feedforward

controller

H >

k Lc

reference
sensor

Figure 2.3: lllustration of the concept of applyifeedforward control to a SDOF to

provide vibration isolation.

The schematic of a feedforward control system $otating the receiver from the base
vibration is shown in Figure 2.3. A reference semaeasures in advance the disturbance
input to the system, which should be well corralatgth the vibration of the controlled
system for successful operation of the feedforwanatroller. This signal is detected and
processed by a digital control filter prior its usedriving the control actuators. The
digital filter is computed so that the control fescminimize the mean square measure of
the system response, for example the displacemelogity or acceleration. In the case of
an acoustically excited structure, an alternativeargjement would be to use a

microphone to detect in advance the disturbanaeakig

In the case of a harmonic disturbance and a lisgatem the feedforward control
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problem can be solved frequency by frequency. Tredyais of a feedforward control
system for random disturbances is more complexesine controller response has to be
prescribed at all frequencies of interest and thestaint of causality that has to be
satisfied so that the controller is realizable [Bhe study of the active tile system with
feedforward control and random disturbances isdtigated in the next chapter with a
real-time experimental implementation of feedfordvaontrol using an adaptive filtered-

x LMS algorithm.

The equivalent block diagram that describes thdféeeard control system is shown in
Figure 2.4 with the signals represented by the iEotransforms of the time signals and
the physical components by their frequency respdbsg]. The contribution of the
primary excitation (external disturbance) to theoesignal E() is denoted as [0, the
output of the controller (secondary source) is dethas U@) and the estimate of the

primary excitation (reference signal) used to dtive feedforward controller is denoted

as X).
Disturbance
D(w)
X(w) , U(w) , E(w)
e H(jw) > G(jo)
Reference  Controller Mechanical E_FFOF
Signal System Signal

Figure 2.4 : Equivalent block diagram of a feedfarevcontrol system [5,6]

Assuming linearity, the output of the error senisathe superposition of the contribution
of the primary disturbance sourced)( and of the secondary sourcewd)(modified by

the primary path (mechanical system)d(jso that the error signal can be written as:

E(a) =D(a) +G(a)U (w) (2.6)
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Assuming that the controller has frequency respéi(sg, the control signal
U(a) = H(a)X(a)
and the total error signal can be rewritten a®¥ed!:

E(a) = D(a) + G(e)H () X () (2.7)

The optimal control signdl(a) is that which minimize the mean square value of the

error signal defined by:
J(w) =€*(w) = E" (w)E(w) 2.8)

This expression can be expanded as a Hermitiarrgi@ébrm [5]:

J(@w) =U " () AU (@) +U " (w)b(a) +b" (W)U () + () (2.9)
where
A@) =G" ()G(«w) (2.10)
b(aw) =G" (w)D(w) (2.11)
o(@) = D" (&) D(w) 2.12)

A quadratic function like #§) can be shown to have a unique global minimumaates

with the optimal values of control input given by:
U o = ~A(@) "b(w) (2.13)

This approach for computing the optimal controlnsig is applied to the coupled

structural acoustic system discussed in the neioses.

24



2.2 Transmission of Sound through a Double-Panel

Partition

In this section an idealized model is studied tdaratand the general sound transmission
characteristics of a finite double-panel partitigh.similar derivation for unbounded
double-leaf partitions is found in [11]. As a fiegbproximation to the problem, the model
assumes non-flexible panels and a cavity width msamaller that the acoustic
wavelength. The model is used to investigate hemrénsmission characteristics depend

on the physical parameters of the system.

The double-panel model is illustrated in Figure, 2d0 panels with masses andny, are
separated by a distandeand are assumed mounted on ideal spring-damphbish Wwave
respectively damping and stiffness coefficieaisc,, ki, ko. In addition, the panels are
connected by a spring with mechanical stiffniggsThe panels 1 and 2 have ar&eand
displacements; and &. It is also assumed no energy dissipation andoatimpressure-
density relationship. The primary disturbance isuased to be a harmonic plane wave

normally incident on panel 1.
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Figure 2.5. Schematic of normal incident sound dnaission through a double-panel
partition

The equations of motion of the panels 1 and 2espactively:

(-a’'m + jax, + k)& +k (&, - &) +P,S=RS (2.14)

(-’m, + jax, + k)&, +K, (&, — &)+ P,S=0 (2.15)
Assuming that the cavity width is very small congghmwith an acoustic wavelength,
which is to assume that the cavity pressure isoamif the pressure P2 can be shown to be
given by [11]:

P, = oc” AVV = pc? S(fi/_ ) (2.16)

The expression above indicates that the air trajpeddeen the panels is equivalent to a

spring with stiffness given by:
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ke =" (2.17)

Substituting expression (16) in expressions (14)(@5) gives:

| s s’
(—anml+jax:l+k1+kmﬂL/f?CZV)'fl—(kmJf/f’C2 VEA (2.18)
| s’ s’
(—w'm, + jac, +k, + K, + pc’ )&, = (k, + pc’ —)& =0
Vv \Y (2.19)

If the mechanical damping and stiffness of the [|aaad mounts are ignored, it can be

shown that the maximum transmission of sound ocauasfrequency given by:

(1| (m+m)
°2m\ "t mm, (2.20)

This frequency is called mass-air-mass resonarntieddd it is inversely proportional to

the panel separation d.

Below themass-air-mass resonandeequency, the partition behaves as a single panel
partition with mass equal to the sum of the masdethe two panels. For frequencies
above the mass-air-mass resonance frequency thenmsysehaves with panel 2 being
driven through the air spring by the motion of gdafheand the sound transmission

decreases at 18dB/octave.

In the case where the double panels are mechagnmalipled, it is beneficial to have a
very flexible connection or soft spring. In thisseahe response of panel 2 in response to
panel 1 movement can be modeled approximately lzessa-excited mass-spring system
[59]. For such a system it is well known [11] thia¢ velocity ratio of the base (panel 1)
and the receiver (panel 2) decrease proportioriallthe square of the frequency above
the fundamental resonance which result in a deerefhe sound power transmitted.
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2.2.1 Simulation Results

The equations developed in the last section arel asecompute the displacement
frequency response of the base and the radiatimgelgpafor an acoustic pressure
disturbance incident on the base panel. The pHypm@ameters of the panels and air

cavity used in the simulations are listed respetyiin Table 1 and Table 2.

The in vacuum natural frequencies of the panelsiafieed as

K K
@ :\/% and &, =\ (2.21)

Note also that the damping rafjas related to the damping constant c as:

c = 2{mwkg/s (2.22)

Table 2.1: Dimensions and physical constants fertise panel and tile

Parameter Base panel Receiver panel
Dimensions 0.38x0.30m 0.38x0.30m
Mass 0.615 kg 0.135 kg
Natural frequency 722 rad/s 60 rad/s
Damping ratio 0.10 kg/s 0.10 kg/s
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Table 2.2: Dimensions and physical constants fofilEd cavity

Parameter Value
Dimensions 0.38x0.30 m
Depth 0.05m

Air density 1.21 kg/mh
Speed of sound 344 m/s
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The plot of the magnitude and phase of the dispiacs of the base and radiating panels
is presented in Figure 2.6. Two-peaks are obsemedhe magnitude response
corresponding to the in-phase and out-of-phase madevibration of the two-panel

systems.
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Figure 2.6: Displacement of base and radiating I|sane

The sound pressure radiated by the radiating garmbtted in Figure 2.7 together with
the sound pressure radiated by a single panelmysith the physical characteristics of
the base panel. Note that in the double panel syste resonance peak of the single
panel case is shifted from around 180 Hz to 115aHd that second peak is created
around 285 Hz, with sound radiation higher thathe single panel case. The double-
panel system presents higher transmission lossthieasingle panel system above around
335 Hz with an 18dB/octave roll-off versus 6dB/aetaoll-off for the case of the single
panel system case. Figure 2.8 shows the ratioeostund pressure transmitted by the

double panel system versus the single panel system.
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Figure 2.7: Sound power radiated by the doubledpaystem and for the base panel

system
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Figure 2.8: Ratio of the sound pressure radiatedhieydouble-panel system over the

single base panel system
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2.2.2 Influence of Parameter Variations

The model developed last section can be used falyzng how the sound transmission
is affected by variation of system parametersidityt in order to investigate how the

inter panel distance affects the sound transmissi@ninter-panel distance is varied from
5 cm to 10 cm and 20 cm, and the ratio of soundhtad pressure of the double-panel
system to the single panel system is presentedgurd-2.9. The results show that the
increase in panel distance (increase in the aiy dapouples the vibration of the radiating
panel from the vibration of the base panel throtighair gap, which causes a shift of the

2nd resonant peak to a lower frequency and imprenagdmission loss.
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Figure 2.9: Ratio of the sound pressure radiatedhieydouble-panel system over the

single base panel system for different gap distance

The effect of adding the isolators connecting thagbs on the transmission loss of two-
panel system can also be investigated using theeindeigure 2.10 shows the

displacement of the radiating panel for increasialgies of isolator stiffness. Note that as
long as the isolator stiffness is low, the couplisgontrolled by the air gap stiffness. If

the isolator stiffness is relatively, the secondoreant peak is shifted to a higher
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frequency, affecting the high frequency passivéaismn.

The effect of the isolator damping on the coupliegween the plates can be observed by
plotting the transmissibility curve, which is thetio of the displacement of the radiating
plate over the base plate, for different isolatam@ing values. Note that increasing the
isolator damping decreases the magnitude of thie gieihne displacement transmissibility
curve, but degrades the passive isolation at hiffeguencies. Note also that similar

effects are obtained by increasing the air gap dagnp
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Figure 2.10: Displacement of the radiating paneUiéferent isolator stiffness
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Figure 2.11: Base panel and radiating panel disph@nt ratio for increasing values of

isolator damping
2.2.3 Velocity Feedback Control

The use of feedback control to increase the trasson loss of the double panel system
is considered in this section. Actuators placedvbeh the panels in parallel with the
passive isolators apply a control force to the [smtieat is proportional to the negative
velocity of the radiating panel. The effect of thgplying negative velocity feedback is

shown in Figure 2.12, which plots the displacentearismissibility for increasing values

of feedback gain. Increasing the feedback contrmin gresults in an accentuated
attenuation of the transmissibility around the pesdion of the transmissibility response,
without degradation of the high frequency isolaticmaracteristics, as is the case for

increased values of passive damping.
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Figure 2.12: Base panel and radiating panel disphk@nt ratio for increasing values of

feedback control gain

Figure 2.13 shows the results of applying feedlzaskrol on the sound pressure radiated
by the radiating panel. Note that increasing valae$eedback gain result in greater
attenuation of the sound radiated in the frequamaoyge around the second peak of the
magnitude response, which extends the active atemuclose to the resonance of the
first peak. Figure 2.14 shows the ratio of the sbpressure transmitted by the double
panel system over that of the single panel systamdd by the base plate only. For high
enough values of gain, the double panel systemeptedess sound radiation than the

single panel over the entire frequency range.
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Figure 2.15 Displacement of base and radiatinglpane
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Figure 2.16 Ratio of the sound pressure radiatedhbydouble-panel system over the

single base panel system for increasing feedbackaaain



2.3 Single Tile Coupled Structural Acoustic Model

This section presents an analytical model develdpednvestigating the attenuation
performance of a double panel system with a siragive tile using an impedance
mobility approach. A comparison of the impedanceditity approach to a model based
on modal coupling theory is presented in AppendixADplate with clamped boundary
conditions is assumed as the base panel and tregimgdpanel is a stiff tile, which is
modeled as an isotropic plate with free boundandd@mns, and is connected to the base
plate via two spring-dampers mounts. Active foraesassumed to act in parallel with the

spring-damper mounts. The model assumes a fullgledwstructural acoustic system.

The system studied is shown schematically in FigRre7. The clamped plate is
acoustically excited by an incident plane wave Hmltile is assumed mounted on an
infinite baffle radiating into free space. Simutattiresults are presented for the velocity of
the tile and sound power radiated by the partitwith and without active control. In
addition, simulation results using velocity feedband optimal feedforward control, are

presented.
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Figure 2.17: Double panel and incident acousticexasordinate system for the analytical

model.

2.3.1 Impedance Mobility Model

In this section the development of the impedancdility model [27] for the system
shown in Figure 2.17 is presented. The impedaraglity formulation assumes that the
system is divided into individual components, whale the source panel (base clamped
rectangular plate), the transmitting system (amboand structural borne transmitting
paths), and the receiving panel (stiff tile). Thensmitting system consists of an airborne
path, which is the air confined between the baatepnd the tile, and a structural borne
path, which is consists of the spring-damper moaaoisecting the base plate and the tile.
The dynamics of each of these components is modssied point and transfer mobilities
or impedances. The general schematic of the sysieowing the three individual

components is illustrated in the Figure 2.18.
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The structural transmitting path consists of n meswonnecting the base plate and the
receiving tile at a finite number of junctions. Tloeces and velocities transmitted at each
junction are restricted in this model to the comgias of force and motion that are

perpendicular to the surface of the system. Thusaeh element, for each frequency of
excitation, the motion and forces transmitted avergby a single complex parameter that

can be written as:

Vini = U; (2.23)
fui = Fs (2.24)
F
[] - Sl —> []
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Figure 2.18: Schematic of structural-acoustic modsing the impedance-mobility

method
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The airborne transmitting path, which is the adoustansmission through the air
confined between the base plate and the receiumgd taken into account by dividing
the boundary surface of the cavity with the basgepand tile in k small elements much
smaller than the acoustic wavelength. Each of tleésments in the boundary surface is
connected to either the base plate or to the rexeiie at the geometrical center of the
element. In addition, each element is assumed twatd only in the direction
perpendicular to the surface. Thus, at each elernt@imotion and forces transmitted are
given, for each frequency, by a single complex ipatar written as:

Va =W (2.25)
a = Fa (2.26)

The velocity and force components at the isolatoumts and at the acoustic boundary
elements junctions are grouped together to forreethpair of vectors: the base velocity
vector and the base force vector, the transmittyggem velocity vector and force vector,
and the receiver velocity vector and force vecidre base velocity vector and force

vector are given as:

— me — men
Vb = Vb = (227)

(2.28)

—
o
]l
f_j%
— =
o o
D 3
H_J
1]
—_ _—h
e T =3 .
B3

fbak

wherevpmi, fomi are the velocities and forces at the junctionsvbeh the base plate and
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thej™ mount, anda, Vbai are the velocities and forces at the junctionsvbeh the base

plate and th¢" acoustic element.

The receiver velocity vector and force vector avewg as:

Vimi

V. = Vim | _ JVrmn
r— - Va1 (2.29)

Viak

1:rml

f E{frm}E frmn
r 1:ra fral (2'30)

frak

wherevyy, andf.y, are the velocities and forces at the junctiongvben the receiver plate

and thg™ mount, and/,; andf., are the velocities and forces at the junctionsibeh the

receiver plate and tH®& acoustic element.
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Finally, the transmitting system velocity and foxeetors are given as:

Vimi1
Vimin
Vial1
Vim ;
V. = Viar | _ | Viaik
t Vim2 Vim21 (2.31)
Via2 :
Vim2n
Via21
Vtalk

wherevimii , fim1i are the velocities and forces at the junctionsveen the base plate and
thej™ mount, andsay , fiari are the velocities and forces at the junctionsibeh the base
plate and th¢™ acoustic elementymyi , fimai are the velocities and forces at the junctions
between the receiver plate and jfienount, andia,i , fiazi are the velocities and forces at
the junctions between the receiver plate ang'tezoustic element.

Using a mobility matrix approach to model the dymzmof the source and receiver

panels allow the velocity and force vectors to biten as:

Vp = Mp; fp + Mp20p (2.32)

Vr = |\/Irlfr + Mrzqf (233)

where Mb1l and Mb2 are mobility matrices of the baeel, Mrl is a mobility matrix of
the receiver panel, gp is the primary excitatiootoe and gf is a flanking excitation

vector.

The transmitting system dynamics are expressedjuminimpedance matrix approach.
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The receiver force vector can be written as:
f, =ZyV +Z50s (2.34)

whereZ;; andZ, are impedance matrices of the transmitting systema;s is the force
control vector acting at the mounts.

Grouping the source equation (32) and receivertequé33) together in one equation we
get:

Vpr = M1 fior + M 20 (2.35)
where:

My O

Mypr1 —{ 0 MJ (2.36)
My, O

Mpr2 —{ 0 Mrj (2.37)

_)Ap
Q pf _{qf} (2.38)

The junction velocity and force vectors, shown hbelare called respectively source-

receiver velocity vector and source-receiver fareetor:

_ V%
Vior = {V } (2.39)

fb
o ={fr} (2.40)

The source-receiver velocity vector equation (38) the transmitting system vector must
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satisfy the continuity principle at each junction:

Vi = Vi (2.41)

while the source-receiver force vector and thesmatting system force vector must

satisfy the equilibrium principle at each junction:

fo=—Ty (2.42)

Using the expressions for continuity of velocitydaaquilibrium of forces presented
above, (29) and (30) can be related in such a way dind the velocities of the source

and receiver panel elements as function of thegmyrflanking and control sources [27]:

Vor =Qpvlpr + Qsyls (2.43)
where

Qpy = (I +MpaZ) My, (2.44)

Qv = (1 +MpsZ) *MpZy (2.45)

In a similar fashion, the source-receiver forceteecan be written as a function of the

primary and control sources as:

for =Qpf dpr + Qst s (2.46)
where

Qpr =~Zu(l +MpsZyy) "My, (2.47)

To solve for the displacement of the source andivec plates for a given configuration
of force disturbances, it is necessary to have riability matrices describing the

dynamics of the source and receiver plates, andrtpedance matrices of the mounts and
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acoustic cavity.

The dynamics of the source and receiver platesi@seribed by their mobility function.

The mobilities of the base and receiver plategaren by:

My () :—Wiw%% D mn (X2, Y2)P 0 (X, 1)

el Am(af @+in) - o?) (2.48)

w%% l'I',m,n (XZ’ YZ)l'Pm,n (X1’ yl)

W.
|\/|r -
O lOL 2= P arin-a?)

(2.49)

where @ are the mode shapes of the base pl#ere the mode shapes of the receiver
(tile), A are the respective modal masses, grate the loss factors. The mode shapes,
natural frequencies and modal masses for the pladetile are obtained using a finite
element analysis software (ANSYS), because of #uek lof analytical closed-form
solutions for computing the modal information ¢ditps with clamped and free boundary

conditions.

The isolator mounts are assumed to be simple spiangpers and the mount mechanical

impedance can be written as:

k
Zin =Cm *+ (2.50)
The dynamics of the acoustic cavity is describednnmpedance matrix formed by point
and transfer impedances between each of the fmitmber of boundary interface
elements at the base and receiver plates. The mnpedelates the pressure at one cavity
element with the normal velocity imposed at the satement (in the case of a point
impedance) or at another element (in the caset@nafer impedance). These impedance
functions can be derived using a modal formulatasn presented in Chapter 10 of
reference [5]. An expression for the pressure at position in the cavity can be

expressed as:
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K apczek (X! Y, Z)
P(X Y, 2) = O, (2u(2).ndS
kzz;‘)V[anODkH(a)z—af)J; X

(2.51)

where ©, are the acoustic mode shap¥sjs the cavity volume, an®y is a modal
damping term. The damping term is defined for thegliant mode, that is, when all the
modal integers are zero by:

2
_ Cq
“CoDooo ="/ (2.52)

It should be noted that at low frequencies, whenwtlavelength is much larger than the
physical dimensions of the system and when only ¢bmpliant mode is excited,

expression (41) reduces to:

wocs IV Ry
apcs IRV +iw 1+iaCyR,

P_
a (2.53)

where C, :V/,ocg is the acoustic compliance of the cavity volumeal &y is the

acoustic resistance that accounts for losses akd Ia the cavity. Thus, the impedance of
the cavity in its first mode can be interpretedaaparallel combination of an acoustic

compliance and an acoustic resistance.

As the boundary surface is divided in elements,ribienal velocity surface integral in
equation (51) can be replaced by a summation. Xpeession for the force is obtained by
dividing the expression of the pressureSyrhus it is possible to arrive at the following

expression for the acoustic impedance function:

Fo_< apczek(xl’yl)@k()(Z'yZ)dSZ

U S5 AglaceDy +i(w-ap)] (2.54)

For the case of a rectangular cavity, the mode eshand natural frequencies can be

respectively written as:
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O, =./eee; (cosk,xcosk, ycosk,z) (2.55)

@ =C\Kkf +kg +kZ (2.56)

wherek, , k, andk; are the acoustic wavenumbers @w 1 if k =0ande =2 if k Z O,

where the subscript can be 1, 2, and 3.
2.3.2 Using the FEM Modal Parameters

This section explains how the “in vacuo” modes lté plates, which are exported into
Matlab for performing the structural-acoustic cagplanalysis, are obtained using the
commercial FEM package ANSYS. After creating thatespn geometry, a thin shell

elastic element (Shell-63) with four nodes was useahesh the plate. After applying the
appropriate boundary conditions, a modal analysas werformed using the Subspace
algorithm [58].

ANSYS allows the mode shape vectors of the stredimibe normalized to either unity or
the mass matrix. Theeduced mass matrigption that deletes the rotational inertia terms
from the mass matrix of the Shell-63 element wasseh to extract the modal mass data.

Note that it is assumed that the mode shape isdiyehe out of plane displacements.

In order to extract the modal mass information fréhe mode shape results, an
expression for the relation between the mass naethimode shapé)k and the unity

normalized mode shape was used [57]:

A

o = P
"I (2.57)

Because the maximum value&maf is unity, the value ofly is given by the inverse of the

maximum value ofp, squared, that is:
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o
/\k - max((Dk) (2.58)

The modal data was then formatted in a way propdyet imported by MATLAB, and
then used to solve the coupled equations of thetstral-acoustic system.

2.3.3 Plane Wave Acoustic Excitation

Assuming a plane wave incident on the base plate avigles of incidencgy and6 (refer
to Figure 2.17), the resultant force applied to ptete can be obtained by solving the
following integral:
P =4[ ® P 7S (2.59)
S
wherek is the acoustic wavenumber component in the xctme andk, is the acoustic

wavenumber component in the y direction.

This integral was solved for a simply supportedteplay [21]. Equation (49) can be
approximated by a summation to compute the pressxgiation in the case where the
modes shapes were obtained by using the finiteesiemethod (FEM).

2.3.4 Acoustic Radiated Power

The acoustic radiated power is obtained by assuraif@ffled radiating plate and by
discretization of the surface of the structurermabl elements, each of args. Then the

surface elemental velocity can be obtained as:

— H
Vv (2.60)

where the superscripi denotes the Hermitian (conjugate transposed) efvééttor of

elemental velocities.
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The sound radiated powBrcan be approximated as [45]:

_AS ]
I —7ZR9(VJ Pj) (2.61)
=1
whereM is the total number of discrete elemegtandy; are the pressure and velocity of

the element. In vector form this becomes:

A4S
n==>% Re(v"p) (2.62)

The pressure at the surface of the structure ate@lto the velocities by ad by M
matrix of radiation impedanceZ. The total radiated acoustic power can then be
expressed as:

A4S Hoo ASQ H
_7 =1Re(V ZV) —7 _1Re(V RV) (263)

i j=

whereR is the real part of the radiation impedance mator the case of a plane baffled
structure radiating into the free field, the eletseaf R can be calculated analytically

using

R = a)szS{Sin(karij):l
;=
4T karij (264)

given in [45], wheré,= aJc is the acoustic wavenumbew,is the frequency ang is the

distance between the elemengnd,.
2.3.5 Feedforward Control

The feedforward control approach is based on mimgi the quadratic that can be

written as:
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J=qgAqs+qlb+b"qs +c (2.65)

The quadratic function @i given in equation (55) can be shown to have gusglobal
minimum associated with the optimal values of colntrput given by the equation below

[5]:
- -1
Osopt = —A D (2.66)

Two control strategies are investigated: 1) minaticn of the normal velocity of the tile
at the mount locations applying optimal controlcks in parallel with the mounts; 2)
minimization of the total sound power radiatiorttoé tile applying optimal control forces

in parallel with the mounts.

In the case of velocity cancellation the quadratist function isJ g = v v, where
V., contains only the normal velocity of the tile abet mount-tile junctions,

Vim = SymVer - MatricesA andb in equation (2.66) are given in [27]:

Al = Qs|_\|/ S\-J—ms‘vasv (2.67)

buel = Q&v StmSumQpvpt (2.68)

In the case of total sound power radiation cantietlathe quadratic cost function is
Jsp =v;iV,, Wherev,, contains the normal velocity of all tile elementg = S,V -

MatricesA andb in equation (55) are given by [27]:

Asp = Q& S1aRSa Qs (2.69)

bsp = Qs|,_\|/ SI:I;:I RS2 Qpyv0pf (2.70)
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2.3.6 Feedback Control

In the case of negative velocity feedback contha,control force is:
Os = ~9V%rm = ~9SymVbr

whereg is the control gain.

Equation (2.43) can be rewritten as:

Vbr = Qpvlpf + Qav(=9SymVr) = (I + QS/szv)_lvaqpf

2.4 SingleTile System Simulations

In this section a single tile-plate system is iriggded using the impedance mobility
matrices developed above.

2.4.1 System Parameters

This section presents the active attenuation pmdiace results computed for a single
active-tile mounted to a rectangular clamped p{ag® Figure 2.17) using the equations
presented above. Initially, the analytical modelised to investigate the contribution of
the structure-borne and air-borne transmissionspththe total sound power radiated by
the tile. Next, the sound transmission attenuapieriormance of the tile using feedback

and feedforward control approaches was investigated

The length and width of the tile and the base phagerespectivelyx = 0.30mandLy =

0.38m The tile and plate are separated by an air gép lwaightLz = 0.05m The spring-
damper passive isolator is assumed to have a mieahatiffnessk = 4000N/mand loss
factor c = 2.5Ns/m The mounts are attached to the plate and tilthatcoordinates
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{Lx/4,Ly/2 and {3/4Lx, Ly/2. Note that the physical parameters utilized ia thodel are
chosen to correspond with the physical values efetkperimental system investigated in
Chapter 3. The geometry and physical constantshiicavity and panels are presented
respectively in Table 2.3 while Table 2.4 summarittee natural frequencies of the base
plate and tile. The first four flexible vibrationades of the tile with free boundary
conditions as computed using FEA are shown in [Eigut9. The geometry and physical
constants of the air cavity are summarized in Tdhk while the first four natural
frequencies are listed in Table 2.6.

Table 2.3: Dimensions and Physical constants #ibtse panel and tile

Parameter Base plate Tile
Dimensions 0.38x0.30 m 0.38x0.30m
Thickness 0.0015 m 0.006m
Young’'s Modulus 64€9 N/m2 N/m2
Density 2700 kg/m3 20 kg/m3
Poison'’s ratio 0.33 0.33
Loss factor 0.01 0.01
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Table 2.4: Resonance frequencies of the base padéille

Base Plate Receiver Plate (Tile)
m n fr Hz m fr Hz
1 1 113 1 130
2 1 198 2 330
1 2 258 3 426
2 2 334 4 487
3 1 336 5 570
3 2 461 6 758
1 3 478
4 1 522
2 3 o547
4 2 637
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Table 2.5: Dimensions and physical constants fofilEd cavity

Parameter Value
Dimensions 0.38x0.30m
Depth 0.05m

Air density 1.21 kg/rh
Speed of sound 344 mls

Table 2.6: Resonance frequencies of the air gapdeegt the two panels

m n p fr Hz
0 0 0 0

1 0 0 452
0 1 0 573
1 1 0 730
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The performance of the system was measured by aamgpthe total sound power
radiated without control and with control. Threentrol strategies were considered: (1)
negative velocity feedback control, (2) minimizatiof the tile velocity at the mounts
positions using harmonic feedforward control, aBdrhinimization of the total radiated
power using harmonic feedforward control. The Eagisection shows results illustrating

the influence of the tile stiffness on the actiegfprmance of the system.

(b)

(c)

Figure 2.19: First four flexible vibration modestié

56



2.4.2 Model Validation of Sound Radiated Power

In Figure 2.20 the sound power radiated by theatadj panel using the double-panel
system equations just discussed in Section 2.8rigared to the sound power calculated
using the impedance-mobility model discussed inti&e.3, where it is observed the
good agreement between the results for the lowuéeqgy range. The influence of the
flexible modes of the panels and cavity predictdith whe impedance mobility model, are

observed above 300 Hz.

100

90 B

Sound Power [dB]

L L L L L
0 100 200 300 400 500 600
Frequency [Hz]

Figure 2.20 Sound power radiated by the radiatiagep using the double-panel system
equations (solid trace) compared to the sound pmakulated using the impedance-
mobility model (dashed trace)

Using the equations presented in the previous@eptiogrammed in MATLAB, the total

sound power radiated by the clamped plate excijed #5 degrees incident plane wave
was computed. The sound radiated power computed tise model is compared to the
experimental results measured for single tile-ptt&tem (see Section 3.4, Figure 3.25),
as presented in Figure 2.21. Comparing the twosptas possible to observe the good

general agreement between the model and the medaseselts for the sound radiated
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power. Note that the peaked response of the mahsotend radiated curves is due to the

reverberant nature of the measurement room whermgdasurements were taken.
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T T T T T T T T T T
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Figure 2.21: Simulated (left plot) and measureghfrplot) sound radiated power for base
plate and plate with passive tile

2.4.3 Tile-Plate Partition Passive Attenuation Perfornsanc

The effect of mounting the tile on the clamped @lah the passive transmission loss of
the partition is investigated next. The sound powetiated by the passive tile is

compared to the sound power radiated by the clarbped plate only, before adding the
tile, which gives the passive attenuation perforoeanf the tile-plate partition.

Figure 2.22 presents the sound radiated power cmdpusing the model for the single
plate partition and for the plate-passive tile piart. In the low frequencies, the double
panel system with the passive tile has poor atterugerformance due to the strong
coupling to the base vibration through the air gauote the increase in the transmitted
power between 250 and 300 Hz caused by the sedgiddbiody resonance of the tile-
plate system. At frequencies above about 250 Hgsipa isolation effects occur and the
sound radiated by the tile is less than the soadtated by the plate. This behavior agrees

with the low-frequency model of the double panetipan, shown in Figure 2.7.
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Figure 2.22: Total sound power radiated by a clainplate (blue line) and by clamped
plate covered with a single passive tile (red lim)en base plate is excited by a plane

acoustic wave.

2.4.4 Structure-borne and Air-borne Transmission Paths

The impedance-mobility model of the system is uBmdinvestigating the individual
contributions of the structural-borne and air-bopa¢hs to the total sound radiated power
by the tile. By structural-borne path it is meantyothe vibration transmitted from the
base plate to the tile through the passive mouBysair-borne path, it is meant the
vibration transmission from the base plate to tleedue to the coupling caused by air
confined between the plate and the tile. As meetiorarlier, the air confined in the
cavity between the base plate and the tile ad®nafrequencies as a stiffness in parallel
with a resistance. The value of the acoustic campk depends on the volume of the air
cavity, while the damping depends on air leaksthedotal absorption due to damping of
the walls of the cavity. Figure 2.23 shows theltstaund radiated power for structural
borne path, acoustic borne paths and both stru@ndaacoustic borne paths. For the case
of acoustic borne path, two different air cavityes are considered, with the tile and plate

separated by0.05m and 0.10m giving cavity volumes of57e-4 mi and 114e-4 m
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respectively. Note that when the volume of thegap is increased by a factor of two, the
second resonance of the double plate system siofign to about 190 Hz and passive

vibration isolation is obtained above this frequenc
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Figure 2.23: Total sound power radiated by thewiheen the base plate is excited with an
acoustic plane wave. (a) black dashed trace: dophfeel coupled by air-borne and
structure-borne paths. (b) blue thick trace: doydaeel coupled only by air-borne path.
(c) blue thin trace: double panel coupled only bybarne path and double size gap (d)
red trace: double panel coupled only by structueib path.

Note that for the system studied the air-borne matesponsible for most of the vibration
transmission from the base plate to the tile, assthund radiated by the tile with air-borne
path only is very similar to the sound radiated powith both structural and air-borne
paths. When the vibration is transmitted only tlgtothe mounts, which is the structural-
borne path only, we observe high passive isolatahe high frequencies with low sound
transmission. As expected, increasing the air galumve helps improving the high

frequency passive isolation by decreasing thengtd$ of the air gap.
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2.4.5 Feedback Control Plant Model Validation

The control plant frequency response is given leyabsolute velocity at the error sensor
Ve location divided by the force acting to the filewhich can be written in the frequency

domain as:

Gy(j) = :E‘J‘;))

This transfer function is obtained by solving egquat(34) repeated below wittys equal

to zero:

Vbr = stqs

1 0
The control sourcess vector set tog, {O} for the left actuator and, :L} for the
plant response of the second actuator.

The transfer functions between the output at thecated and non-collocated sensors for
an input at the actuator located at {Lx/4,Ly/2} ateown in the left plot of Figure 2.24.
The right plot in Figure 2.24 shows correspondingasured plant response. The mode
near 30 Hz corresponds to the pitch mode of vibnawf the tile. Note that good
agreement is observed between the simulated andumegbplant responses except for
frequencies below about 50 Hz where the measuraak pésponse presents additional
dynamics possibly caused asymmetries in the expeteahsetup (for example difference
in actuator stiffness), which does not occur inrtiadel.
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Figure 2.24: Simulated (left plot) and measuredhfriplot) plant response for input on
left mount. Blue trace is plant collocated respoard red trace is response for non-

collocated sensor.

2.4.6 Velocity Feedback Control Results

In this section the computed results for veloc#gdback control applied to the single
tile system are presented. Velocity feedback ha&s Iseiccessfully applied to vibration
isolation of equipment from broadband random bas#@ation [76]. Ideally, the control
force, which is proportional to the absolute reeeinelocity, reacts of an inertial ground.
In this case, the actuator control force and thasueed velocity are collocated and the
system is unconditionally stable.

In practice, as an inertial ground is not availalhee control force reacts off the base
structure, with the control force appearing in fialavith the passive mount. In the case
of a flexible base structure, although one endhefactuator is collocated with the sensor,
the system is not collocated due to the additional-collocated reactive force acting on
the base structure and which could have dynamrosigly coupled with the mounted
receiver. In other words, the reactive force chaniipe velocity of the base structure,
which is also part of the plant being controlledd dhat in turn affects the velocity of the
receiver. Even in the case of a flexible basestistem was shown to be unconditionally
stable for the case of a rigid receiver and mass-eount [66].
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In [74] the vibration isolation between a flexibieceiver structure and a either rigid or
flexible base structure is investigated. The syseéemployed four reactive actuators and
decentralized velocity feedback control and wasnébuo be robustly stable and

presenting good performance.

The Nyquist plot of the active tile control plaritosvn in Figure 2.25 shows a loop on
the left hand side of the imaginary axis indicatthgt the feedback control system is

conditionally stable, which means that the systam lse unstable for certain values of

feedback gain.

0.15

0.1

o

Imaginary

-0.05

-0.1

Figure 2.25: Simulated Nyquist plot for the plaesponse of the single tile-plate system

The tile velocity in the passive and active casedffferent feedback gains is shown in
Figure 2.26. Good attenuation of the tile massngpriesonance close to 250 Hz is
obtained with some attenuation at the resonancendrd20 Hz. In addition some
enhancement (spillover) of the tile velocity occuats higher frequencies, which is
followed by the increase in gain values indicatihgt the feedback system approaches

an instability condition.

The sound power radiated by the tile for the passase and active case with different
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feedback gains is presented in Figure 2.27. Obsievegood correspondence between
the attenuation of the tile velocity and the attian of the sound radiated power for the
frequency range below about 300 Hz, correspondinthe frequency range below the

second flexible vibration mode of the tile. At ftespcies when the tile behaves as a
flexible structure, attenuation of the tile velgciat the error location does not

necessarily correspond to attenuations of sounditrad, as can be observed above
350Hz.
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Figure 2.26: Magnitude of the tile velocity at tbeor sensor for the passive case (blue

trace) and active case with different feedback géied traces)
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Figure 2.27: Sound power radiated by the tile far passive case (blue trace) and active

case with different feedback gains (red traces)

2.4.7 Feedforward Control

This section presents the active attenuation resalnputed for the velocity of the tile
and sound radiated power using feedforward contfalo control strategies are
investigated, as described earlier: 1) minimizatbthe normal velocity of the tile at the
mount locations applying optimal control forces mparallel with the mounts; 2)
minimization of the total sound power radiation tbe tile applying optimal control
forces in parallel with the mounts.

The results obtained for the velocity of the titeoae of the error sensors without control
and with different control strategies applied arespnted Figure 2.28. The plot shows
resultant tile velocity for the cases: a) feedfadvaontrol for minimizing the tile
velocity at the error sensor, b) velocity feedbeacktrol and c) feedforward control with
minimization of sound radiated power. Note thatcase a) the velocity results with
harmonic feedforward control are not visible in filet because of the limited range of

the plot magnitude axis.
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Figure 2.28: Velocity of the tile at one of the mbuyositions. (a) blue solid trace: no
control (b) red solid trace: velocity feedback coht(c) blue dashed trace: feedforward
control and minimization of the radiated acousbtevpr.

The application of active control for minimizatiaf the sound power radiated by the
tile assumes the presence of sensors capable cfunrap the radiated power as for
example, microphones in the far-field or distrilwligbration sensors that measure the
radiation modes of the structure. The use of esersors capable of measuring the
sound power it is possible to extend the bandwadtbontrol to higher frequencies than
the range obtained by controlling the tile velocityhe resulting sound radiated power

obtained when applying the various control straggs shown in Figure 2.29.

Note that although the application of feedforwaotiteol results in large cancellation of
the tile velocity at the error sensor location lagven in Figure 2.28, this does not result
in a corresponding level of attenuation of the sbradiated power as shown in Figure
2.29. This result indicates that while the veloa@fythe tile is effectively reduced at the
error sensor location there is still a ‘residuaé vibration away from the sensor location.
The attenuation of the radiated power should beesreffiective if a stiffer tile is used as

shown below. Note also in Figure 2.29 that the iappbn of feedforward control for

direct minimization of the sound radiated powerulissin a bandwidth of effective
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control extended to above 500 Hz.
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Figure 2.29: Total sound power radiated by tile whiee base plate is excited by an
acoustic plane wave for the baseline plate andtHertile, passive and active with

different control strategies.

In addition, note that the application of feedfordvaontrol for minimization of the total
sound radiated power in an enhancement of the tglotcthe tile compared to the case
without control for frequencies above 300 Hz. Tamplification of the tile velocity at
higher frequencies can be explained by the flexil@bavior of the tile with vibration
modes that are efficient radiators. The feedforwemdtroller generates a secondary
force that results in a reduction in the total aseld power by the modal rearrangement
mechanism (Figure 2.29), extending the bandwidtbooitrol above that obtained using

velocity cancellation approach.

2.4.8 Active Control Results Using a Stiffer Tile

In this section the model of the tile-plate systsnused to investigate the effect of an
increase in the tile stiffness on the control batlvand performance of the active-tile

system. Simulations are performed for a tile witlcreased stiffness and resonance

67



frequencies twice the value of those presentedalniel2.4. This increase in stiffness can
be realized in practice with little weight incredsgusing a honeycomb type composite

panel with thicker core material layer.

Shown respectively in Figure 2.30 and Figure 2/&lthe plots for the tile velocity and

the total sound radiated power for a stiffer titethe passive and active configurations
using feedforward control. Comparing to the pldtsven in Figure 2.28 and Figure 2.29
for the less stiff tile, it can be noted that tgsetem performance is improved. In addition
the control frequency bandwidth where attenuatibthe total radiated power occurs
extends up to 500 Hz. It also can be noted th#hencase of the stiffer tile, the use of
feedforward control to minimize the total radiaggmver results in a reduction of the tile
velocity throughout the frequency band up to 700. Hihe direct correspondence
between reduction of the tile velocity and the thn in total sound radiated power
demonstrates the importance of the tile stiffnesdéfining the frequency band where

the active-tile has good control performance.
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Figure 2.30: Velocity of a stiffer tile at errorrs®r (mount position). (a) blue solid trace:
no control (b) red solid trace: velocity feedbac&niol. (c) blue dashed trace:

feedforward control and minimization of the radehteoustic power.
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Figure 2.31: Total sound power radiated by a stiffe when the base plate is excited by
a acoustic plane wave. (a) blue solid trace: notrobrfb) red solid trace: velocity
feedback control. (c) black solid trace: feedforvaontrol and minimization of the tile
velocity. (d) blue dotted trace: feedforward cohtaad minimization of the radiated

acoustic power.

2.5 Multiple Tiles System

In this section, the impedance mobility model dgsmd above and applied to a single
tile-plate system is extended to a system comgyismur tiles on a simply supported

plate. Initially, the model details are outlinedidaved by a description of the system

physical parameters. Then both velocity feedbaak lsarmonic control are applied to

the system to reduce the sound radiated by tre tile

2.5.1 System model

The multi-tile system is modeled using the same ihtpmatrix approach detailed

earlier. The receiver velocity vector and forcetee@are written as equations (20) and
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(21) repeated below:

Vimi

V. = {Vrm} = Vrmn
' Via Vial (2'71)

Vrak

frml

frmn

(2.72)
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=
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- =
o 3
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f rak

wherevimi andf,m are the velocities and forces at the junctiong/beh the receiver plate
and thej™ mount, ands,; andf.y are the velocities and forces at the junctionsveen

the receiver plate and t{i acoustic element.

The dynamics of the source and receiver panelsvahe velocity and force vectors to

be written as given in equations (23) and (24) aégx below:
Vp =My fiy + Mp0a (2.73)
A& ='vlrlfr +Mr2qf (274)

whereMp1 andMy, are mobility matrices of the base pard}; is a mobility matrix of
the receiver panel), is the primary excitation vector, amg is a flanking excitation

vector.

For the single tile system, with the tile dividedN elements, the vectors the vecteors
and f, containing respectively the receiver panel velesitand forces have sizd K J).

The matrixM,; containing the tile mobilities has siZd ¥ N) and is fully populated.
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In the case of the multiple tile system withtiles, the vectors, and f, have sizg1 x

(M*N)), where * denotes multiplication, and contain elatadelonging to different tiles.
The matrixM;, for the multiple tile system has siZéV*N) x (M*N)) and is a block

matrix constructed using smaller block matricetheforiginal single mobility matrix.

tiles (receiver)

== AL
i)
simply-supported
plate (base)

/

active

A A mounts

incident plane
acoustic wave
Figure 2.32: Schematic of multi-tile system modelegsing the impedance-mobility

method

2.5.2 System Parameters

In this section a multiple active-tile system catisg of four tiles mounted on a
rectangular aluminum simply supported plate, asatiegh in Figure 2.32 , is investigated.
The length and width of each tile are respectitadytile = 0.30 m and Ly _tile =0.38 m
and length and width of the base plate are resmdgtlx = 0.60 m and Ly = 0.76 m.
The tiles and base plate are separated by an@wila height Lz = 0.05m. The spring-
damper passive isolator is assumed to have a mieahatiffness k = 4000N/m and loss

factor ¢ = 2.5 Ns/m. The mounts are attached topthte and tile at the coordinates
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{Lx/4,Ly/2} and {3/4Lx, Ly/2}. The geometry and plsycal constants for the cavity and
panels are listed in Table 2.7, while Table 2.8 mamizes the natural frequencies of the
base plate and tile. The geometry and physicaltaatsfor the cavity is summarized in
Table .2.9 and the first its four natural frequesare listed in Table 2.10.

Table 2.7: Dimensions and Physical constants ®ibtse panel and tile

Parameter Base plate Tile
Dimensions 0.76 x 0.60 m 0.38x0.30m
Thickness 0.00635 m 0.01m
Young’'s Modulus 64€9 N/m2 35e10N/m2
Density 2700 kg/m3 1700 kg/m3
Poison’s ratio 0.33 0.33
Loss factor 0.01 0.01
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Table 2.8: Resonance frequencies of the base paddille

Base panel Tile panel
m n f Hz m fr Hz
1 1 66 1 261
2 1 144 2 660
1 2 190 3 852
2 2 272 4 974
3 1 267 5 1141
3 2 396 6 1516
1 3 397
4 1 452
2 3 576
4 2 602
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Table 2.9: Dimensions and physical constants fofilEd cavity

Parameter Value
Dimensions 0.76 x 0.60 m
Depth 0.05m
Air density 1.21 kg/m
Speed of sound 344 m/s

Table 2.10: Resonance frequencies of the air gapelea the two panels

m n p fo Hz
0 0 0 0

1 0 0 226
0 1 0 286
1 1 0 365
2 0 0 452
2 1 0 535
0 2 0 573
1 2 0 616
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2.5.3 Passive Vibration Isolation Results

As discussed earlier, the tile vibration is coupledhe base vibration through the air
cavity and the passive tile system presents poerflequency vibration isolation
characteristics. Plotting together the velocityhed base plate and the velocity of the tile
one can evaluate the passive vibration isolatiotheftiles in the multiple tile system.
The velocity of the base plate and the velocitythaed tile at the mount location for
different air gap volumes are presented in Figu@8.2Note that in the case of the
original air cavity volumeV passive isolation from the base vibration stadsuaing
above around 500 Hz. As the air cavity volume isreased, better low frequency
vibration isolation is observed, as expected.
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Figure 2.33: Velocity magnitude at the mount lomatior base plate and passive tile for

different air cavity volumes

The surface displacement of the tiles and base plathe frequencies of 35 Hz, 65 Hz,
151 Hz and 280 Hz corresponding to the first foeaks of the tile response curve
shown in Figure 2.33 are shown in Figure 2.34 gufg 2.37. Figure 2.34 shows the
tiles in a rocking type vibration. In Figure 2.3bdaFigure 2.36 the all the tiles have the

same phase but while in Figure 2.35 the tiles ek Iplate vibration are in phase, in
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Figure 2.36 the tiles and base vibration are 1&peades out of phase.

Figure 2.34: Displacement of the tiles (top) andebplate (bottom) at 35 Hz

Figure 2.35: Displacement of the tiles (top) andebplate (bottom) at 65 Hz
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Figure 2.37: Displacement of the tiles (top) andeoplate (bottom) at 280 Hz

77



2.5.4 Velocity Feedback
In this section the simulation results of velodggdback control applied to the multiple
tile system are presented.

The plant response is given by the absolute vgl@atithe error sensor locatieg to the

force acting to the til&, which can be written in the frequency domain as:

Ve(j@)

Ge(jw) = f (j)

The plant response for a single collocated actusgnsor pair is shown in Figure 2.38.

The Nyquist plot shown in Figure 2.39 is restrictedhe right side of the imaginary axis,

indicating that the feedback control system is wmadtonally stable.

Magnitude [dB]
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o o o o

&
=]
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. . . . .
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Figure 2.38: Simulated plant response for inputedihmount of tile one with collocated

error sensor
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Figure 2.39: Simulated Nyquist plot for the oneuatdr plant response of the four tile-

plate system

The transfer function between the output at théocated and non-collocated sensors for
an input at a single actuator is shown in Figu®2Note the strong inter-tile coupling

due to the presence of the air cavity. The infer¢bupling is stronger around 30 Hz
corresponding to a rocking mode of the tile andiacc250 Hz corresponding to a piston
type rigid body motion resonance of the tiles oa Hase plate. Strong coupling also
occurs around 277 Hz corresponding to the natuegliency of the (3,1) vibration mode

of the base plate.
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Figure 2.40: Collocated (thick blue trace) and ©oftecated plant responses

The surface displacement of the tiles at the fraqes of 35 Hz, 151 Hz, 273 Hz and
400 Hz corresponding to peaks of the tile respansee shown in Figure 2.40 are
shown in Figure 2.41 to Figure 2.44.

Figure 2.41: Displacement of the tiles at 35 Hz
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Figure 2.42: Displacement of the tiles at 151 Hz

Figure 2.43: Displacement of the tiles at 273 Hz
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Figure 2.44: Displacement of the tiles at 400 Hz

For the case of structural borne transmission (filyure 2.45), the mechanical coupling
is only significant for the error sensors locatedioe same tile. The response at the error
sensors located at the other tiles are about 40d8rlthat the responses and have peaks
at frequencies corresponding to the natural fregesrof the base plate, indicating that a

small degree of coupling can occur by vibratiomsraission through the base plate.

The tile velocity in the passive and active casedffferent feedback gains is shown in
Figure 2.46. Good attenuation of the tile massrgpresonance close to 250 Hz and also
around 350 Hz.
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Figure 2.45: Collocated (thick blue trace) and wohecated plant responses with

structural borne path only
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Figure 2.46: Magnitude of the tile velocity at theor sensor for the passive case (blue

trace) and active case with different feedback gjéied traces)
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The sound power radiated by the tile for the passase and active case with different
feedback gains is presented Figure 2.47. It wodking the good correspondence
between the attenuation of the tile velocity arnel @aktenuation of the sound radiated. As
discussed before, when the tile behaves as a Resilbucture, reductions in the tile
velocity at the error location do not necessarityrespond to attenuations of sound

radiation.
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Figure 2.47: Sound power radiated by the tilestfer passive case (blue trace) and

active case with different feedback gains (redetsac

2.5.5 Feedforward Control

Active attenuation results for velocity of the tigd sound radiated power using a
feedforward control strategy applied to the muétiple system are presented here. Two
control strategies are investigated, as descrilagliee 1) minimization of the normal
velocity of the tile at the mount locations applyioptimal control forces in parallel with
the mounts; 2) minimization of the total sound powadiation of the tile applying

optimal control forces in parallel with the mounts.

Figure 2.48 shows the velocity of one of the titeoae of the error sensors without
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control and then the different control strategies applied, namely, feedforward control
of the tile velocity at the error sensor, feedbaoktrol and feedforward control with
minimization of sound radiated power. Note onceertbat since harmonic feedforward
control is considered, the minimization of the tikdocity at the mounts positions using
harmonic feedforward control completely cancels weéocity of the tile at the error

location.

The resulting sound radiated power for the variowstrol strategies is shown in Figure
2.49. Using feedforward cancellation of the tildoe#ty good attenuation of sound
power is observed up to around 650 Hz. It is alsarthv observing that through
minimization of the sound radiated power, the badtwof effective control is extended
to above 800 Hz. The application of feedback anedfteward control strategies
demonstrates that the transmission loss of théipartising active tiles can be improved
in the entire frequency range when compared tdrdresmission loss of the single base

plate.
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Figure 2.48: Tile at one of the mount positior. [{lack trace: base vibration (b) blue
trace: tile vibration, control off (c) red tracdetvelocity with feedback control d) black

dashed trace: feedforward control and minimizatibthe radiated acoustic power.

85



120 T T

— no control
— feedback
— feedforward velocity |q
------ feedforward power
--- base plate

100 -

@
o
T

60 -

40

20

Sound Radiated Power [dB]

-20ff § |
: 1 1 1 1 1 | 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
Frequency [Hz]

Figure 2.49: Total sound power radiated by a stiife when the base plate is excited by
an acoustic plane wave. (a) blue trace: sound tedtliay tiles with control off (b) blue
dashed trace: sound radiated by base plate onhgdclrace: tile radiation with velocity
feedback control d) black dashed trace: feedforwamadtrol and minimization of the
radiated acoustic power e) black trace: feedforveamtrol and minimization of the tile

velocity

2.6 Summary

This chapter investigated the sound transmissiaouth double panel partitions
consisting of a base plate and active tiles. Iihytiaa double panel system was
investigated assuming non-flexible panels. Using impedance mobility approach
allowed the model of the single active tile to ba@eaded to include panel flexible
behavior and the coupling of the tile to the badkgation through the air cavity that is
created between the tile and the base structufellyAcoupled structural acoustic model
was presented for a single flexible tile mountedigh two mounts to a clamped plate
that represents the base structure. The plate wdeled as excited by an acoustic plane
wave and the total sound radiated power was cordpulbe active and passive
performance of the tile in reducing the sound tnaitted through the plate was then
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simulated for the feedback and feedforward appresmchtroduced previously. It was
shown that for the model simulated, most of thenso@diation from the tile is resultant
from the acoustic coupling to the base vibratioa the air cavity. In addition, the
stiffness of the air cavity raises the tile massrgpresonance and shifts the passive
isolation to a higher frequency range. The simatetishowed that effective control of
the sound radiated power can be accomplished byatiimg the tile velocity as long as
the tile vibrates as a rigid piston or as long e tile vibration mode are inefficient
radiators. In addition it was shown that the bantflwiof control could be extended if
sensors are used that estimate the tile radiateempdke for example distributed PVDF
sensors. Finally, it was shown that increasingtileestiffness is an effective way to

extend the bandwidth of control even further.

The impedance mobility model was also applied tfowa-tile system mounted on a
simply supported plate. The model results showedl ititer-tile coupling occur via the
air cavity present between the tiles and the bése.pThe application of feedback and
feedforward control strategies demonstrated thatttansmission loss of the partition
using active tiles could be improved in the entiegjuency range when compared to the

transmission loss of the single base plate.
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Chapter 3

3 Active-Passive Tile Approach Implementation

In a practical application of the active tile apgpeh some assumptions of the analytical
model formulated in Chapter 2 might not be true. &ample, in practice the mounting
system has internal dynamics that limit the pertmmoe of simple velocity feedback
control schemes. In addition, there might be addéi coupling not represented in the
model and that can affect the control performafitese are some of the reasons that

motivate the experimental investigation presenteithis and the next Chapters.

In this chapter the practical feasibility of impleming the active tile approach is
investigated. The main goal of this Chapter is égigh and evaluate an active-passive
tile prototype for controlling the low frequencywa transmission through a plate. In
particular the following points are addressed: dle&ion of an adequate tile material
that is light and stiff, 2) design of the activespwe mount including the selection of an
actuator that has the necessary characteristit®iofy lightweight and with adequate
force and displacement, 3) Test the performancéhefactive tile in controlling the

sound radiation through a plate.

In the next sections the experimental implememntatd the active tile is presented.
Initially, the design of an active tile is discudséncluding the selection of tile material
and actuator. Subsequently, experimental testpenfermed with prototype active tiles
using two different setups. The first setup cossidta vibration isolation test, where a
SDOF tile is mounted on top of a large shaker teatlly measure its passive and active
isolation performance. The second test consistsarofacoustic transmission loss
experiment using a single tile mounted on an aluminpanel than serves as base

structure.
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3.1 Prototype Design

The design of the active tile involves three maieks: selection of the tile material,
design of the passive/active mount, and desigrhefactive controller. The first and
second tasks are going to be considered in thisoeed he tile material has to be very
lightweight and stiff, ideally with no flexible meg of vibration in the frequency range

of interest.

The second important task is the design of theveqdassive isolation mounts. In
general, passive mounts have their performancetedniby the contradicting
requirements of having appropriated stiffness tovigle static stability and being
compliant so as to limit the vibration transmissgaused by the dynamic excitation of
the source [51]. The use of active mounts can @veecthese limitations and allow
higher performance. In this work, a THUNDER piesogiic actuator is used in a novel
way as passive-active mount. As is shown nextchimsen mount presents the required
characteristics of being compact and lightweighgven good passive isolation
characteristics and have adequate stroke, bandwaitd control authority for the

practical application of the active tile approasmoise control problems.
3.1.1 Tile Material

Any real tile exhibits flexible structural behaviabove a certain frequency. The tile
material properties, dimensions, and boundary ¢mmdi determine the frequency where
the tile stops behaving like a rigid panel. For #utive tile approach proposed, which
uses a single error sensor to measure the tileiglahe first flexible structural mode

with high radiation efficiency frequency sets thppar frequency limit of control

performance. This maximum frequency limit occurséhese when the tile is flexible, the
minimization of the tile velocity does not corregpoto a reduction in the sound
radiation. The mount vibration can be reduced sihgle point while the rest of the tile

surface continues to vibrate and radiate sound.
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Given the requirements of lightweight and high feéés, the selected tile material
should maximize the ratio of flexural stiffness mass. Considering that a rocket
payload fairing is made of composite material thas typical surface density of 9.0
kg/n?,in order to keep the added mass to around 10%gahel materials should have a

surface density of 0.9 kgfm

A common approach to design a panel with highrstg6 to mass ratio is to use a
sandwich plate structure. In general, sandwichctiras have two faces separated by a
lightweight core. The faces usually have the samateral and thickness and carry the
primary in-plane and bending loads. The core ofgtedwich panel can be of several
types of materials, including honeycomb core, foamnsolid core, and corrugated or
truss core. The core resists the transverse sbads land keeps the faces in place. The
honeycomb core structure with hexagonally shapdd bas been used widely since

World War 1l in commercial and military aircraft plpcations.

The advantage of using a sandwich structure caseka by the following analysis.
Consider a uniform plate of thicknessreplaced by a sandwich plate of the same
material. Assume also that the thickness of eaatepif the sandwich structure is one
half that of the uniform plate, that= h/2, and that the thickness of the corehis
Because the density of the core of a typical sadldyinel structures is very low, the
total weight of the sandwich structure can be asslto be almost like that of the
uniform plate. The bending stiffness of the unifqulate is give by:

_E@y)
ot = 20-v?) (3.1)

wherekE; is the modulus of elasticity of the panel mateaiadlv is the Poisson's ratio. In

the case of the sandwich plate the bending stiéfisegiven by:

D = Eftfhc2
sand ~ 2(1—|/2) (32)
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The ratio of the bending stiffness of the sandwitdte to that of the uniform plate will
be:

Dsand - 3 hc i
D, 4t (3.3)

unif

For example, if the ratio of the core thicknesshie face plate thickneskg/t; = 20, the
bending stiffness of the sandwich plate will be &@tes that of the uniform plate, which
IS Dsand Dunit= 300.

Figure 3.1: Cross section of uniform and sandwimfistruction

In this work, a sandwich panel structure with a dy@omb core is used for the
construction of the active tiles. The honeycombenat is selected from datasheets of
commercially available honeycomb panels and norgdtewill be made to design or
analyze in detail the sandwich panel structurgbease. It is outside the scope of this
work to present a detailed treatment of the sanuwicucture behavior. The reader can
find such in depth analysis in for example refeee[f4]. Note also that it is possible to
optimize the panel design for a given applicatiOme can for example select the best
face and core materials to minimize the total weahminimize the absolute weight for

a given geometry, material properties and mechhluads [72].
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3.1.2 Tile Sizing

The size of each tile is an important consideratmrthe successful implementation of
the active tile approach. The decision of tile sigemade taking into account the
frequency bandwidth of control, the tile materiaioperties and controller design

approach.

For a given material, the tile size has to be seteso that the first flexible mode of
vibration occurs above the control frequency baxthviof interest. In addition, as
shown by [48], the tile size will influence the ratibn efficiency of the tile rocking

modes. For a tile with a SISO controller capablecoftrolling the piston mode of
vibration, the tile size should be selected so thatrocking modes contribution to the

sound radiation becomes insignificant.

3.1.3 Active-Passive Mount

The design of the active mount is also of criticaportance to the success of the active
tile approach. The best actuator for a given appba must be selected according to
requirements such as, force, stroke, bandwidthnaass. An experimental investigation
and discussion of different actuator technologias be found in reference [55]. In
addition, the stiffness of the mount influenceg#ssive isolation characteristics.

In this work the active tile mount was implementeging a piezoelectric THUNDER
actuator. This device is relatively light (aroun@l @ams) and has very good stroke and
force characteristics. Th&hunder actuator was mounted in such a fashion that it
integrates the passive and active mounts. Thisasmtuvas be tested and the following

measurements were performed:
* Free displacement

* Blocked force
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* Open circuit dynamic stiffness
» Vibration isolation performance

Thunderis an acronym for Thin Layer Composite UNimorphrbBelectric Driver and
SEnsoR. This actuator is a composite of three ldyers that consists of a steel base
layer, a piezoelectric patch and an aluminum togecdonded together under pressure
and high temperature with the LaRC Sl polyimid aiNwe Applying a voltage across
the PZT causes the actuator to bend and generBiteee During the manufacturing
process a mechanical pre-stressing of the piezoietayer is accomplished and this is
the key characteristic that givésunderdevices their numerous inherent advantages as

its very rugged and yet unusually flexible charasties.

This device can be mounted and loaded in seveffdreint ways depending on the
specific application, each of which result in stighdifferent force displacement
characteristics. When mounting the device it isyMarportant that at least one of the
edges is allowed to move freely, so that the aotust able to deform. The most
common mounting configurations are the cantilevered simple beam configurations.
In this work a different mounting configuration issed that approximates simply
supported boundary conditions. In this caseTthenderactuator is glued at its straight
edges to very thin aluminum strips that have ttegiredge bonded to the steel skirt of
the Thunderactuator and the bottom edge clamped to a stié pas illustrated in Figure
3.2. This mounting allows almost free horizontatpicement of the actuator edges
while allowing force transmission to the attaché&dicture, as the aluminum strips are
very stiff in the vertical direction. An actual podype of the tile is shown in Figure 3.3
where the topside of th€hunderis attached to a square sandwich honeycomb panel
through a small balsa wood rectangular rod. Theiaaot used is TH 7-R whose

specifications are shown in the Table 3.1.
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Table 3.1 : Thunder actuator specifications

Characteristic Thunder TH 7R
Weight 18.0 grams
Dimensions 96 x 71 x 0.56 mm
Ceramic 0.25
Thickness
Arch Height 9.0 mm
Capacitance 166 nF
Maximum voltage 595 Vyp

Resonance 106 Hz (simply supported)
Frequency
Typical 7.62 mm
Displacement
Blocked Force 133 N
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Figure 3.2: Active-passive isolation mount usinglUNDER element mounted in a
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95



- O lightweight ~ THUNDER

\ ~_A mount element
AN > Ny
aluminum [T \%//‘
support strips L.
T

lightweight

control signal

Figure 3.3 Schematic of the active-passive isalatmunt installation

In the case of a vibration isolation problem, sashdiscussed in this dissertation, the
actuator requirements for isolation of a receivitigicture need to be defined, so that a
proper actuator can be selected. A simple anabaisbe performed using the system
presented in Figure that shows an actuator placddeen a source and receiver
structures. The dynamic stiffness of the receiseurce and actuator akg ks andk; and
the actuator is capable of producing a fdgc&lote that the dynamic stiffness is defined,
as the complex harmonic force required generatingietharmonic displacement. The
function of the actuator is obviously bringing tleeeiver to rest. The dynamic behavior

of the system can be expressed in the frequencyitons:

fr = kX,

fa—f =k (Xr—Xs)

Assuming that the receiver is brought to rest, then0 andf, = 0 and the force required

by the actuator in this situation is given by:
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fa =-kix (3.4)

In addition, note that when the receiver is keptredt by the actuator, the source
displacement is equal to its free displacements Tain be seen observing that at the
junction between the actuator and the soukce,-fs, which is the force applied by the
actuator has the same magnitude and opposite idimett the force applied by the
source to the internal dynamic stiffness of theuaittr. Thus, there is no internal force
between the source and the actuator and the seilnreges as if it was unconstrained. In
view of this, one concludes that the actuator néeds able to generate a displacement
equal to the free displacement of the source [FBjs is a parameter that can be

measured and that allows the selection of an amtwath adequate characteristics.

The actuator by itself can be characterized by pa@meters, namely, its blocked force
fa and its free displacemenrt The blocked force is the force that the actuaaalile to
generate when it is constrained not to move, wifile free displacement is the
displacement generated by an actuator when uneomstk to move [55]. These two
parameters are related by the actuator internamyastiffness, which is:

fy = —kiXq (3.5)

Under optimal control conditions the actuator hasozdisplacement at the receiver end
and the free source displacement at the sourcevdnld the force is zero at the source
end and equals tfy at the receiver end. Comparing equation 4 and Jassible to
conclude that the actuator needs only to be ablevercome its internal dynamic
stiffness and that the actuator will be able tdaigothe receiver if its free displacement
is larger than the free displacement of the solMoge that a stiffness element in parallel
with the actuator will cause the effective interdghamic stiffness of the actuator to be
the sum of its internal dynamic stiffness and tlaeapel dynamic stiffness. This will
cause the free displacement of the actuator toedaced byl+kpaaie/ki , while the

blocked force remains the same.

The free displacement of the active-passive ismtathount using th&@hunderactuator
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was measured with the mount rigidly attached teaviy base and electrically excited
with a white noise signal. The acceleration atttpeof the actuator was measured with a
small accelerometer and a B&K frequency analyzes used to compute the frequency
response function of acceleration/input voltagee Dibtained frequency response was
then divided by &’ to get the free displacement. The free displacémen unit volt

input measured for thEhunderactuator is shown in Figure 3.4
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Figure 3.4: Free displacement per unit volt inputtheThunderactuator

In order to measure the blocked force, the actagsiwe isolation mount was attached to
a fixture illustrated in Figure 3.5. The fixturernsisted of two 3% MDF wood panels

connected to each other by 4 metal screws thaeaell end bolted to panel corners. The
base of the mount was fixed to the base panel lamdop of the actuator was attached
via small screw to a force transducer. The topsidée force transducer was attached to
a metal rod that had its other end fixed at thepapel. The blocked force generated for
a white noise input was measured with frequencylyaea Figure 3.6 shows the

measured blocked force for unit electrical input fllee Thunder actuator in a SDOF
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active isolation mount configuration.

Force sensor

~0

Thunder elemant
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Figure 3.5: Fixture used to measure blocked force
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Figure 3.6: Blocked force per unit volt input fbee Thunderactuator
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The dynamic stiffness of the actuator was obtaibgdirst measuring the force over
acceleration transfer function, which was then ipliétd by w” to give the dynamic
stiffness. The actuator base was fixed to the serf# heavy bench top, set in open
circuit condition and mechanically excited with haker. The applied force was
measured with a force gauge attached to the shalsmnall accelerometer was attached
to the actuator in order to measure the resultaotlaration. The measured dynamic
stiffness was then post-processed to remove thedaohéss of the measuring transducer
by subtracting is dynamic stiffness. The dynamiifngtss obtained this way is shown in
Figure 3.7 . It can be seen that the actuator lehas a simple stiffness at low
frequencies and at higher frequencies additionaanycs are present, related to actuator

internal structural resonances.
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Figure 3.7: Dynamic stiffness of tAdnunderactuator

These plots show that the Thunder actuator perfoeng well when compared to other

actuator technologies for active vibration conted reported in [55]. The Thunder
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actuator has dynamic stiffness and free displacectaracteristics that are comparable
to that of an electrodynamic tweeter. However, Ibhacked force is similar to other
piezoelectric actuators such as a PZT tube or Raindictuator used in [55]. Another
important advantage of thighunderactuator is the low weight, approximately 20 grams
for the version employed in this work. The mechahitharacteristics of th&€hunder
actuator and the actuators studied in [55] in teofnhe maximum electrical input and
associated mechanical outputs computed from theuptaf the maximum input and the
low frequency straight trace characteristics ofuFéy3.4 and Figure 3.6 are presented in
Table 3.2.

Table 3.2: Mechanical characteristicsTtiunderand actuators tested in [55]

Max Max.

powator  Electeal Blocked il U2, Stfness (.l Moving
(peak) (N) (m) (n)
AVC 200 V 9.00 0.03x1® 5.77x16 0.074 26x18
PZT tube 3180 V 475  0.032x10 93x16 0.180
Rainbow 200 V 3.0 0.03x10 1.19x16 0.090 1.1x18
Magnetostrictive 1 A 100 0.01x18 15x106 0.050
Tweeter 0.5A 0.35 0.15x 0 3.92x18 0.100 4.8x18
Thunder 300 V 3.6 075xT0 4.1x16 0.014 15x18
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3.2 Broadband Feedforward Control

In Chapter 2 the application of feedforward contmlthe active tile assumed, for the
purposes of analysis and simulations, that theudiahce was deterministic, which is
harmonic and that the control solution could beaotad frequency by frequency. In this
section, an adaptive digital feedforward controbteyn is introduced and used to
investigate the performance of the active tile fandom disturbances. Only a brief
treatment of the broadband feedforward control iesented and a more complete

discussion can be found in Chapter 2 of referei2g |
3.2.1 Single Channel Feedforward Control

The block diagram of a SISO filtered LMS-x feedfand controller is shown in Figure
3.8. The primary path P(z) represents the trarfafestion of the physical system from
the reference input sensor signal x(n) to the esemsor signal e(n). W(z) is the adaptive
filter, in this case a finite-impulse-response (FflRer with coefficients adapted by an
LMS algorithm with the goal of minimizing the errgignal e(n). S(z) is called the
secondary path and represents the transfer funfrbom the adaptive filter output to the
error signal. The secondary path S’(z) represémsttive-tile system including the D/A
converter at the output of the adaptive filter,orestruction filter, power amplifier,
Thunder actuator, transfer function from Thundduaior to error accelerometer, error
accelerometer, preamplifier, antialiasing filterdaD/A converter. S’(z) represents an
estimated model of the secondary path S(z) andad to filter the input signal x(n) to
generated the filtered reference signal x’(x) usedhe LMS algorithm. Assuming that
the response of the reconstruction filter and thentp attenuates any frequency
component produced by the D/A converter above thiquidt frequency and that the
anti-aliasing filter removes any component of tbatmuous disturbance above half the
sampling rate, the discrete error is a good reptaien of the continuous time error

signal.
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The model of the secondary path S’(z) is obtaingdab off-line modeling technique

represented in Figure 3.9. A broadband white nsigeal input to the actuator is used as
the training signal in the system identificatioro@edure, which adapts the coefficients
of a FIR filter that models the secondary patheAthe identification is completed the

coefficients of the FIR filter that models the sedary path are set to fixed values.

X »| Primary d(n)

Path P(z) +

Controller y(n)| Secondary |y'(n)
W(z) | Path S(z)

A

Lyl S(2)
X'(”)—l‘ LMS |

Figure 3.8 Block diagram of control system usirigfed LMS-x feedforward algorithm

Y

Secondary
] Path S(z)
""""""""""""""""""""""""""""""" DSP
White Noise d(n) Systemi
— Generator '
x(n) / y+

Figure 3.9: Schematic of experimental setup foiliof secondary path modeling
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From this block diagram shown in Figure 3.8 thecuite time error signal can be
written as the sum of the disturbance in the alsenhcontrold(n) with the effect of the

secondary control signaf;(n) as:
() = d(n) +y' (n) = d(n) =s(n) * y(n) (3.6)

The output of the digital FIR filteW(z) depicted in Figure 3.10 , is computed as:
L-1
y(n) = Y w(m)x(n-1) (3.7)
1=0

Defining the input vector at(n) timen as:

x(n) =[x(n) x(n-1) -+ x(n—-L+ 1)]T (3.8)
and defining the weight vectax(n) at timen as

w(n)=[w(n) wmn-1) - wn-L+ 1)]T (3.9)

where the superscripitdenotes the transpose of the vector lamglthe order of the filter
W(z) Now, the output signal(n) in equation (7) above can be written in vectoioain

as:
y(n) =w' (mx(n) (3.10)
Substituting (10) into (6) results in:

e(n) = d(n) —s(n)* [w (n)x(n)] (3.11)
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x(n) 5 x(n-1) -1

%"o n) w;(n)

Figure 3.10: Block diagram of digital FIR filter

The z-transform of the error signal is:
E(z) =[P(z) - 5(2)W(2)]X(z) (3.12)

and for broadband disturbance signaig:) must represent the impulse response of the

transfer function:

o _ P(2)
W ) (3.13)

This is the same as saying that the adaptive Wéz) has to model the primary path
P(z) and inversely model the secondary p&tha) and the FIR filter has to be of
sufficiently high order. Note that it is impossilite compensate for the innate delay of
the secondary pat8(z)due to the antialiasing filters and wave propagatinless the
primary pathP(z) contains a delay of at least same length. In otfzeds, this limitation

is the causality constraint of broadband feedfodaamtrol systems [62].

The goal of the adaptive filter is the minimizatioh the instantaneous squared error
€’(n) . Although the filter coefficients can be calcelhtdirectly from the knowledge of

the auto-correlation and cross-correlation  propsrtf the disturbance and filtered
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reference signals (Elliot,signal processing), iagbice an adaptive algorithm is generally
used. In this work an LMS-x approach is used topadae filter coefficients. For the
filtered LMS-x algorithm the adaptive filter weigh&re adapted in real time as:

w(rn+1) = w(n) + 4 (n)e(r) (3.14)

wherex'(n) is the filtered reference signal obtained by fitg the excitation signal

x(n) through the estimate of the secondary pathzaisdhe convergence coefficient. The
algorithm is implemented in practice by filteringetreference signai(n) by FIR filter
estimate of the secondary plant. The output offilbex is then multiplied by the error
signal e(n) and the convergence coefficientto compute the estimate of the change

required for each filter weight.

The selection of the convergence coefficigntontrols the speed of the adaptation as
well as the stability of the adaptive algorithmya&ue i of that is too small will result in
slow adaptation and possibly interrupt the adamtabiefore optimum filter weights are
achieved. A value ofs that is too large can cause the instability of &hgorithm. In
general, at the beginning of the adaptation a tavgéue of 7 is used and once good
convergence of the filter weights is obtainedalue is reduced to guarantee stability and

steady state attenuation.

The selection of the sampling rate generally depamda trade-off between performance
and cost. While a faster sampling rate allows snalelays in the system and better
steady state performance for broadband disturbahceguires a faster and more costly
processor. The increase in the computational costes because of the necessity of a
larger number of coefficients to implement the Filker with certain impulse response
duration. In addition, real time digital processingguires that the processing time
required to complete the calculations involvedrpiementing the control filter has to
be less than the sampling period. A sampling ra#e is too fast results in a required
filter length that is excessive to achieve a palécresult. Long filters reduce system

stability, increase computational overhear and nmigmequirements for the DSP. It is
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generally accepted that the optimum sampling matective noise and vibration control
systems is about 10 times the frequency of theenoisvibration to be controlled [64].
The control performance decreases as the samgtegnmoves away from the optimal

value.

3.2.2 Multi Channel Feedforward Control

The detailed analysis of a multi channel activesaotontrol system is presented in
Chapter 5 of reference [62]. Only a brief treatmiemiresented next. The block diagram
in Figure 3.11 represents the reference/multiplgpuwiufeedforward control system.
There areK adaptive filters using a single referenga) and output signal vectgi(n).
The goal is to minimize the sum of the squaresveM error signals(n). The matrix P
represents M primary path transfer functions fraim) xo the error sensor output em(n).
In addition, there ar& x M secondary path estimates contained in the m&t( The

coefficients associated with all K adaptive filtene represented in Figure 3.11 by the

vectorw(n):
wm=[w] wi o wil (3.15)
where
win) =[wio wiy - wipql k=1,2,...K (3.16)

are the coefficients of each of tHeadaptive filters of lengthThe K canceling signals

yk(n) generated by the control filters are represensed a

YW=y, y, - yk]T (3.17)

The K canceling signals (n) are generated by the control filters by filbgyithe
reference signa{(n) by the corresponding adaptive FIR filter,. (1)
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_ T
Y = Wi x(n) k=1,2, .. K (3.18)

where

xem) =[x(n) x(n=1) - x(n-L+1)" (3.19)

x(n) d(n)

/ .
w(n)

I e(n)
x'(n)

> S' — LMS g

Y

=

y 2
(V2]
/}D
\_/

Figure 3.11: Block diagram of single-reference iplgt output active noise control

system using the filtered x-LMS algorithm
Combining equation (15), (17) and (18) it is pokstio write:
yr = X (n)w (n) (3.20)

where X(n) is aKL x K block diagonal matrix defined as:

xm) 0 - 0
0 x(n) O

XM= o 0 (3.21)
0 - 0 x)
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The error signal vecta(n) measured biv error sensors is represented as:

e(n) =d(n) -y'(n) (3.22)

where d(n)=[d(n) dy(n) --- d,(m]" is the disturbance vector with

d,(n) representing the disturbance at thenth error sensor, and

Y=y, vy, - Y 1” is the control vector at the error sensors, whegds

the sum of the control signals from tkesecondary sources to théh error sensor. The

vectory'; (n)can be expressed as:
y'x (n) =S(n)* y(n) (3.23)

where * stands for linear convolution aB¢)is a matrix that containsl x K impulse

response functions:

s11(n)  spp(n) - Sy (n)
S(n) = 521:(") 522:(”) 52k_(”) 324
Sml(n) SmZ(n) o Smk(n)

wheres,, (n)is the impulse response from tk#h control actuator to theith error

sensor.

The error signal vector can be rewritten usingetyeations above as:

e(n) = d(n) —S(n) * [XT (m)w(n)] (3.25)
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As mentioned earlier the goal is to minimize thensaf the mean-square errors that can

be expressed as:

M
&(n)= 3" Eley, (] (3.26)
m=1
The single reference/ multiple output FXLMS aldgonit used to update the adaptive

coefficient vector to minimize the cost functiomab is:
w(n+1) = w(n) + £X (n)e(n) (3.27)

whereX'(n) =ST (n) 0 x(n), and 0 denotes a Kornecker product convolution obtained

by the convolution of each element®f (1) with x(n).

In the experimental tests for control of sound srarssion the error signal is obtained
from two accelerometers positioned on the tileazefat the locations where the mounts
are attached. In this case, thex 2 x 2 (single reference two-input two-output)
feedforward controller is implemented in a C40 Disfard using the filtered-x LMS
algorithm. Note that the use oflax 2 x2 feedforward control system allows controlling
the rocking mode of vibration of the tile. The tatiagram of the two-input two-output

feedforward controller is shown in Figure 3.12.
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Figure 3.12: Block diagram of 1 x 2 x 2 multi chahactive control system

In Figure 3.12,e;(n) and ey(n) are the error signals coming from accelerometers
positioned on the surface of the tile at the laoatvhere the mounts are attached to the
tile; y1(n) andy,(n) are the control signals generated by the adaptiees W(z) and
W,(z) and sent to th@hunderelementsP1(z) andPx(z) are the primary path from the
disturbance to the error sensd8gi(z) and $:(z) are the secondary paths consisting on
the transfer functions between the control inpifh) and the two error sensors; and
Six(z) and$,(z) are the secondary paths consisting on the trahsgfetions between the
control inputy,(n) and the two error sensors. Thus, f@@ix M) FIR filters for modeling
the secondary paths are needed forltke2 x 2feedforward controller. In generallax

M x N system would requirt x N FIR filters for the secondary path estimates &hd

FIR filters for the controllers. Note that in FiguB.12 it is assumed that there is no
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feedback between the control inputs to the refereensor.

3.2.3 Decentralized Feedforward Control

In a multiple channel feedforward controller regmed by the block diagram depicted
in Figure 3.11 the inputs to the secondary soumes simultaneously adjusted to
minimize the sum of the squared outputs from midtierror sensors. This type of
controller can be called centralized or fully cagplfeedforward control system. In
contrast, a decentralized adaptive feedforwardrobsiystem consists of a number of
independently implemented adaptive controllers thiate subsets of the total number of
secondary sources for minimizing the squared sura etibset of error sensors. The
extreme case of a decentralized controller is abthiwhen each secondary control

source is adapted to minimize the output of a siegtor sensor.

A decentralized feedforward controller can be ativg®ous for large systems where a
fully coupled controller would imply in great amduof wiring and great amount of
processing power to implement. The block diagrama eingle-reference, multi-channel

decentralized feedforward controller is depictedigure 3.13.
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Figure 3.13: Block diagram representing a multi roted decentralized feedforward

active control system
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The signals coming from the M error sensors cawiliiéen as
e(n) =d(n) =S4 (n)* y(n) (3.28)

where * stands for linear convolution aBg(n)is a diagonal matrix that contaiivbx 1

impulse response functions:

511(1’1) 0 0
0 0

Sam)=| . Szzg(n) S (3.29)
0 0 e sy(n)

wheres,,; (n)is the impulse response from tkth control actuator to theth error

sSensor.

The single reference/ decentralized multiple ouEXitMS algorithm used to update the

adaptive coefficient vector to minimize the errgr i
w(n+1) = w(n) + 1X, ' (n)e(n) (3.30)

whereX;'(n) =S, (n) O x(n) is a diagonal matrix, andl denotes a Kronecker product

convolution obtained by the convolution of eachhedat of the diagonal matriSdT(n)

with x(n).

The stability conditions of decentralized feedforava@ontrollers were investigated by
Elliott and Boucher [69] for active noise contrgisgeems. It was shown that as long as
the error sensors are closed to the secondaryesoused to control them than the other
secondary sources, the stability of the systemery vobust to decentralization with
similar steady-state performance. In addition,rtheo for (27) to converge, the real parts

of all the eigenvalues of the matriSdHSmust be positive. A simple method of

establishing if a decentralized control system usrgnteed stable is to examine the

relative magnitude of the elements &f For a decoupled control system a sufficient
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condition (but not necessary) for stability is givay:

M
si| 2 Zl\%j | for all| (3.31)
J:
j#i

Which is equivalent to say that the matfis diagonally dominant
3.3 Active Vibration Isolation

This section presents an experimental investigatafn the vibration isolation
characteristics of an active-tile. A tile prototypse constructed and tested for both
passive and active vibration isolation. Active c¢ohtof vibration isolation is

implemented with both feedforward and feedback rabnt
3.3.1 Experimental Setup

A 25cm x 25cm tile made of composite sandwich niatewith fiberglass faces and

Nomex honeycomb core is used for the tests (sagd-8)14). The active tile is mounted
on the top of a 50 Ibs-f electrodynamic shakertesve in Figure 3.16. Band limited

white noise from 0-250 Hz is used as input to tleeteodynamic shaker and the normal
acceleration of the base and of the tile are medsusing small PCB accelerometers.
These accelerations are used to compute the trasibility of the tile-mount system. In

the first test, the LMS-x feedforward algorithm ilmmented in real time in a PC-based
system was used to minimize the signal coming ftbenaccelerometer attached to the
tile. The disturbance signal, delayed to the shakea few sample periods to ensure the
system is causal, is used as the reference sign#hé controller. The schematic of the

experimental setup is shown in Figure 3.15.
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Figure 3.14 Tile prototype used for vibration itma tests
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Figure 3.15 Schematic of instrumentation used fdSkx feedforward control tests
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The second test consisted in the implementatioa wélocity feedback controller. The
plant frequency response obtained by measuringetite acceleration divided by the
input voltage is shown in Figure 3.18. Notice tkia¢ crossover frequency occurs at
about 800 Hz and a feedback controller cannot h@eimented without some form of
plant compensation. In this simple experiment atfeorder butterworth low-pass filter
with cut-off frequency set at 400 Hz, was introdilide the feedback loop to attenuate
the plant gain near the crossover frequency anddawstability of the closed-loop
caused by the high frequency dynamics of the amtuat

The negative velocity feedback controller was immated by integrating the
acceleration signal obtained from an acceleromatehe top of the tile. The resultant
velocity signal is inverted and amplified for feedk into the actuator. The schematic of
the experimental setup is presented in Figure 3.17.

Figure 3.16: Experimental or the vibratisolation tests.
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Figure 3.17 Schematic of instrumentation used fgative velocity feedback control

tests
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Figure 3.18 Open loop frequency response of theeatite prototype used for the

vibration isolation tests
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3.3.2 Vibration Isolation Results

The passive and active transmissibility of the exysin for the feedforward and feedback
control tests are shown in Figure 3.19 and Figu®. 3J'he fundamental resonance of
the tile-mount system is observed at 20 Hz. Abdnveresonance good passive vibration

isolation was obtained.

In the feedforward control case, the amplificatamound the resonance frequency was
eliminated and with the vibration of the tile reddcby about 15 dB in the entire

frequency band.

The velocity feedback controller is very effectiveminimizing the transmissibility at
the fundamental tile-mount resonance. The perfoomari the feedback loop is peaks at
the mass spring resonance of the tile and reduckglaer frequencies as the velocity
decreases. The peak in transmissibility is reduogdabout 16 dB with attenuation
extending to about 100 Hz. It is also possible bsepve some velocity amplification
(spillover) at frequencies above 100 Hz. The angalifon around 5 Hz is caused by the
phase shift of the integrator circuit. The bandWidf the controller could possibly be

improved by the design of a more complex feedbaciroller.
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Figure 3.19: Experimental transmissibility resutis the active-tile in the passive (solid
trace) and active cases (dashed trace) using feeatid control.
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Figure 3.20: Experimental transmissibility resutis the active-tile in the passive (solid
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trace) and active cases (dashed trace) using tefeeidback control.

These results show the potential of the activeipagse concept proposed in this work.

In the next section the active tile concept is ntedron a flexible base and tested for its
ability to reduce the sound transmission throughlihse plate. In this situation the tile
vibration is coupled to the base structural vilonatby the acoustic field between the tile
and the base structure. The passive isolationeofildn now depends also of the stiffness
of the air gap.

3.4 Active Control of Sound Transmission: Preliminary

Experiments

This section presents the experimental setup, duves and results of the testing of an
active tile to control sound transmission througle@angular plate. The controller used
a filtered LMS-x feedforward algorithm implementeda C40 DSP board. Results for
tile acceleration and sound radiated power befok ater control are presented. The
feedforward controller is implemented using bothideal reference case and realistic
reference obtained from a microphone positionedeclm the base plate. In addition,
tests are performed for a single channel contrad, tvo channels control in a coupled

and decoupled controller. Finally, the tests apeated for a stiffer active tile.
3.4.1 Experimental Setup

Figure 3.21 shows the actual active tile prototyped in the tests and a schematic of the
experimental setup is depicted in Figure 3.22.his setup a 1.6 mm thick aluminum
plate is clamped in a 30 x 38 cm window betweeavanberant and an anechoic room.

The resonance frequencies of the clamped platgiaea in Table 3.3.

A 29.5 x 37.5 cm honeycomb tile is mounted to the of the clamped plate using 2

active-passive mounts as shown in Figure 3.22.tilbdeuter surface is flush with the
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anechoic room wall surface leaving a 4.5 cm gawéet the aluminum panel and tile
internal surface. The gaps between the tile andwhi are sealed with compliant

adhesive foam strips to avoid sound transmissiarawileaks.

The tile consists of a composite sandwich plateyn® thick, with carbon fiber faces and
Nomex honeycomb sandwich core with surface demsitly kg/nf. The total weight of
the tile and actuators is around 160 g. The fisst lexible modes of the tile with free
boundary conditions are experimentally identifiedé 130 Hz and 337 Hz.

Table 3.3: Resonance Frequencies of Plate, TileAaodstic Cavity (in Hz)

Base plate Tile Cavity
113 (1,1) 40 0
198 (2,1) 130 452
258 (1,2) 337 556
334 (2,2) 417 725
336 (3,1) 518 913
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THUNDER isolator mounts

carbon fiber/Nomex panel g

Figure 3.21: Active tile prototype for active soumansmission experiments.

A loudspeaker driven by an audio power amplifiet ¥&th random noise signal limited
from 20-400 Hz is positioned inside the reverberadm in front of the plate for
generating the acoustic disturbance. A single mpicome positioned in front of the
loudspeaker is used to measure the incident soomerp This microphone can also
serve as a reference signal for feedforward cotesik. A foam barrier is placed around
the disturbance speaker inside the reverberant raonorder to attenuate the
contributions of the reverberant environment on theturbance and maximize the

contribution of the incident plane wave.
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Figure 3.22: Schematic of experimental setup ofdnaission-loss test.
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Figure 3.23: Active-tile mounted on clamped platewall of transmission loss test

facility.

The transmitted sound is measured inside the amecbom using an array of 9
microphones positioned in a hemispherical arrangénre the far-field of the plate
radiation. The microphone signals are collectedab$6 channels DAQ system and
referenced to the noise signal for computationhef riadiated power. The details of the
procedure for computing the total radiated soundgedrom the microphone pressure
signals can be found in [61]. A picture of the expental setup is shown in Figure 3.23.

3.4.2 ldeal Reference Feedforward Control Results

In this section, it is investigated the performan€¢he feedforward controller using an
ideal reference. This means that the referenceakigsed for the feedforward controller
was the obtained directly from the noise generased to create the disturbance signal.
The results of active attenuation obtained usingdaal reference, delayed by a few

sample periods to ensure causality, are the bestlge using a feedforward controller
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and serve as benchmark for comparing to implementatusing realistic reference

signals.
Single Error Sensor Results

A SISO feedforward control system was implementec iC40 DSP board. A single

error accelerometer is attached at the center eftith. The system was setup with a
sampling rate of 3000 Hz. The FIR filter used todelothe secondary path was set as
100 coefficients and the FIR control filters wees ® 500 coefficients. The use of signal
of a microphone placed between the disturbancekspeand the base plate as the
reference signal will be shown later. The distudeaand reference signals were band
limited to 20-400 Hz. In addition a 4th order lowss filter with cut-off frequency of

1000 Hz was used before the actuator as a recaotietrdilter.

After the secondary path, from the actuator to @meor sensor, is identified the
disturbance is turned on and the control filter pddtion starts. Initially a relatively
larger convergence coefficieptis used and after convergence of the filter corffits is

reached, the value @fis reduced. The acceleration of the tile and tieraphone array

signals are then measured for control on and cboffcases.

Figure 3.24 shows the active attenuation of tleeddceleration, which is the difference
between the acceleration of the tile at the ercoelerometer location with and without
control. Note that the error sensor is attachethéocenter of the tile. An overall active
attenuation of 12.5 dB is achieved. Good activeucddn (about 10 x) of the tile
velocity from 100 Hz to 300 Hz. No attenuation bé ttile velocity is observed around
330 Hz probably due to vibration modes of the bpls¢e at this frequency. Further
attenuation of the tile velocity occurs above 340télabout 500 Hz.
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Figure 3.24: Experimentally measured acceleratoynwith single accelerometer at the

center of the tile. (a) blue trace: tile withountwl| and (b) black trace: tile with active
control.

The sound power radiated by tile with control od aontrol off is shown in Figure 3.25
together with the plots of the sound power radidtgdhe base plate without the tile. A
total attenuation of 15 dB was measured, with 7oflpassive attenuation and 8 dB of
active attenuation. Good broadband attenuation hef sound radiated power was
obtained for the frequency band of 100-250 Hz ab@-800 Hz. Good correspondence
between velocity amplitude and radiated sound pawesbserved to about 300 Hz,
indicating that the tile behaves like a piston a#idg in a baffle. Above 300 Hz the
flexible modes of the tile imply that a reductiam the velocity of the tile does not
correspond to a reduction in sound radiation.
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Figure 3.25: Experimentally measured total soungggaadiated: single error sensor at
the center of the plate. (a) red trace: base platieout tile. (b) blue trace: plate-tile

without control and (c) black trace: plate-tile hvéctive control.

Two-Channel Feedforward Controller

If a single error accelerometer located at theerenit the tile is used, the control system
does not attenuate any of the rocking modes oftidom of the tile, because of the nodal
line of the modes passing through the center oftitke The importance of controlling
the rocking modes depend on the size of the pamkltlze frequency range of interest
[47,48]. A rocking mode correspond to an acoustmolé which starts radiating as
efficiently as a piston mode fd@a=1, wherek is the acoustic wavenumber aads the
largest dimension of the radiating tile. In thictsen, a single reference multi-output
feedforward LMS-x controller is used to minimizeethile velocity, which allows
controlling one of the rocking modes of vibratiohtbe tile, along the line where the

mounts are attached. For the tile in this experirkanl at 144 Hz.

The system was set with a sampling frequency oD388. 100 coefficients were used
for the secondary path identification filters ar@D5coefficients for each of the control
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filters. Once again the disturbance signal is uasdthe reference. After the four
secondary paths are identified, the disturbanceéuieed on and the control filter
adaptation starts. Initially a relatively largemeergence coefficient is used and after
convergence of the filter coefficients is reachdae value ofp is reduced. The

acceleration of the tile (error signals) and thecrophone array signals are then
measured for control on and control off cases.

Figure 3.26 shows the acceleration of the baseliae (without the tile on the top) and
of the tile in the passive (without control) andiee (with control) cases. For this case,
15.7 dB of overall active attenuation of the tic@leration was obtained, compared to
12.5 for the single channel control case (see Eidi24). The plot shows that active
control can effectively reduce the accelerationthd tile at the mount positions for

frequencies up to 500 Hz, except around the resenafthe tile at about 330 Hz.
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Figure 3.26: Experimentally measured tile accelenatone sensor at each actuator

position and coupled controller. (a) blue: contfiland (b) black trace: control on

Figure 3.27 shows the transmitted sound powerghmbaseline plate and for the plate-

tile system in the passive and active cases.  Gdtmhuations up to 20 dB for the

129



entire frequency band of interest (up to 400 Hzjengbserved for the active case. An
overall attenuation of 16 dB relative to the baselplate was obtained, with 9 dB active
attenuation and 7 dB of passive attenuation ofsthend power transmitted through the
plate. Note that the overall active attenuatiomultesobtained for the 1 x 2 x 2 controller
were about 1 dB better than the attenuation obdafoethe 1 x 1 x 1 controller, with

better performance particularly around 250-300 Mhais seems to indicate that the
rocking modes of vibration of the tile have contitibn to the sound radiated by the tile

in this frequency range.
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Figure 3.27: Experimentally measured total soundigroradiated: one sensor at each
actuator position. (a) red trace: base plate withidet (b) blue trace: plate-tile, control

off and (c) black trace: plate-tile, control on.

Figure 3.28andFigure 3.29%how the performance of the tile with two errorsas for

the case where the two the control channels areudéed (decentralized control). This
means that each actuator is controlled by an intigo@ SISO controller that minimizes
the error signal coming from the sensor collocateth the actuator. The decoupled

multi channel controller is setup by setting thEdi&gonal terms of the secondary paths
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transfer function matrix equal to zero. This isfpened during a step of the controller
software setup. The results for the two channebdeled controller show degradation in
the performance of the system, suggesting thattitheactive mounts are physically

coupled. The acceleration of the tile at the esersor position is actively attenuated by
5.6 dB while the total active attenuation of thersd power radiated by the tile is 3 dB.
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Figure 3.28: Experimentally measured tile acceienatcontrol with 2 decoupled control

channels. (a) blue trace: control on and (b) bknake: control off (attenuation of 5.6
dB)
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Figure 3.29: Experimentally measured total soundvgyoradiated. 2 error sensors
decoupled. (a) red trace: base plate without (ideblue trace: plate-tile, control off and

(c) black trace: plate-tile, control on.

3.4.3 Real Reference Feedforward Control Results

The previous section presented feedforward contedults obtained using the
disturbance signal as the reference signal fofe@bdforward controller. In practice, the
implementation of a feedforward control system wétuire the reference signal to be

obtained either from the vibration of the basecttrre or the external acoustic field.

The reference signal has influence on the contystesn performance [64]. First the
delay for the disturbance signal to propagate ftbhenreference sensor location to the
controller location has to greater than the eledtralelay through the control system,
including the antialiasing filter, A/D interface,geal processing, D/A converter,
reconstruction filter and delays associated withgbnsor and actuators. In other words,
the reference has give time advanced informatiooutlthe disturbance. After the

reference signal is picked up by the referencemetise control has a limited amount of
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time to compute the control signal. If this elemifidelay is longer than the propagation
delay from the reference sensor to the actuataatime, the system performance is
substantially degraded. This is the condition aiszdity and needs to be fulfilled for

realizable controllers.

Second, the following characteristics regarding golity of the reference signal are
important: coherence between reference and ergmals; feedback from the control
signal to the reference signal; and the spectraleca of the reference signal. For a SISO
system, the maximum possible fractional reductiothe power spectrum of the system

error signal is given by:

See (a‘) controlled

=1-y*(w)
See (w)uncontrolled

where S,, (&) controtied AN See (@) yncontroned @€ the power spectra of respectively the

controlled and uncontrolled error signals a;r?dis the coherence coefficient between

the reference and the error signal. Note $)atc),,,.controned = Saq(@), Which is the

power spectrum of the disturbance sigd@i). For best attenuation;’> has to be very
close to unit for frequencies where there is distuce energy. For example, a value of
0.90 is required for 10 dB of attenuation and aetehce of 0.99 is necessary for 20 dB

of active noise attenuation.

For the experimental setup considered in this @ect vibration reference signal
obtained from the vibration of the base structusesdnot work because of the relative
low mobility of the base plate. In this case therk be a feedback of the control signal

back to the base plate vibration, which can leaglygtem instability [64].

A practical reference signal was obtained from akB®&icrophone placed near the base
plate structure, and in front of the loudspeakeat ttwvas generating the disturbance
acoustic field. A large sheet of 3 inches thick ustw foam was placed around the

microphone in an attempt to minimize the influen€¢he reverberant sound field on the
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microphone signal, which could degrade the coherenc

The acceleration of the tile before and after adng applied is presented in Figure 3.30
for the ideal reference and for the microphone aigis a referenc@he results show an
overall 5 dB of active attenuation for real refarerase and 12 db for ideal reference. It
is observed that although the control performasdeds than that obtained with the ideal
reference as expected because of the additionaldaetay and worse coherence between
the error signal and the reference signal, it il pbssible to obtain significant
attenuation of the sound transmission with thevactile using a microphone near the

base structure for providing a reference signal.
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Figure 3.30: Experimentally measured tile accelenatusing a microphone as the
reference sensor: a) red trace: control off behi@ce: control on and microphone

reference c) black trace: control on and idealrezfee
3.4.4 Effect of Increasing the Tile Stiffness

In this section results are presented for the aatontrol of sound transmission through

a plate using a stiffer tile. The experimental pednd procedure is the same employed in
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the tests discussed in the previous section. Theisied in the experiments is the same
carbon-fiber/Nomex sandwich tile but now with tmelss of 1cm. The total weight of
the tile increases from 115 grams of the 6mm thilekto 160 grams. This increase in

weight is solely due to an increase in the thickrefshe Nomex core.

Figure 3.31 presents the acceleration of theniklé passive case and for the active case
when a SISO feedforward controller is employed and the error accelerometer is
attached to the center of the tile, with 16.2 dBaofive attenuation of the acceleration.
Figure 3.32 shows the total sound power radiatethbybaseline plate and by the tile in
the passive and active cases and SISO control.t#d ¢ 17.4 dB of attenuation is
obtained, 11.5 dB active. Comparing this resulhwiite results shown in Figure 3.36 we
observe that a SISO controller achieves similafoperance levels to the levels of
performance obtained with two SISO controllers.sTihdicates that the rocking mode of

the tile does not have significant contributionthe total sound radiated power for this
system configuration.
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Figure 3.31: Measured tile acceleration for 10 thiok tile, single channel control and

error sensor tile center. (a) blue trace: contfbland (b) black trace: control on
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Figure 3.32: Experimentally measured total sounaiggaadiated: single error sensor at
the center of the plate. (a) red trace: base plétieout tile. (b) blue trace: plate-tile,

control off and (c) black trace: plate-tile, corton

Next, acoupled two-channel controlleris used to minimize the acceleration signals
obtained from two small accelerometers attachedheo tile surface at the mounts
locations. The controller was set with a 3000 Ha@ling rate and used 100 coefficients
filters for the secondary paths and 500 coeffigefior the optimal control filter. The
acceleration signal obtained with the left accetester (the right accelerometer gives a
similar result) before and after control is applisdshown in Figure 3.33. An overall
acceleration attenuation of 17.2 dB is obtainedughout the frequency band of control.
When this plot is compared with the plot shown igufe 3.26 for the 6 mm thick tile,
we observe that the use of a stiffer tile allowtdyaninimization of the tile acceleration
up to higher frequencies. The lower reduction ef pleak acceleration can be attributed
to the larger mass of the tile that would implythie necessity of higher control authority
by the actuators. Figure 3.34 shows the total s@avwder radiated by the baseline plate,
and by the passive and active tile. A total att¢éionaof 18.7 dB is obtained, 12.8 dB of

active and 5.9 dB of passive attenuation.
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The use of a stiffer tile allows the control of eduransmission to be extended up to 500
Hz, in contrast to roughly 300 for the 6mm tile.
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Figure 3.33: Experimentally measured tile accelenator 10 mm thick tile using two-
channel controller: (a) blue trace: control off gbylblack trace: control on.
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Figure 3.34: Experimentally measured total soundgyaadiated by tile: two channels
controller. (a) red trace: base plate without tfl®. blue trace: plate-tile control off and

(c) black trace: plate-tile, control on.

Figure 3.35 shows the acceleration of the tile watmo-channel decoupled controller

is employed. In this setup, each actuator contmpli is obtained using information
coming only from the accelerometer collocated Wil actuator. This setup is obtained
by configuring the secondary path filter matriceghie controller software by nullifying

the value of the off-diagonal terms. The plot shatvat a decoupled controller can
successfully reduce the acceleration of the tibenfithe low frequencies up to 300 Hz
with 16.7 dB of overall reduction. This should bentrasted with the results obtained
with the 6.0 mm tile that is shown in Figure 3.2%ere the controller could not
minimize the tile acceleration at frequencies atbu®0 Hz. The lack of control

effectiveness in the case of the 6.0 mm tile idarpd by the presence of a tile flexible
mode around 100 Hz, that couples the control cHanhrethe case of the 10.0 mm thick
tile, the first flexible mode occurs at 240 Hz, ate control channels are effective

decoupled at lower frequencies.
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Figure 3.36 shows the total sound power radiatethbybaseline plate and by the tile in
the passive and active cases. Good active redudfiahe sound radiated power is
obtained through the entire frequency range of robraind the levels of reduction are

similar to those obtained in the case of the calglentroller: 18.4 dB total, 12.5 dB
active.
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Figure 3.35: Experimentally measured tile acceienafior 10 mm thick tile using two

channels decoupled control. (a) blue trace: cowtifchnd (b) black trace: control on
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Figure 3.36: Experimentally measured total sounslgyagadiated: two channels
decoupled control. (a) red trace: base plate withiteu (b) blue trace: plate-tile, control

off and (c) black trace: plate-tile, control on

3.4.5 Estimation of the Sound Radiated Power via VeloklBasurements

The normal velocity of the 10mm thick tile was m&asl with a laser vibrometer at 30

points distributed along the tile surface area. Wemasured velocity data was used to
estimate the total sound power radiated by thentile control on and control off, for the

feedforward control with single error sensor ana terror sensors cases. The active
attenuation estimated from the velocity measuremesats respectively 8.2 dB and 8.8
dB. The estimated active control performance usagace velocity measurements is
about 2 dB smaller than the performance estimateskd on sound radiated power
measurements with the microphone array. This gogreesnent between the sound
power estimated with velocity measurements andspresmeasurements shows that the
measurement of the surface velocity of the tile peovide a good prediction of the total

sound radiated power with and without control.l$oaindicates that the sound radiated

through the sealing gaskets that would not be takém account in the velocity
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measurements, is insignificant assuming that a gmomlstic seal is achieved. The
estimation of the sound radiated power based ofairvelocity measurements was

used in the experimental setup described in the @bapters.
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Figure 3.37 - Experimentally estimated total sopoder radiated based on velocity
measurements. (a) blue trace: tile with control @ black trace: tile with control on
and single sensor at the tile center and (c) @azktrtile with control on and 2 error

sensors one at each actuator position
3.5 Summary

This chapter the experimental implementation ofab#ve tile approach was carried out
and active-passive tile prototypes were built. Tiles were made with lightweight stiff
composite panels and the mounts were implementeti Whunder piezoelectric
actuators. It was shown possible to take advarmagpeth the passive and active effects
provided by theThunderactuators, which have the additional charactesstif being
compact, lightweight and have large stroke capsdsli A prototype tile with Thunder
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mount was shown to have good passive vibratioraigsl characteristics. In addition
both feedback and feedforward control were implee@nand significant active

vibration isolation performance was demonstrated.

The application of the active tile approach in colihg sound transmission was
demonstrated for the case of a double-panel martith single active tile was designed
and mounted over an aluminum plate clamped in windmetween two acoustic
chambers. The sound power radiated by the bagdare) plate, for the passive tile and
for the active tile cases was computed. In the adsthe active tile, a feedforward
control approach using a filtered x-LMS algorithmasvemployed. Both an ideal
reference (disturbance generator signal) and areéatence signal (microphone on the
disturbance sound field) were implemented with sascIn addition, it was shown that
increasing the stiffness of the honeycomb tile,ifgreasing its core thickness, could
extend the bandwidth of effective control. Futurerkvcould include the minimization
of the tile mass per unit area, which can be a@udw proper optimization of the core
material density and thickness of the core and Eiiars [72]. The active sound power
radiation suppression results obtained in the tagson loss tests are summarized in
Table 3.4.

Table 3.4: Active attenuation results for 6mm afdin thick tiles [dB]

6mm tile 10mm tile
) Radiated Power . Radiated Power
Velocity ) Velocity )
Active/Total Active/Total
Single Channe 12.5 8 (15) 16.2 11.5(17.4)
Two-channels| 45 5 9 (16) 17.2 12.8 (18.7)
coupled
Two-channels 5.6 3 (10) 16.7 12.5 (18.4)
decoupled ' ' ' '
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Chapter 4

4 Active Control of Sound Transmission

The active tile approach is a potential solution flee control of sound transmission
through large partitions when the use of an ASAQVIKAI control system is impractical.
In this Chapter a new experimental setup is usednfeestigating the use of active-
passive tiles to control sound transmission. Tleisoad experimental setup is different
from the experimental setup used in the last Chafdection 3.4) in that it better
approximates the dynamics of large, low mobilitgteyns where the active tile approach
might be used. A larger and heavier plate is usedha base structure and a larger
acoustic cavity is created between the tile andode® structure approximating better the
system dynamics of the target application. For taiger base structure with relatively
low mobility it is expected that the lightweighttae tiles do not modify the dynamic
behavior of the structure. This low mobility baseusture also allows the application of
skyhook damping in a similar fashion to that useddctive vibration isolation in base
excited systems. In addition, a low mobility baseicture allows that an accelerometer
placed on the base structure be used as referensersin feedforward control systems

since there is not a feedback path from the cofdrakes to the reference signal.

The same experimental setup is used for a singieegeassive tile, as presented in this
Chapter and a multiple (four) active-passive tystem (see Chapter 5) allowing direct
comparison of the performance of the systems asdsamg the effects of inter-tile

coupling dynamics on the system performance. Tlhap@er presents the results for the
single tile system. Initially, a SISO feedback &woher is designed and used to attenuate
the tile velocity. Then a feedforward control systes implemented for the cases of an
ideal and a real reference signal. Similar contsystems with decentralized

implementation are used in Chapter 5.
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4.1 Experimental Setup

The experimental setup described in this sectioillustrated in Figure 4.1. The base
structure consists of a0 cm x 60 cm x 0.635 caluminum plate mounted in a metal
frame in a simply supported configuration by bomdits edges to thin steel shims. The
bottom end of the metal shim was fixed to a rigietah frame as illustrated in Figure 4.2.
The metal frame was bolted down to a large wootktédee Figure 4.2 and Figure 4.1).
To check if the simply supported boundary condgiavere achieved successfully, the
resonance frequencies of the plate were measurédd avimodal hammer test and
compared to analytical results obtaining good agesd as shown in Table 4.1.1A2 m x

1.6 mwood baffle was placed surrounding the plate asvshin Figure 4.3 and another
baffle with a rectangular window was positioned top of the base panel creating a
double wall type structure. The tiles are placedhim baffle window on top of the plate,

as illustrated.

Flexible seals Tile Sealed acoustic cavity
N \ Baffle
8 NSNY; I NN N
B —
N | Active-passive / Simply lupported k N

\ \ mounts base plate \ \
N\ N\ N\ N\
\ \ Loudspeaker \ \

Figure 4.1: Cross section view of the experimes&lp showing the simply supported

base plate and double wall construction.
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steel strip (1.25mm)

plate baffle

~—— aluminum angle

Figure 4.2: Detail of the test rig showing how #laminum plate was mounted with its
edges attached to steel strips to achieve simplg@ted boundary conditions.
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Table 4.1: Resonance frequencies of the base panel

Analytical Experimental

m n fr Hz m fr Hz
1 1 66 1 68

2 1 144 2 149
1 2 190 1 210
2 2 272 2 315
3 1 267 3 272
3 2 396 3 343
1 3 397 1 392
4 1 452 4 424
2 3 576 2 590
4 2 602 4 621

146




Figure 4.3: Simply supported aluminum frame used tfee multi-tiles tests shown

mounted on wood panel baffle

The tile used in the experiments consisted of harafiber/Nomex honeycomb sandwich
panel with dimensions af8cm x 15cm x 1.0cnThe tile has 2 active-passive mounts
attached as shown in Figure 4Ehch tile actuator hasa5cm x 2.5cnstiff pad on its
base to reduce the contact area and was attachbd fate with high strength double-
sided tape. After the tiles are attached to the Ipdete, the air gaps around the tiles were
sealed with a self-adhesive strip of compliant erbd he first vibration mode of the tile
was measured to occur at 800 Hz and thus thedilebe considered to behave as a rigid

panel up to this frequency.
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Figure 4.4: Honeycomb sandwich tile with two actimeunts

The active tile prototype mounted on the base @atksurrounded by the MDF baffle is
shown in Figure 4.5. The single error acceleromisteeen in the center of the tile. The
photo also shows nine reflective strips attachethécatile and that are used for tile surface

velocity measurements that were performed usirgger lvibrometer.
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Error Sensor

Figure 4.5: Single active tile prototype mountedairbaffle with error accelerometer

located at the center of the tile

4.2 Feedback Control

As discussed earlier, the control objective of @lave tile control approach is to reduce
the normal velocity of the tile, which is the same isolating the tile from the base
structural vibration by applying active control s&ds to the active mounts. The low
mobility of the simply-supported plate used as base structure in this experimental
setup, allows the implementation of skyhook dammagtrol in a similar fashion to that
used in active vibration isolation of base excisagtems, where the actuator control

forces reacting between the tile and base do fettahe response of the base.

It is well known that soft passive mounts providedg vibration isolation characteristics
for frequencies above the resonance frequency edelay the mass of system being
isolated and the stiffness of the mount. Note timathe case of a surface treatment using

active tiles, the resonance frequency of the titop mode depends on the stiffness of
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the air trapped in the gap between the base steuand the tiles. In addition, in order to
obtain good high frequencies isolation, the dammhthe mount should be small, which
results in amplification of the vibration of theuggment at the resonance of the mass-

spring system.

One method of improving the vibration isolation fpemance of the system around the
resonance frequency, while keeping the good passeation performance at high
frequencies, is to use the “skyhook damping” mettasddiscussed in Chapter 3. In this
approach the feedback controller generates a daityaal proportional to the velocity of
the tile. Ideally, this force is applied betweer tystem to be isolated and an inertial
ground, which is then equivalent as having a pasdamper element between the system
and the ground (so the origin of the term “skyhdaknping”). In this ideal configuration
the feedback system is unconditionally stable for f@edback gain as shown by Elliott et
al. [66].

In practice, there is no inertial ground, thus #wuator has to react against the base
structure or against the inertia of its own masgheg active tile proposed in this work, the
actuator is reactive type and control force appearsgrallel with the passive mount. In
most practical cases, the base structure is flexabd the reactive force affects the base
velocity, which affects the velocity of the systeNote that under the conditions of a
rigid tile and a massless mount, the feedback obrdgystem can be shown to be
unconditionally stable [66].

In the system being investigated in this work, maitthe tile is rigid nor is the mount
massless for the entire frequency range of intefdats, simple skyhook damping control
using negative feedback will not be conditionaltglde and in order to improve the
stability characteristics of the system and thguency bandwidth of control, a feedback

compensator has to be designed.

Experiments were performed on an experimental sstupisting of a single tile mounted
on the plate, as shown in Figure 4This single tile system is useful for investigatihg
performance of the feedback control system withibeteffects of mechanical coupling to
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the neighboring tiles. A frequency response degéghnique was employed to design a
simple feedback controller that was implementedcgisanalog electronics filters. The
design procedure is detailed in the sections thik.

4.2.1 Loop shaping approach

In this section the design of a feedback controdlpplied to the prototype active tile
system is detailed. The controller design was basedlassical control techniques and
the frequency response analysis method [67]. Thiaach is effective for designing

simple SISO systems that can be implemented usialp@ electronics.

The first step in the feedback controller desigrocpdure is the experimental
identification of the plant frequency response fiorc (FRF), which is the transfer
function of the path between the controller outfedqual to the input voltage into the
actuator) and the error sensor (acceleration oftileemeasure at the accelerometer
location). Then, the stability of the closed-lsystem is investigated based on the open-
loop frequency response by using the Nyquist stgbdriterion. Using the measured
plant FRF, a suitable analog compensator can bgrdés the plant, so that closing the
loop around the compensator results in suppressidhe output signal, which in this

case is the acceleration of the tile.

The equivalent block diagram shown in Figure 4@ esents the feedback control system.
In this diagranmG(«) represents the plant transfer functiblie) represents the controller
transfer function (compensatou)js the controller outpug s the error signal andis the
primary disturbance. The goal of the feedback sysgeto minimize the error signal, in
other words, provide disturbance rejection. Thesetbloop response for a stable system

is given by:

E(w) _ 1
D(w) 1+G(wH (w)

(4.9

The goal is to design a compensator that modifiesrésponse of the plant to maximize
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the bandwidth and suppression of the closed logpesy response. The compensator is
generally designed by cascading basic compensdtoneats with know frequency

response, such as integrators, lead-lag networksc@amplex poles/zeros. The procedure
employed to select the compensator response isdbasetrial and error. First, a

mathematical model of the control system is obthim®d then parameters of the
compensator are interactively adjusted. At eaclisiajent of the controller parameters
the performance and stability specifications areckkd until a satisfactory closed loop

response and associated stability margins is addain

Primary
Disturbance d

—| Plant G(o) 4'<>—<>—

Output y

Control
Input u

Controller
H(w)

Figure 4.6: Equivalent block diagram of the feedbeantrol system

The mathematical model of the plant was obtainétgld ATLAB,by performing a curve

fit of the experimentally obtained frequency resgmrof the plant. This curve fitting

routine allowed to obtain the plant model in tewhshe coefficients of the numerator and
denominator of the plant transfer functions orrakiively by its zeros, poles and gain.
The transfer function model of the plant can then dascaded with models of the
compensator and the resulting open loop and clts®o responses can be computed.
After a satisfactory performance was achieved, twnpensator response was
implemented using analog electric circuits and exrpental tests were performed to

verify the closed loop response of the system.
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4.2.2 Active Tile Design Considerations

One of the challenges involved in designing a fee#bcontroller for the tile system
comes from the fact that thEhunderactuator combined with the tile has several high-
frequency lightly damped structural resonances Esgere 4.7). Attempts were made to

improve the plant dynamics for the control design.

Figure 4.7 shows the response of the Thunder aatiwant shown in Figure 4.4. It's
observed that the actuator has several lightly dahrpsonances above the fundamental
mass-spring resonance, caused by the actuatotisaliesonances. One way to improve
the system response is to add damping to thes@maeses so that the gain stability

margin can be increased, resulting in increasettaldmandwidth.

Additional damping was added to the system by hitacstrips of damping material to
the Thunder actuator. After several trials, bestlits were obtained by attaching 2.0 cm
wide strips of damping material to the edges of délctuator (see Figure 4.4), being
possible to attenuate the resonance peaks up tB. IBie active mount acceleration
frequency response before and after the additioth@fdamping is plotted together in

Figure 4.7.
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Figure 4.7: Thunder element mount accelerationaesp before (solid trace) and after

(dashed trace) the installation of damping material

In order to achieve good plant response charatitexi®r the controller design, attention
was given to the way the mounts were attached ddil&. In the initial experiments a

single mount was attached to the center of the Ailemount attached to the center of the
tile excited the first structural mode of the tileround 800 Hz, decreasing the gain
stability margin of the system. A better configimatwas obtained by using two mounts
per tile. The frequency response of the plant witingle and with two mounts is shown
Figure 4.8 where it is observed the lower magnitofiehe two tile system response
around 800 Hz. The two mounts configuration alsovjgted additional mechanical

stability to the tile and increased control authori
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Figure 4.8: Tile acceleration response for a tilthwa single mount (black trace) and two

mounts (blue trace)

4.2.3 Controller Design

The frequency response of the active tile plandusethe control design is shown in
Figure 4.9. In this plot it is observed that theapd response of the system crosses 180
degrees around 800 Hz. Thus, in order to haveldeskaop, it is necessary that the open

loop magnitude response is less than unity atftbégiency.
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Figure 4.9: Plant frequency response data (bladejrand curve fit (blue trace)

The frequency response of the feedback compensatshown in Figure 4.10. This
compensator is the combination of an integratdaganetwork and a" order low pass
filter (pair of complex poles). The transfer furctiof the compensator is given by the

following rational function:

H (s = 10°(s+1258
S(s+104)(s* + 6143 +10°%)

4.2)
This feedback compensator was implemented withognalrcuits using analog filter
synthesis techniques as described in [68]. Thealdeththe synthesis procedure and the

circuit implementation are presented in Appendix B.

Figure 4.11 shows the open loop response of tlggnatiplant and of the plant combiner
with the compensator. Note that the bandwidth efdfisstem extends to about 160 Hz and

the phase and gain margins are respectively 30edsgand 6dB. Another way to
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visualize the open loop response is by plotting ldgarithmic Nyquist plot, shown in

Figure 4.12.

The system closed loop magnitude response thag¢gepts the attenuation provided by

the feedback control is shown in Figure 4.13. Tremjdiency bandwidth where active

attenuation is achieved is approximately 160 Hzvaih attenuation of about 25 dB at

around 50 Hz. Note that there is some responseifeaapbn (control spillover) above

160 Hz and that reaches about 10 dB at 250 Hz.
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Figure 4.10: Feedback controller frequency response
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Figure 4.13: Predicted closed loop frequency respaf the feedback control system

4.2.4 Experimental Results

This section presents the experimental resultsilefacceleration and sound radiated

power of the tile obtained using the feedback adlar discussed above.
Experimental Setup

The error sensor used for the feedback controlesysivas a small2.0 grams
accelerometer attached with bee wax to the ceffitdredtile. The acceleration signal was
sent to an accelerometer power supply with builtategrator circuit and the resultant
output velocity signal was the input of the feedbaompensator circuit. The output of
the compensator was then connected to an adjusgableamplifier suitable for driving
piezoelectric capacitive loads. The gain of the l#mpwas set to 40 times and a single
amplifier was used to drive both active mounts teileglly connected in parallel. The
combined capacitive load of both mounts was medstioe be 320 nF, within the
operation range of the amplifier as stated in tmgldier operation manual. A schematic
of the instrumentation interconnection used fortdegs is shown in Figure 4.14.
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Feedback

Integrator [

2-Channels _ Compensator
Signal Analyzer — Error
[ Accelerometer
Base Plate __ | | Power
Accelerometer\"lﬂ-bi_'\l’r—l_ Amplifier
’/ i !
Active-passive Simply supported
mounts base plate
Loudspeaker - Power | | Noise
Amplifier Generator

Figure 4.14: Schematic of the experimental setga disr the SISO feedback control tests

An audio power amplifier with white noise input wased to drive a 10 in. loudspeaker
that acted as an acoustic disturbance source fotirex the base aluminum plate. In
addition, a smalR.0 grams PCB accelerometer was attached to the lbaiseip order to

measure its acceleration. The measurement of thé@ Hwe tile and base plate
accelerations using a two-channels FFT analyzewallcomputing of the transmissibility

characteristics of the active tile.
Experimental Results

Figure 4.15 shows the velocity of the center @ tiieasured with the accelerometer, for
an acoustical excitation of the base plate, bedotafter control. An attenuation of about
15 dB is obtained at the base first structural masge at around 60 Hz with an overall
active attenuation of 8 dB. It's also observed thatcontrol bandwidth extends to about
200 Hz and that slight spillover of about 5-10 dBcuars above this frequency. The
corresponding experimental closed loop attenuaifaime SISO feedback control system

is shown in Figure 4.16.

160



-40

,\\\\\\\\\\\\\\\\\\\\\\\
= 5 @ [T= T T
E—
\\\\\\\\\\\\ m——— -k -————t+--=--4
I I |
I T T
I I |
T T
I I
\\\\\\\\\\\\\\\\\\ [ R
I |
I I
I I
\\\\\\\\\\\\\\\\\ [
I I
I I
— I I
N I I
< I I
. < L= [ I
-2 a5 @ i LI = [ IR
S A R B - =_ v ____1____]
@
S | | I |
=3 L T T —r - 1T
Y S t-———H-——— - —— - - -k - S—= +----4
w | | |
T i T
| |
T i T
I I [ I
\\\\\ Y Y < B R
| | I |
I I I I
I I I I
\\\\\ B B i S S
I I I I I
I I I I I
I I I I I
I I I I I
. I I I I I
| | | | | | o | | | | |
o o o o o o o o« o o <) o o o o
re) o ~ @ & S = ] « = = « ® 5
G : ; X ] 9 4 Y ; ) . y
;

opmiuBen A1o0[A [gp] epnnuben dooT paso|D

Figure 4.15: Velocity measured at the center oftileebefore control (blue trace) and

with control (black trace)
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Sound Radiated Power

If the tile vibrates as a rigid piston, the souadiated power is directly proportional to its
normal surface velocity. Thus attenuation in thioeigy of the tile should correspond to
an attenuation of the acoustic radiated power hedcontrol of sound radiation can then
be achieved with a single sensor on the centdreofile. In order to verify this, the sound
power radiated by the tile was computed basedlesuirface velocity measurements at 9
points using a laser vibrometer (see Figure 4.Bg fiesulting sound radiated power was
computed using equation (2-63) using different neralof velocity measurements. The
total sound radiated power obtained with contrdi fof 1, 3 and 9 points velocity
measurements is plotted in Figure 4.17 where ibbserved that the same result is
obtained for all cases, indicating that a singlapweelocity measurement can be used to
estimate the sound radiated power with control Biffe same procedure, but now for the
case with control on, is shown in Figure 4.18. Agajood agreement is obtained for all
cases, except for around 90 Hz, where there iseapancy between the single point
velocity measurement estimation versus the mulpoli@t measurement curves. This can
probably be attributed to the existence of a tileking mode at this frequency. The tile
vibrating in its rocking mode is a poor sound réaliglow radiation efficiency) and its
contribution to the sound radiation only becomepaagnt with control on, when the
radiation of the piston mode is greatly attenuafBuls, it is possible to estimate the
sound radiated power for the cases of control off eontrol on, by measuring the tile

velocity at three locations, in this case, points 4nd 6 of Figure 4.5.
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Figure 4.17: Tile total acoustic radiated powerhwabntrol off, computed using different

number of surface velocity measurements locations.
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Figure 4.18: Total acoustic radiated power of titee with control on, computed using

different number of surface velocity measurementstions.
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The total sound radiated sound power estimatedyubim velocity measurements, before
and after feedback control is applied is shownigufe 4.19 below. A total overall active
attenuation of 5.5 dB was obtained.
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Figure 4.19: Estimated sound radiated power befbhee trace) and after (red trace)

feedback control.
4.2.5 Optimal Feedback Control

Although optimal feedback control is not investagitin detail in this work or neither

implemented experimentally, it is interesting tmslate the performance of the active tile
when optimal control design techniques are employéeé design of the LQG controller

is performed in MATLAB. Note that the resulting ¢oiler is usually high order and has
to be implemented digitally, usually with an lIRtér. The magnitude of the closed loop
results are shown in Figure 4.20 where it is obesgmhat the bandwidth of control can be
extended to about 230 Hz with 20 dB of peak aaitenuation from 40-120 Hz.
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Figure 4.20: Closed loop magnitude of the single system for a feedback control

system designed with LQG approach.

4.3 Feedforward Control

The single tile mounted in baffled shown in Figy® was used for the feedforward
control tests presented in this section. The esigmal was the acceleration signal from a
small B&K accelerometer attached to the centeheftile and with output connected to a
B&K power supply was used as the error signal. Dgput of the controller was

connected to a PCB piezoelectric amplifier usedrtee the active mounts. A 10 inches
woofer mounted in a sealed box and electricallyatriwith band-limited white noise via

an audio power amplifier was used as a disturbasmece. The schematic of the

experimental setup is shown in Figure 4.21.
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Figure 4.21: Schematic of the experimental setwga dsr the SISO feedforward control

tests

A feedforward filtered-x LMS algorithm was implented in a controller board based on
Texas C-30 DSP, running on a PC system and opev@ded LabView interface. The
procedure for setting up the controller consistfrat defining the sampling frequency of
the controller and the number of coefficients usedhe plant identification filter and for
the control filter. Initially, an offline secondapath modeling procedure is executed. The
active mounts are driven with a white noise sigralerated by the control board and the
resulting acceleration response is measured. A LdWdrithm is used to adapt the
coefficients of an FIR filter that models the sedary path (see Figure 3.9). After the
plant is identified the control algorithm is stalteThe convergence coefficiept is
adjusted to ensure the proper convergence of thieatdilter. Initially a larger value ofi

is used until the filter coefficients converge. Mhee value ofl is decreased for steady
state stability. The quadratic sum of the erronaigs used to check the convergence of
the control filter. In addition, the input and outgsignal levels have to be scaled to make
best use of the dynamic range of the A/D and D&yas$ of the control board. The proper

input and output signal levels were monitored omseilloscope.

Both an ideal reference and a real reference sigmate used for the feedforward control

tests. The ideal reference was obtained by feedttw the controller the white noise
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disturbance. For the case of a real referencehan®&K accelerometer was attached to

the base structure under the active tile, to prrt reference signal.

After several interactions, best performance wasainbd with the controller adjusted to
run at 3000 Hz. The FIR filter used in the secowndpath identification used 128
coefficients and 300 coefficients were used for ¢hatrol filter. The control results are

presented next for the ideal and real referencescas

4.3.1 Ideal Reference Signal Results

The feedforward control ideal reference signal wiisined by feeding into the controller,
the generator white noise disturbance signal ddlagemade causal. Figure 4.22 shows
the acceleration of the base structure (aluminumplsi supported plate) measured by an
accelerometer located under the tile, the accéberadf the tile without control and the
acceleration of the active tile with feedforwardchtrol. A total active attenuation of 20
dB was obtained, with 14.2 dB of active attenuationd 5.8 dB of passive attenuation.
Comparing the acceleration of the base and theleaetien of the passive tile, good
passive vibration isolation performance for frequies above 100 Hz can be observed.
Relatively low passive isolation occurs at thetfibase structural resonance frequency
due to the proximity to the tile mass-spring fun@amtal resonance. Note that good active
control performance is obtained (10-20 dB of acatenuation) for the entire frequency
band of control from 40-500 Hz.

The total sound power radiated by tile with andhaitt control was computed based on
measurements of the tile velocity at 3 points aladsgvidth. The results are presented in
Figure 4.23 and show 14.7 dB of overall activerattgion of the sound radiated power.
In order to check that the acceleration of thedtl¢he error sensor location can give good
estimates of the sound radiated power, sound etligower was estimated from
velocities measured at 1, 3 and 9 points on tke Tihe results obtained were very similar,
with 1dB overall difference between the measureseiith 1 and 9 points.

167



10

Acceleration Magnitude [dB]

-70 L L L L R 3
10 10
Frequency [Hz]

Figure 4.22: Experimental results for feedforweodtrol with an ideal reference.

Acceleration response of base plate (blue trate)yithout control (black trace), tile
with active control (red trace).
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Figure 4.23: Single tile sound power results foedf®@rward control with an ideal

reference: tile without control (blue trace), tilth active control (red trace)
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4.3.2 Real Reference Signal Results

A more realistic reference signal that can be irmgleted in a practical application of the
active tile system was obtained by using the acatta signal measured at the simply
supported aluminum plate at a position near the rilounts. Figure 4.24 shows the
measured acceleration of the base structure, tbelemation of the tile without control

(passive) and the acceleration of the active tildn ieedforward control. For the active
control case it is observed good attenuation (1@BD of the tile acceleration for the

frequency band of 40-400 Hz with more than 20 dBaténuation at 85 Hz, the first
resonance frequency of the base structure. A tttainuation of 20.5 dB over the
measured frequency range was obtained, with 14.@fd8tive attenuation and 5.8 dB of
passive attenuation. The total sound power radibyetile with and without control was

computed by measuring the tile velocity at 3 poiatsng its width. The results are
presented in Figure 4.25 with 10.7 dB of activemttation of the sound power radiated
by the tile was obtained.

The good active control results obtained indicht the acceleration of the base plate
provides a good reference signal. Given its red¢dyivhigh input mobility the base plate
vibration was not affected by the control force gyated by the active mounts. In other
words there is no feedback path from the contgnali back to the reference signal.
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Figure 4.24: Experimental results for feedforwandtcol with a realistic reference signal.
Acceleration response of base plate (blue trate)yithout control (black trace), tile
with active control (red trace).

70

60 B

50

40+

30+

20+

10+

Sound Power [dB re 1012 W]

10 10°
Frequency [Hz]

Figure 4.25: Single tile sound power results foedf@rward control with an ideal
reference: base plate (blue trace), tile contrb(ldfck trace), tile control on (red trace).
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4.4 Summary

In this Chapter the performance of a single adiieesystem is investigated. The results
shown demonstrate the successful application dl letdback and feedforward SISO

system for controlling sound radiation.

A large aluminum simply supported plate was used Esv mobility base structure. The
tile is mounted in a baffle that covers the basdephnd is attached to the plate via two
active-passive mountdliunderactuators). The base plate was acoustically ekeatel
the resulting tile velocity was measured for thegdee condition and when active control
was applied to the active tile to reduce its normelbcity. Both SISO feedback and
feedforward control systems were investigated.

A single accelerometer located at the center oftithkewas used as the error sensor for
single-input single-output (SISO) control. The wéea SISO control system implies that
the rocking mode of vibration of the tile cannot dmntrolled. Thus, the tile has to be
small enough so that the rocking mode of vibratdors not contribute significantly to the
sound radiated power in the frequency range ofreste The first flexible mode of
vibration of the tile occurs at 800 Hz and the tiln be considered rigid in the control
band of interest. This also implies that the souadiated by the tile, except by the
contribution of rocking modes of vibration, can Wwell estimated from measurement of

the tile velocity at a single location.

A velocity feedback control system was designediamqgdemented with analog electronic
circuits. Analog circuits were used because of diesire to keep the control system
implementation as simple and low cost as possthle,to the large number of active tiles
that have be used for a large structure. The Si8focity feedback controller was
designed in the frequency domain-using loop shapieghniques. The designed
compensator response was then implemented witloguedéctronic circuit and tested for
controlling the normal velocity of the tile. Goodtiae control was obtained around the

mass-spring resonance of the tile and up to 15@itlzan overall active attenuation of 5-
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6 dB. The frequency bandwidth where control wassssfully achieved was limited by
the lightly damped high frequency dynamics of the-rhount system. The frequency
bandwidth of feedback control was maximized by dtiag damping to th&hunder
element and attenuating the high frequency dynaofitise mount. Finally, it was shown
that designing the controller using optimal degigrchniques could extend the frequency
bandwidth of control. However, the resulting cofieiois in general of high-order and
requires a digital filter implementation.

A single channel feedforward controller based oe fitered x-LMS algorithm was
investigated for the cases of an ideal referenckaareal reference signals. The practical
reference signal was obtained from an acceleratimasurement of the base plate
vibration. It was shown possible to use of the kereéion of the base plate as a reference
signal thanks to the lack of a feedback path frbendontrol signal to the reference signal,
given the high input mobility of the base plateeTuse of the feedforward controller with
ideal reference achieved active attenuation otitbevelocity up to 600 Hz and about 15
dB overall attenuation of the sound radiated powlhre control system using the
acceleration of the base plate as reference sagpa¢ved control up to 500 Hz and about

10dB overall attenuation of the sound radiated powe
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Chapter 5

5 Control of Sound Transmission with Multiple Active-

Passive Tiles

In the previous chapter, the control of sound tmaesion through a plate using the active-
passive tile approach was investigated experimigrital a single tile system. Although the
results obtained clearly demonstrated the potenfidhe proposed active tile approach to
control sound transmission at low frequencies, raglsi tile system ignores the physical
coupling between neighboring tiles, as shown inrthéti-tile analytical simulations. This
has important implications regarding the use of tipi@ independent control loops
(decentralized control), either feedforward or fesck. This Chapter presents experimental
results obtained for an experimental setup usingr factive tiles and that allows
investigating the inter-tile coupling effects ore tbontrol performance. After the description
of the experimental setup, results obtained usirg@entralized analog feedback control
scheme applied to the multiple tile system is diedaiFinally, experimental tests and results
are presented for the active control of multiplestiusing a decentralized feedforward

control system.

5.1 Feedback Control

This section presents the experimental resultsimddaby applying independent SISO
feedback controllers to each of the four tiles dontrolling the tile normal velocity signal
measured by an accelerometer at the center oftdaciihe description of the experimental
setup is presented first, followed by the controtlesign and experimental results including
the feedback attenuation of tile velocity and eatsd sound radiated power.
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5.1.1 Decentralized Feedback Control

The block diagram representing a decentralizedbiaeld control system is presented in
Figure 5.1. Then x msquare planG(s) with elementsy; is to be controlled using a diagonal

controller:

h() O 0 O

0 hy(s) - O

H(s) = diag{h (9)} = (5.1)

0 0 - hy(9
The optimal solution to the decentralized feedbaoktrol problem is mathematically
complex because the optimal control solution isami®d solving an infinite dimensional

optimization problem and maybe non-unique [70,7General guidelines for the design of

decentralized feedback control systems are givéndh

The matrix of diagonal elements G{s) can be written as:

%h1(9) 0 0 0

J22(8) - 0

G(s) = diag{ g; ()} = (5.2)

0 0 gmm(s)

whereg; are the diagonal elements @ Now, the feedback control loop transfer function

for the loopi is denoted akj=g; ki which is thath diagonal element of the matr&(s H)
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Figure 5.1: Block diagram of decentralized diagaraaitrol of am x mplant

When applying a decentralized feedback controbhea tsystem is important to choose the
best error sensor-actuator pairs, in order to menthe influence of coupling between
control loops in the control system performancee @iacentralized control system will work
well if G(s) is close to diagonal, in which case the plant banconsidered as a set of
independent sub-plants and the individual contreltan be designed independently. If the
off-diagonal elements d&(s) are large, the performance of the decentralizedrobsystem

will decrease because of the effect of interactlmetsveen the control loops.

The magnitudes of the off-diagonal elements of IGtinee to its diagonal elements are called

interactionsand are given by the matrix:
- S\~ -1
E=(G-G)G (5.3)

The closed loop transfer function from the distmd® to the error signal is called the
sensitivity function and gives a measure of theudisnce attenuation provided by the

feedback control system.
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The sensitivity function is defined as:
S=(1-GH)™ (5.4)
For a decentralized feedback control system thsitbéty function can be factorized as:
s=S(1-en)™ (5.5)

where Sand T contain respectively the sensitivity and the comm@atary sensitivity for the

individual control loops.

S=(l -GH) ™ =diag

* i ki} &9

and

The degree of influence of the off-diagonal eleraeftG for decentralized control is given
by the relative gain array (RGA) defined in the &iipn below [70]:

RGA(G) =A(G) =Gx(G™T (5.8)

wherex denotes element by element multiplication.

The preferred pairing between inputs and outputsafoiding instabilities in the crossover
frequency region should result in a RGA matrix elds identity. In other words, for
stability of a decentralized feedback control systle input-output pairings should results

in a RGAA(G(jw)) =1 at frequencies around the crossover frequency.

The RGA can also be used to measure diagonal docenay the RGA-number defined as:
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RGA - number=|A(G) - 1| (5.9)

sum

For decentralized control it is preferred to hawripgs for which the RGA-number at

crossover frequencies is close to 0.
5.1.2 Experimental Setup

The experimental setup studied in this chapteinslar to the one used in the single tile
experiments of Chapter four, but now four tiles ased as depicted in Figure 5.2. The
multiple tile system investigated in this work eoyd four 18 x 15 cmtiles placed in a
baffle and with the edges sealed by a flexible euldirip as shown in Figure 5.2. Each tile
is mounted to the base plate via two active-passieeints implemented witfhunder
actuators electrically connected in parallel. Fggus.2 also shows a single small
accelerometer placed at the center of each tilacihwis used as error sensor. Each
accelerometer is connected to a power supply with-im integrator, so that velocity can be
directly measured. A schematic of the experimeintgrconnections is presented in Figure
5.3.
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Figure 5.2: Photo shows the multiple tile setupesyswith 4 tiles mounted in a baffle and
with the gaps sealed with strips of flexible rubbEhe accelerometers (error sensors) are

positioned at the center of each tile

Error Feedback Feedback
Accelerometer ™ Compensator Compensator
\ I !
Multi-Channels Power Power
Data Acquisition ‘—| \ Amplifier Amplifier
System [
i — X |
Base Plate
Accelerometer\~. Flj-—(\l’«]-— FH'—
7 !
Active-passive Simply supported
mounts base plate
Loudspeaker Power Noise
udsp | Amplifier [*"| Generator

Figure 5.3: Experimental setup used for the mudtipependent SISO feedback control
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The velocity output of each power supply was usednaut each of the SISO feedback
compensator circuits. The outputs of each of tleelback compensator channels were run
through an adjustable gain amplifier used to dtive pair of active mounts of each tile

electrically connected in parallel.

5.1.3 SISO Feedback Controller Design

The controller design approach was performed infribguency domain, using loop-shaping
techniques, as already detailed in Chapter 4. Rodeal system with no inter-tile coupling,
each tile would have the exact same dynamic regp(gane plant) and the same feedback
controller used for each tile would result in tlzan® closed loop performance. In practice,
differences in the actuator characteristics amddinstruction cause each plant to be slightly
different. In addition, inter-tile coupling can dade the performance of the decentralized
feedback control system. Thus, if a single feedlamkroller is to be used for every tile, it
has to be robust to variations in the plant respen#t is not the purpose of this work to
study in detail robust control design. The samelli@ek controller is applied for all the
plants by adjusting the applied control gain inesrtb leave suitable stability margins to

accommodate the variations between the plants neggo

Figure 5.4 presents the four measured magnitudephade responses for each active tile,
plotted together. Each tile of the multiple tilessm utilized the same controller
configuration used on the previous tests. Fourtidahindependent feedback compensators

were built using analog electronic circuits.

The transfer function of the plagt for each loop is the ratio of the output of the sensto

an input to the actuatar The transfer functiog; from theith actuator to thgth sensori(#

J) is called the coupling transfer function. If teesoupling transfer functions are zero, then
the system is just a set of individual single leyptems.
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Figure 5.4: Frequency response of the four actiee shown in Figure 4.1

In order to assess the degree of the mechanicallingubetween the tiles the 16 plants
transfer functions from each sensor to all actisateere measured. Initially the transfer
functions were measured without the sealing gasketsnd the tiles leaving a 3-4mm gap
between the tiles. A single tile was excited athetime, and all the four accelerometers
signals were measured simultaneously. The tran&factions consisting of the tile
acceleration over input voltage into each tile aottd for tile number 2 (see Figure 5.2) are
shown in Figure 5.5. The same transfer functiontfar tile number 2 when the tiles are
mechanically connected to each other via the sgaaskets is shown in Figure 5.6. Note
that the coupling transfer functions have large mitage around the mass-spring resonance
frequency of the tiles, 40 Hz for the case withsealing gasket and 50 Hz with gasket. The
magnitude is also large around 800 Hz, which cpoed to the first flexible mode of the
tile. Although the magnitude of the coupling trarsfunctions increases when the gaskets
are used, relatively large coupling occurs everhaut gaskets indicating that coupling

occurs via the base structure and air cavity.
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Figure 5.5: Output of tile 2 for inputs on all 8leTiles without sealing gaskets.
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Figure 5.6: Output of tile 2 for inputs on all 8leTiles with sealing gaskets.
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The RGA-number defined in equation (5-9) is comgutsing the 16 measured plant
transfer functions for the tiles with and withowtsfgets and plotted in Figure 5.7. Note that
an RGA-number close to 0 means that the matrixagahally dominant and the RGA is
closer to identity, which is preferable for decatired control. It is possible to observe that
the use of the sealing gaskets increases the tilecoupling and RGA-number values.
Larger values of the RGA-number occur around 50 &zl 80 Hz corresponding to
resonance frequencies of the tile-mount systemfiestdnode of vibration of the base plate.
RGA-number values are also large between 700-8Q@Hizh could be caused by the first

flexible mode of vibration of the tiles.

15 ‘ ‘ ‘ ‘ ‘ ‘ ‘ T
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—— without gasket
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|
|
|
|
|
|
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1
100 200 300 400 500 600 700 800
Frequency [Hz]

Figure 5.7: RGA-number for multiple tile plant, tviand without gaskets

For SISO systems, evaluatitffdja))| as a function of frequency gives a measure of the

effectiveness of the closed loop feedback contesfggmance. For MIMO systems this

result can be generalized considering the faa))|, /|d(«)|,, wheree is the vector of

errors,d is the vector of disturbance and |}is|the vector 2 norm. The ratio above depends

on the direction ofl and is bounded by the maximum and minimum singuddues ofS as
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detailed in referencig0]:

el
min = ||d(w)||2 S Omax (5.10)

The singular values of the sensitivity matrix oé timdividual control loops (equation (6))

Sare plotted in Figure 5.8 and the singular valuethe sensitivity matrixS for the full
system (equation (5)) is presented in Figure 5@ngaring Figure 5.8 and Figure 5.9 it is
observed that the estimated performance of thentietized control system degrades due to
interaction effects of the off-diagonal elementdhad plant matrixG(s) The stability of the
MIMO control system can be assessed observing ggnitude level of the spillover, which
is the high-frequency amplification. In Figure 5% spillover amplitude of the high
frequency peaks around 400 Hz reach 20 dB indiggpiossible system instability. The
singular values of the sensitivity matrix of foetfull system (equation (5)) are presented in
Figure 5.10 when the gain of the control loopseduced by a factor of 3 for increased
stability margins. The thick line represents theerage performance assuming all
disturbances have the same direction.
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Figure 5.10: Singular values of sensitivity maiwith reduced loop gain

5.1.4 Experimental Results

This section presents the experimental resultsireddaby applying decentralized feedback
control to the four-tile setup shown in Figure 5TAe velocity of the base plate under the
tile and the velocity of the tile # 2 are presentedFigure 5.11 where it is observed
significant passive vibration isolation for frequess above 120 Hz. The measured velocity
of each tile with control off and with control oresshown in Figure 5.12 to Figure 5.15. The
same SISO feedback compensator was applied totdacihe gain of each control loop
was adjusted by iteration with the goal of maxirtima of the control performance while
avoiding instabilities. The control bandwidth exded to about 130 Hz for all tiles and the
overall active attenuations obtained for tiles éméour are respectively 3.6 dB, 2.0 dB, 7.4
dB, 6.9 dB. The closed loop active attenuationssuesl for the four tiles obtained with the
decentralized feedback controller are presentdegare 5.16. The thick line represents the
average performance which has good agreement hatlprtedicted performance shown in
Figure 5.10.
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system is clearly lower than the performance a@dddwer the single tile case investigated in
Chapter 4. The reduced performance can be explayndde coupling between the tiles that

limited the amount of gain that could be applied tb the feedback loop before instability

The feedback control performance obtained for ezfctne four tiles of the multiple tiles

occurs (about half the gain applied to the sinidgecase).
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Figure 5.11: Measured acceleration of base pldaeKlirace) and tile (blue trace)
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Figure 5.13: Velocity signal of tile # 2 controlf gblue trace) and control on (black trace).
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Figure 5.16: Active attenuation for the four tilesing a decentralized feedback controller

In order to estimate the total sound radiated pdwen the tiles before and after feedback
control is applied, the velocity of each tile wasamured using a laser vibrometer at 3 points
along the width of each tile. The measured velesitvere used to compute the total acoustic
radiated power of the tiles in the passive andvacatases. This assumes that there is no
sound radiated by acoustic leaks on the sealingegmaround the tiles or any other flanking
path. The sound radiated through the sealing wasiedeto be insignificant based on a
comparison of the sound radiated by the tile esgohaising surface velocity measurements
and a far-field microphone array as discussed oti@e 3.4.5. The sound power radiated by
the base plate without the tiles is also estimétaa velocity measurements. Comparing the
sound radiated by the plate to the sound radiayeth tiles, the total passive attenuation
provided by the tiles in the passive case (withtdnoff) is about 16 dB. Applying
feedback control provides an additional 4.2 dBttdrauation of the sound radiated power.

Next section presents experimental results obtaeggulying feedforward control to the
multiple tile system.
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Sound Power [dB]

Frequency [Hz]

Figure 5.17: Estimated sound radiated power obtmse structure without the tile treatment
(black trace), the radiated power of the tiles watintrol off (red trace) and the radiated

power of tiles with control on (blue line).

5.2 Decentralized Feedforward Control

Last section investigated the use of multiple iredefent SISO feedback controllers
(decentralized feedback control) to control the tdormal velocity in a multiple tile
application. Feedback control has the advantagebfequiring a reference signal and thus
can be applied to problems when no information he#f tisturbance can be obtained in
advance. However, the performance of the feedbanoka system was largely limited by
the tile-mount high frequency dynamics, controlnplghase lag (delay in the feedback loop)
and the inter-tile coupling.

Chapter 4 presented active control results of @lsitile system applying feedforward
control. A single accelerometer placed on the Isaseture was used as a reference sensor,
with good control results being obtained. In thegt®n the use of feedforward control is
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investigated for a four tiles system. Both an idef¢rence and real references were used in
the tests and both coupled and uncoupled feedfdrwantrollers are tested. The

experimental setup and results were presented next.

5.2.1 Experimental Setup

The multiple-tile setup studied in this section sisted of the four-tile system described in
the feedback control section and shown in Figu Bour B&K accelerometers were
attached to the center of each tile and used as gignals. Four additional PCB miniature
accelerometers were attached to the base platedaitoring the base structural vibration
and also served as reference signals. The outpults aontroller were connected to PCB
piezoelectric amplifiers used to drive thlunderactive mounts. Band limited white noise
from 50-500 Hz was input to a loudspeaker via agti@power amplifier for generating the

acoustic disturbance to the base plate.

Error Single-Channel Single-Channel
Accelerometer —» Feedforward Feedforward
Controller Controller
Multi-Channels \ Power Power
Data Acquisition <—| \ Amplifier Amplifier
System '

[ [
Base Plate !
Accelerometel\. Hj'—[\lf]-— [‘Iq-—

// - T
Active-passive Simply supported
mounts base plate
Loudspeaker | Power | | Noise
Amplifier Generator

Figure 5.18: Experimental setup used for the migltimdependent SISO feedforward
control of multiple tiles with ideal reference

A feedforward filtered x-LMS algorithm was implented in a controller board based on

Texas C-40 DSP and running on a PC system opevéiea LabView interface. The same
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procedure described for the single tile system wsesl to setup the controller. The system
identification of the secondary path models weraedby successively driving with white

noise each tile active mount and measuring theespandent accelerometer response signal.

As mentioned above, both an ideal reference arahlareference signals were used for the
multiple tile feedforward control tests. The ideaference was obtained directly from the
noise generator signal that served as disturbamahe system. Several PCB miniature
accelerometers attached to the base plate were tosgénerate reference signals in a

scheme that could be used in a practical applicaif@an active tile system.

Initially, prior to running the feedforward contréésts the configuration of the multiple
channel system has to be defined. This involvemithef the coupling of the control system
channels, which defines if each control filter wathntrol a single or a combination of the
error signals. In addition, for the case of muttiptference signals is it necessary to define if

each control filter will use a single or a combioatof reference signals.

5.2.2 Active Control Results Using an Ideal Referencen8ig

The initial active control tests of the multipléetisystem using feedforward control used a
delayed ideal reference obtained from the distuwrbagenerator signal. Best control
performance was obtained by setting the contrgienpling rate at 2000 Hz. The secondary
path FIR filter used 256 coefficients and 512 coedhts were used for the control filter.

Decentralized Feedforward Control

As discussed in Chapter 3, a decentralized feedfi@hwontroller can be advantageous for
large systems where a fully coupled controller wiouhply in great amount of wiring and
great amount of processing power to implement. feigul9 shows plots of the acceleration
of the base structure under the tile, the acceteralf the passive tile and the acceleration of
the active tile with feedforward control for one thie tiles (tile 3). Only the results of a
single tile are presented, since the performanédbkeoother tiles are very similar. Good
active reduction of the tile vibration is obtaintdoughout the frequency band of 40-600 Hz
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with a total overall active attenuation of 13 dBn addition, the tile acceleration has an

overall passive reduction of 10 dB with relatiorthe base plate acceleration.
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Figure 5.19: Acceleration results for a tile (t8& using feedforward control with an ideal
reference. Shown are the acceleration responsasef late (black line), acceleration of the
tile with control off (blue line) and acceleratiah the tile with control on (red line). The
acceleration of the base plate before the tilegwestalled is also shown (dashed black line).

The total sound power radiated by the four tileshwand without active control was
estimated based on measurements of the velocigach tile at 3 points along its width
using a laser vibrometer. The estimated total saadéited power results are presented in
Figure 5.20 for the base plate without tiles, fo tiles with control off and for the tiles with
control on. The sound radiated power of the baageplas estimated from measurements of
the plate acceleration at 12 points before thes tileere installed. The estimated sound
radiated power was attenuated by 21.8 dB, withszipa attenuation of 9 dB and an overall
active attenuation of 12.8 dB.

The complete set of the tile surface velocities sneements results is included in Appendix

C. Included in the Appendix C is also the sound g@owstimated using 3 velocity
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measurement points along the length of each tideaasingle point at the center of each tile.
The results show no significant difference, indiogitthat a single point measurement at the
center of the tile is sufficient to estimate therswt radiated by the tile.

S R R

[dB]

) I F—

Sound Power

Frequency [Hz]

Figure 5.20: Total sound radiated power for 4 tiRRadiated power of uncovered base plate
(black line), radiated power of tiles without cat(dashed line) and radiated power of tiles

with feedforward control and ideal reference (dine).

Fully Coupled MIMO Feedforward Controller

The results presented above were obtained in anttatized controller configuration, where
each adaptive filter is updated to control the aigsf a single error sensor. However, as
discussed earlier, the tiles are mechanically caipd each other through the base structure,
through the acoustic cavity between the base strei@nd the tiles and through the sealing
gaskets. A centralized multiple channel feedforwecdtroller can be setup so that the
coupling between the tiles is taken into accourthat all the output control signals are used
to minimize the sum of the squared error signalse Bystem setup is done during the
secondary paths identification step, by drivingla with white noise and measuring the
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resulting acceleration of all the tiles of the syst This procedure results in 16 secondary
paths filters and 16 control filters, which increasignificantly the computational burden of
the controller system.

Figure 5.21 presents the tile acceleration resultasured for one of the tiles with control
off and control on, in a coupled (MIMO) and decagptontroller (SISOs) configurations. It
is observed that using a centralized MIMO controlilows only slightly better

performance than the multiple SISO controllersha tow frequency range below 50 Hz.
The overall attenuation of MIMO controller is sianilto the four SISO controllers indicating
that decentralized feedforward controller can sssftgly be applied to multiple tiles system

without significant performance loss.

Acceleration [dB]

Frequency [Hz]

Figure 5.21: Acceleration of tile number 2. Contodil (blue line), four SISO feedforward

controllers (black line), MIMO feedforward contie (red line)
5.2.3 Control Results Using Base Acceleration Referengedts

This section presents experimental results of ttierea control of the multiple tile system

shown in Figure 5.2 using feedforward control wattteleration measurements of the base
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structure as the reference signals.

It is well known that in order to obtain good catperformance with a feedforward
controller, the reference signal has to be weltalated to the disturbance [62,63,64]. When
using a reference signal obtained from acceleratieasurements of the base plate vibration,
it is important that the accelerometer locatiores@rosen such as to avoid nodal lines of the
vibration modes of the base plate. Initial actiemtcol tests were performed using a single
accelerometer attached near the center of the flag® used as a reference signal. Figure
5.22 shows the acceleration of the base structoderuthe tile, the acceleration of the

passive tile and the acceleration of the actiweftl this case.

[dB]

Acceleration

Frequency [Hz]

Figure 5.22: Acceleration of the tile for feedfordaontrol using single error sensor at the
center of the base plate as the reference sighatkBrace is the acceleration of the base
plate, the red trace is the acceleration of the wiith control off and the blue trace is the

acceleration of the tile with control on.

An overall active attenuation of 3.9 dB was obtdindote the low control performance at
the peaks around 150 Hz and 300 Hz that correspeswectively to the (2,1) and (2,2)

vibration modes of the base plate. Note also thacelerometer placed at the center of the
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base plate will be located at the nodal lines afséh modes. In addition, low control

performance was obtained at the fundamental frequehthe base plate. A possible reason
for this low control performance is that the medbahinput impedance of the base plate is
small at its resonance and thus, the control foeggdied by the active mounts affect the

vibration of the base plate and feedback ontoeference signal.

As mentioned earlier, the performance of a feedéwdvcontrol system depends on the
coherence between the error and reference sighadsire 5.23 shows the coherence
between the one of the error signals and the nedersignal, measured for the cases of an
ideal reference and for the acceleration refereh#e the low coherence values at the
frequencies corresponding to the resonances diake plate and in particular at around 100

Hz, that corresponds to the base plate first resmniequency.

Coherence

Frequency [Hz

Figure 5.23: Coherence between the error signaltiaadeference signal. Blue trace is for

the ideal reference and the red trace is for tise Ipéate acceleration as a reference.

Further feedforward control tests were performadgifour reference signals obtained from
base plate acceleration measurements at locateargime tile mounts. Each reference signal

is used only for the corresponding tile, thus impdating four independent SISO systems.
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Figure 5.24 shows the corresponding acceleratioth@fbase structure under the tile, the
acceleration of the passive tile and the accetaraif one of the active tile. In this case, an
overall active attenuation of 4.8 dB was obtained.

Additional tests were performed using two referesigmals obtained from two acceleration
measurements, under one tile and at the centehefptate. Figure 5.25 shows the
acceleration of the base structure under thethke,acceleration of the passive tile and the
acceleration of the active tile for this case. Bus choice of reference signal an overall
active attenuation of 8.3 dB was obtained. The doatlon of the two acceleration
measurements allows detecting all the base plaétation modes and good performance is
obtained throughout the entire frequency band @D+4z).

[dB]

Acceleration

Frequency [Hz]

Figure 5.24: Feedforward control results using dodeled reference sensors near the mount
of each tile as reference signals. Black trachasacceleration of the base plate, the blue

trace is the acceleration of the tile with contffland the red trace is the acceleration of the
tile with control on.

The total sound power radiated by the four tilethvaeind without control was estimated by

measuring the surface velocity of each tile at 3ngsoalong its width using a laser
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vibrometer. The sound radiated power results ferthse plate before installing the tiles, for
the tiles with control off and for the tiles witlomtrol on and four independent reference
signals are presented in Figure 5.26. Observeelaéively poor control performance around
300 Hz, since the reference signal setup usedisitést did not measure the (3,1) mode of

the base plate, that is an efficient sound radiakar overall active performance of 7.2 dB
was obtained.

Acceleration [dB]

Frequency [Hz]

Figure 5.25: Feedforward control results for 2 refices, one at the center of the plate and
one near the mount of one the tiles. Black tradhesacceleration of the base plate, the blue

trace is the acceleration of the tile with conwtfland the red trace is the acceleration of the
tile with control on.
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Sound Power [dB]

Frequency [Hz]

Figure 5.26: Sound radiated power for 4 tiles comagurom velocity measurements at 3
points on each tile. Base plate without tiles (kl&race), tiles with control off (red trace)

and tiles with control on and 4 uncoupled referesexsors (blue trace).

5.2.4 Intensity Measurements

Last section the sound power radiated by the Was obtained from velocity measurements
of the tile surface that should give an accuratenege of the sound power as long as there
are no leaks through the tile gaskets or otherkitanpaths. In order to have an acoustic
measurement of the sound radiated power outsidearmechoic chamber, intensity

measurements were performed.

The measurement procedure employed is detailethani3O 9614-2, “Determination of
sound power levels of noise sources using sounehsity - Part 2: measurement by
scanning”. In this procedure the probe is usedcam she measurement surface during the
date acquisition to obtain a space averaged valughe intensity. A box shaped
measurement surface enclosing the source shoulohiti@ly defined. The scan should

follow equally spaced parallel lines along each sneament surface with the probe normal
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to the measurement surface and turning at each @tigescanning speed should be between
0.1m/s and 0.5 m/s and the duration of the scanavarea segment should be no less than
20 seconds. In addition, the recommended distantfeetsource is between 10cm to 30cm.

The sound radiated power obtained following thecpdure described above is plotted in the
Figure 5.27 below for the passive case and fovaaase using feedforward control with an
ideal reference. An overall attenuation of 8.5 dBswmeasured. This is lower than the
attenuation predicted with tile velocity measuretanl3 dB. This difference can probably
be attributed to the presence of acoustic leaksoand radiation by the sealing gaskets in
the velocity measurement procedure, and sound traalifrom the adjacent MDF board

baffle in the intensity measurement procedure.

100

Sound Intensity Level [dB]

Frequency [Hz]

Figure 5.27: Sound radiated power for 4 tiles cotagdrom measured intensity. Blue trace
is for control off and red trace is for feedforwawmhtrol on with ideal reference.

5.3 Multiple Tile Performance Prediction

From the point of view of system design it would desirable that the performance of the
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multiple tile system could be predicted based @gérformance of a single tile. The use of
an analytical approach to model a multiple tiletegsis complicated due to the large system
of equations that needs to be solved. In additios very challenging to realistically model

the inter-tile coupling mechanisms, which affea gerformance of the multi-tile system.

An alternative approach is to estimate the perfoceaof a multi-tile system based on the
measured experimental performance of a single flleis approach can only give
approximate results because the performance aighesiile is larger than the performance
of a multiple tile system due to the inter-tile pting that will affect to some degree the
performance of the multi-tile system. In additidnconsiders that each tile has the same
vibration response or in other words, the baseepatites each tile in the same way. If the
coupling between the tiles is small, the perforneareé the multi-tile system should
approach that of the single tile. Next, we will @stigate this approach.

First, the performance of a four tiles system wstineted based on the performance of a
single tile for a feedforward controller using aleal reference. The sound radiated power
for the single tile case with control off and cahton was shown in Figure 3.50. The active
control performance for this case was 14.5 dB. pé&dormance of the multiple-tile system

will be estimated using the velocities measure@ pbints on the surface of the single tile

and assuming that the four tiles vibrate with tlne displacements. The total sound
radiated power predicted in this manner is showRigure 5.28. Note that the overall sound
power levels are 12 dB higher than for the sintée &s is expected since the sound power
should increase 6 dB for each doubling in the afba. estimated multiple tile results in an

active performance of 15.3 dB, which is 2.5 dB leigthan the actual active performance of

12.8 dB measured for the four tile system and shioviigure 5.20.

The same approach is repeated now for the casedfdrward control and reference signals
derived from base acceleration measurements. TiHerpwance of the single tile system is

shown in Figure 3.51 and an active performancedd 8B was obtained.

The total sound radiated power for the four tilgstem estimated from the single tile result
with and without control is shown in Figure 5.29aan active performance of 11 dB is
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obtained. This estimation is 3.5 dB higher thankibst-measured performance of the multi-

tile system of 8.5 dB for a 2 references systemclwis shown in Figure 5.30.

The results discussed above shows that the muttiplsystem performance predicted based

on the response of a single tile overestimatepén®rmance of the real four tile system by

about 2-4 dB. The lower performance of the realtesyscan be attributed to coupling

between the tiles and feedback from the contratdsrto the reference signal. Thus, the

performance of a multiple tile system can be reabbynpredicted from the performance of a

single tile system as long as the quality of refeeesignal is similar for both the single and

multi-tile systems and that inter-tile couplingsimall.
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Figure 5.28: Sound radiated power prediction fdited base on velocity measurements at 9

points on a single tile system. Tiles with contodf (red trace) and tiles with control on

(blue trace), ideal reference case.
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and tiles with control on (blue trace), 2 accelerateference signals.

5.4 Summary

In this Chapter the active performance of a mudtile system with four tiles for

controlling sound radiation was experimentally istgated and both feedback and
feedforward control schemes were applied. The deglered feedback control tests used the
same SISO analog feedback controller designech#osingle tile system studied in Chapter
3 for each of the four tiles. The experimental hssshowed that the performance of the
feedback control system suffered when comparetidasingle tile performance because of
the inter-tile coupling. The inter-tile coupling sv@redicted using the analytical model and
occurs through the base plate, air gap and thengagdskets interconnecting the tiles. In the
experimental setup the inter-tile coupling resuisa reduction in the feedback gains that
can be applied before instability occurs. Nevedgbglan overall active reduction in the
sound power of about 4.5 dB in the bandwidth up30 Hz was demonstrated for the multi-

tile system with independent feedback control loops

The multiple tile system was also tested with aedéalized feedforward control approach.
Both an ideal reference and a more practical reteresignal using base acceleration
measurements were tested. The active performantte ahultiple tile system with an ideal
reference was measured as 12.8 dB with bandwidtb 4p0 Hz, which is about 2 dB lower

than the performance of the single tile system.

The feedforward control approach was also testetjusccelerations measurements on the
base plate as reference signals. The measuredrparfoe is about 2 dB lower than the
results obtained for the single tile system. Thsults suggest that performance of the
multiple tile system is reduced by the presence akrtain degree of feedback from the
control forces to the reference signal, which dad happen in the single tile case. This
occurs due to the low input mobility of the baseidure at its resonance. In addition it was

observed that is it important to select carefutlg humber and location of the acceleration
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measurements on the base plate in order to achesteperformance.

The sound radiated power for the case of activarcbon and off was measured using

intensity measurements. Up to this point the sowattlated power results presented were
based on velocity measurements and would be aecassuming that there are no acoustic
leaks. The results showed an attenuation of 8.5aBut 4.5 dB lower than the performance
predicted based on the velocity measurements. Henyélve intensity measurements were
made difficult by the low levels of sound pressbeing radiated by the plate and also by the

radiation of the adjacent wooden baffle and cafeotonsidered totally accurate.

Finally, the Chapter ends with a brief investigatmf the prediction of the four-tile system
performance based on velocity measurements pertbome single tile system. The results
showed that the predictions overestimate the padoce of the multi-tile system in about
2-4 dB, which can be attributed to the lower perfance of the controller in the multi-tile
system because of effects as coupling betweenildseand feedback from control to the

reference signal.

The results presented in this Chapter clearly destnate the potential of the active tile
approach in a multiple tile system. The couplingaeen the tiles was shown to be less of a
problem in the feedforward control system case,ctvigan be implemented in practical

applications using acceleration measurements ohabe structure as reference signals.
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Chapter 6

6 Conclusions and Future Work

This work demonstrated analytically and experimintdoe control of low frequency

sound transmission through plates using a novelveaplssive sound transmission
control approach. The approach consists of usingyarof lightweight stiff panels (or

tiles) attached to a radiating surface throughvagbiassive mounts. The tile array is
designed to cover the entire (or most of the) tastreicture surface. At low frequencies,
the sound radiated by the tiles is mostly due ® tite piston mode of vibration (or
volume velocity mode) and is proportional to itgmal velocity. Thus, reductions in the
total sound radiated power can be achieved by redube vibration levels of the tiles.
This is performed by using independent single-ckaroontrollers on each tile to
generate control signals that are applied to theveagnounts to reduce the normal

velocity of the tile.

The active tile approach can be applied to numerapglications of active sound
transmission control that require lightweight gaotis with high transmission loss over a
broad frequency range and simple control strateghste that one of the main
motivations for using the active-passive tile aggio is when the source levels and
structural vibrations are very large, as for exanmpt the rocket payload fairing
application. Thus, mechanical actuators attacheekctly to the shroud will have to be
large and exert enough control force. The use ti@passive tiles enables passive
isolation to reduce the levels and then active i;iga act on the tiles, thus requiring
much smaller and lighter actuators, as for exarp@eoelectric actuators as used in this
work. The main goal of the present work was to stigate the sound transmission

control characteristics of the proposed activedpadiie arrangement and approach.

The investigation was divided into a companion wizdl and an experimental effort.
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The motivation for the analytical component of therk was to determine the potential
sound transmission control performance of the systd& coupled structural-acoustic
model of the system was formulated based on andamee-mobility matrix approach.
The formulation was applied to model double-parystems consisting of a rectangular
base plate connected to a single or multiple tikesugh active-passive isolators and an
acoustic cavity. Initially, a single tile system sveavestigated that consisted of a single
tile connected via two active mounts to a platehvalamped boundary conditions. The
analytical model was validated by comparing anafytand experimental results for the
control plant frequency responses and sound ratlaoever results. Simulations results
showed significant passive attenuation of the sduaasmission in the frequency range
above the mass-air-mass resonance frequency ofytem. Sound transmission was
shown to be mostly due to the air-borne path thangly couples the vibration of the
tiles to the base structure vibration. Increaseskipa attenuation was demonstrated for
an increase in the volume of the air gap formedveeh the tiles and the base structure.
For the active control case, good attenuation ef¢bund radiated power was obtained
and the frequency bandwidth of control extendedaithe resonance frequency of the
second flexible vibration mode of the tile (saddigpe flexible mode). Further
improvements of control bandwidth were shown pdeditstiffer tiles were used or if an
error sensor that directly measured sound radiad@cer was used. Then, the impedance-
mobility model was extended to model a system Vol tiles connected to a simply
supported plate. The analytical model of the cdrifant showed the existence of inter-
tile coupling mainly through the acoustic cavityedpite the inter-tile coupling, good
active attenuation was obtained with both feedbeshtrol and feedforward control
approaches. Simulations of the plant response atetic that the system should be
unconditionally stable for velocity feedback cohirothe case where the mounts have no

internal dynamics.

The experimental part of the work was performedwaluate the practical application of
the active tiles approach in controlling sound sraitted through plates. Active tile
prototypes were designed using lightweight compogénels and Thunder piezoelectric

elements as integrated passive-active mounts. Taio experimental setups were used
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for the investigations. The first experimental petiudied was a double panel partition
consisting of a single tile mounted on a plate @adhin a window between acoustic
chambers. This setup was used for preliminary imngasons and for assessing the
potential performance of a single tile system.l$baallowed for direct measurements of
the sound radiated power by the partition with emyaof microphones and comparison
to the sound radiated power estimated from velogigasurements on the tile surface.
Optimal feedforward control algorithm implementad a DSP-based system was used to
reduce the velocity of the tile measured by acoeh@ters placed on the tile surface at the
mount attachment locations. Both an ideal refereseesor obtained from the primary
disturbance generator and a realistic referenceirda by using a microphone close to
the base plate (source side), were used. Signifregluction in the sound power radiated
by the tiles was measured using an array of miaopk and good correspondence was
observed between attenuation of sound radiated pamdeattenuation of the tile velocity.
In addition, an extension in the control bandwidts demonstrated possible with the use

of a stiffer tile, with little increased weight palties.

The second experimental setup investigated appaieunbetter the dynamics of large,
low mobility systems where the active tile approaulght be used. A larger and heavier
plate was used as the base structure and a largeste&c cavity was created between the
tile and the base structure approximating better slgstem dynamics of the target
application. This low mobility base structure alkavthe application of skyhook damping
in a similar fashion to that used for active vibpatisolation in base excited systems. In
addition, a low mobility base structure allowedttha accelerometer placed on the base
structure to be used as reference sensor in feeafdrcontrol systems, since there is not
a feedback path from the control forces to theresfee signal. The same base structure
was used for a single active-passive tile, as pteden this Chapter and a multiple (four)
active-passive tile system (see Chapter 5) allowlingct comparison of the performance
of the systems and assessing the effects of iikecaupling dynamics on the system
performance. The attenuation of sound radiationhigyactive tiles was estimated based
on measurements of the tile surface velocity oethinsing a laser vibrometer. Both

feedback and feedforward decentralized control melsewere demonstrated despite the
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existence of the inter-tile coupling.
The main contributions and findings of this work aummarized as follows:

1) A lightweight and compact active-passive tilsteyn with fully decentralized control
and that can be applied for the control of sourshgmission through large and low
mobility structures was analyzed, designed andedesDecentralized active vibration
control of the tiles using SISO controllers withllooated force actuators and velocity
sensors were demonstrated able to globally recieesaund radiated power in the low

frequency range before the flexible behavior oftileeis significant.

2) Novel active-passive tile prototypes were immeted and tested: tiles made of
composite honeycomb material and active-passiventsoumplemented with Thunder

actuators resulted in a system that is lightweiplas good control authority and good
passive vibration isolation characteristics. Beeanfsits particular fabrication process, it
was possible to use the Thunder actuator as agraiezl passive-active isolation mount,
where the passive vibration isolation capabilitesnes from the flexibility provided by

the curved steel plate to which the piezoeleatlement is attached. By properly
mounting the actuator it was possible to creat®ranal active force between the base

and tiles while providing good passive isolatiofeef at high frequencies.

3) A coupled structural-acoustic model was develofie a single and a multiple tile
systems and used to investigate sound transmigsithie passive and active cases, with
feedback and feedforward control approaches. Usiagmodel it was shown that the
frequency bandwidth of the system control perforogawas limited by flexible behavior
of the tiles. In addition, for the multiple tilestgm it was possible to predict the inter-tile

coupling through the air cavity.

4) A multiple tile system was used to investigat@earimentally the feasibility of
decentralized control implementation and expansidhe tile approach over larger areas
(i.e. many tiles). Fully decentralized control €yst were designed and implemented for

both feedback and feedforward control approachesd®erformance was demonstrated
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for a decentralized feedforward control system gisileasurements of the vibration of
the base plate as reference signals. The perfoenaitbe feedback control system in the
multiple tiles setup was lower than in the single setup because of inter-tile coupling

effects.

Based on the results obtained in this work the gsed tile approach has good potential
for application in practical control of launch vela payload noise and other applications.
However, additional work needs to be performed teefthe tile approach can be
implemented in a large scale realistic applicatiéoture is necessary in hardware
development including optimized tiles and actugttm®-power consumption controllers
and lightweight power supply systems. In additi@dditional work needs to be
performed to improve the performance of the deedimtrd feedback control system that
would reduce the complexity of the control hardw@&ecommendations for future work

are presented below.
Future Work
Some suggestions of future work are as follows:

* Optimization of the tile design using composite enials to achieve optimal flexural

stiffness to mass ratios;

* Optimize the actuator design to achieve desiredsiypas vibration isolation
characteristics, high authority and insignificamternal dynamics to extend

bandwidth of feedback control;

* Investigate the use of shaped distributed senbatsestimate sound radiation modes

to extended bandwidth of control;

* Investigate analytically and experimentally the tconof sound transmission into an

enclosure;

* Investigate the use of a hybrid feedback-feedfodveantroller;
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Optimize the distribution of vibration referencensers on the base structure for best

feedforward control performance;

Integrate the active tile design to conventionalspze liners;

Investigate tile seal and edge effects;

Investigate the effect of base structure curvaburéhe system performance;

Investigate required size of tile relative to theistural wavenumber spectrum of the

base vibration.

Develop low cost controller hardware and power suppstems.
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Appendix A- Intensity Measurements

An alternative method to determine the sound radidty a structure is to measure the
sound intensity over a surface enclosing the siractSound intensity can be defined as the
measure of the rate of flow of sound energy petyusniea oriented normal to a wave front
[1]. It can be shown to equal the product of sopnelssure and particle velocity, hence

being a vector quantity.

The use of sound intensity measurement insteaawids pressure is useful to determine
the sound power of individual sources in the preseasf other sources. In addition it is very
useful to measure the sound insulation of partiti@thout the necessity of special acoustic
chambers [65].

The experimental determination of sound intensdaguires the measurement of signals
proportional to the instantaneous sound pressutke amsociated instantaneous particle
velocity vector. In general, sound intensity meaments are performed using a so-called
intensity probe that consists of a pair of phaséche pressure microphones separated a
distanced from each other by a solid spacer. This devicewal one to measure one
component of the intensity vector at a time, inegahthe component normal to the surface

of interest.

For kdP<<1, wherek is the acoustic wavelength, the pressure at thipoit between the

microphones can be obtained from the average dfnbegressure signals. In addition, the
difference between the two microphone signals garesapproximation of the component
of the pressure gradient along the trace connetti@gwo microphones. Observing that the
pressure gradient is proportional to the particdeeteration, a signal proportional to the
axial component of the particle velocity can beaai#d by a temporal integration of the

pressure difference signal.

As shown in [65] the sound intensity can be readigtermined by the following
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expression:

_Im{G,,(«)}
=

WhereG:o(a) is the cross spectrum of the two microphone sggaatp is the air density.

When performing sound intensity measurement it'poitant to keep in mind the
limitations of the two microphones measurement riephe. One of the important
limitations happens because of the approximatioth@fgradient of the pressure by a finite
difference approximation. For a certain microphaisanced the approximation will be

better for wavelengths much larger thidathat isA>>d.

On the other hand, fot>>d the actual physical phase difference between tiseophone
pressure signals becomes smalls and very well phestehed are required to avoid
measurement errors. Due to these limitations, rdiffee microphone distances is

employed for measurements in different frequenoges.

Additional errors will occur if the intensity chaeg between the two microphones as in the
case of high order sources and by interferencéeiritensity probe in the sound field. A
good discussion of the errors and limitations oé ttwo microphones measurement

technique is presented in [65].

The actual sound poweP can be determined from the intensity measuremegts b

integrating the normal component of the intensify over the measurement ar&

enclosing the source:

P=[1,dA
S

In practice the integral is in general replacedabyummation, corresponding to a discrete
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point sampling of the intensity field over a numh#r elementary areas dividing the

surface:

K
W = Z Ii’lkAAi
k=1

The error involved in this sampling will be furani of the spatial variation of the normal
intensity component over the measurement surfaeg,ig function of several factors such
as the source directivity, the choose samplingasearfand the proximity of other sources.
An alternative method is to scan the measuremenfidci during the date acquisition to
obtain a space averaged value of the intensitys fiethod will be present in the next
Chapter.

A B&K intensity probe with 1/2 in microphones sept@d 50mm from each other, was
used to measure the intensity field in 72 pointsrav box type surface over the tile. Each
measurement position was averaged for 10 seconti® detailed recommended
measurement procedure for determining the souncepaivsources using discrete point

intensity measurements can be found in the ISO 96dtandard.

The total sound power of the 6mm tile in the passand active cases found via the

intensity measurements is shown in Figure A-1.
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Figure A-1 Experimentally measured total sound powadiated using intensity

measurements (a) red trace: without active confto)l.blue trace: with active control
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Appendix B - Implementation of Analog Feedback

Controller

Figure B- 2 shows the implementation of an invertiag compensator using a single
operational amplifier. The frequencies of the r&sao a, and real poley, and the gairk

can be obtained using the following expressions:

1
W =——
z RGC
1
w =——
* (R+R)C
k - R2R3
R(R, +R;)
R [Eee O
+ j& ?
Vin Vout

Figure B4: Implementation of an inverting “lag” compensator
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R4

R1

Figure B2: Tow-Thomas biquad circuit

Figure B-3 shows the implementation of the Tow-Thsnbiquad circuit. This circuit
allows the implementation of both band-pass and-pass filter functions given by

second order functions of the form:

_Vou _ kP(s)
1= V. & +(w, 1Q,)s+

n

Wherea andQ, describe the poles of the transfer function larglthe gain constan®,
is also known as the quality factor and it candy@esented as Q = 1{(Pwhere( is the

damping factor. In addition, for the case of a lpass filter we havé®(s) = wf)

Note that it is possible to implement second ortlansfer functions using different

analog circuits. One advantage of the Tow-Thomasuiti when compared to other

224



biquad implementations is that it allowg and Q, to be controlled independently. In

addition,Q, andk can be controlled using individual resistors.

In the circuit of Figure B-3/,,/Vin implements a low-pass type filter (complex pol&)pa

with transfer function given by:

Vout — 1/( R:L RZCJ.CZ )

V, s*+s/(RC,)+1/(R,RC,C,)

ChoosingR; = R, = R andC; = C, = C results in a simple design procedure for the

filter.The design equations are as follows:
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Appendix C — Laser Velocity Measurements

The plots presented in this Appendix present thecity measurements performed with a

laser vibrometer at 9 points on the tile surfaeaaas shown in Figure 4.5, for velocity

feedback control with a single error sensor at tie center. The point velocity

measurements were used to estimate the sound pasated by the tile with control off

and control on.

Single tile — Velocity Feedback Results
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welocity at point 6
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welocity at point 8
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Multiple Tile System Results

Velocity measurements performed with a laser vile@nat 3 points on the each tile

surface area for the four-tile system studied irajitér 5, see Figure 5.2, for velocity

decentralized feedforward control (ideal referenase) with a single error sensor at the

tile center. The point velocity measurements weseduto estimate the sound power

radiated by the tile with control off and contrel.o

Velocity measurement at 3 points along the widtheaich tile.
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welocity at point 6
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welocity at point 8
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welocity at point 10

R0 ——
-130

[gp] epnuuben Anjgonw

10

Frequency [Hz]

velocity at point 11

-60

100F - - ---

[gp] epnuuBen Aungow

-130

10

Frequency [Hz]

236



welocity at point 12
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Sound power radiated by four-tiles estimated with Joints (red trace) and 1 point

(blue trace) at each tile.
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Appendix D - Modal Coupling Theory

In this section modal coupling theory is used fog thodeling of the coupled structural-
acoustic system shown in Figure 2.17. The detald/ation of the coupled equations of

motion of the system obtained using modal coupegpry can be found in [50].

In the model presented in this section, the vibrabf the plate and the tile are coupled by
the spring-damper mounts and by the dynamics o&theonfined in the gap between the
plate and the tile. The clamped plate and tile @assumed not to be influenced by the
external acoustic radiated field. In addition, the is assumed to be in an infinite baffle
and radiating into open-space. Furthermore, inntoelel presented, we assume the tile

edges to be acoustically sealed.

The derivation of the response of the coupled systae to an arbitrary external excitation
is presented next. The procedure involved in dgimetpthe model consists in expanding
the pressure field of the internal cavity betweka panels in terms of the rigid-walled

cavity modes and writing the result in the form afset of linear ordinary differential

equations for each acoustic mode. In the same agquations of motion of the plates are
expanded using the in-vacuum structural modes. ,Nbgt complete coupled structural-
acoustic equations of motion of the double panedtesy are derived. Finally, the

mechanical coupling of the tile to the base stmgctia the mounts is included. The model
assumes that the mounts are simple spring-damgezsy. The sound power radiated is
estimated assuming that the radiating panel isninnéinite baffle and that there are no

flanking paths.
Acoustic field problem

The set of ordinary differential equations for #eustic modes of a system with arbitrary
wall excitation is derived using the Green's theoand the result applies to an arbitrarily

shaped cavity.
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Assume a structure defined by the surf@@nclosing a fluid with volum¥ .The structure
surfaceS is assumed flexible and is described by the nowmlisgdlacementv, while the
remainder of the structure surfagas assumed rigid. It is desired to predict thensbiield

due to the motion of the flexible wall.

If the fluid inside the cavity is assumed to beredt before the motion of the wall (no
internal acoustic sources), the perturbation pressatisfies the following homogeneous
wave equation and boundary conditions:

10%p D-1
0%°p-— =0
P c? at?
%z—pazw on S
on ot? ' D-2
@=O on S
on

wherep andc are, respectively, the fluid density and acoustiocity, andw is the normal

displacement of the rigid wall.

The wave equation D for the case of a cavity wigidrwalls has solutions given by normal

modes¥, that satisfy:

M —oon 5=5,+5 D-3
on

and the orthogonality conditions:
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n=nm

[wWw,dv=A.3
\%

D-4
[w.0?W,dV =-KZA 5,
\%

Wherek, = -ay/c anda is the i acoustic natural frequency. Using D-4 above wéveder

the following property:

02, = —k2y D-5

n
Now, using Green's second identity:

ov

j{uDzv—szu}dV:J'{u——v%}ds D-6
v < on 0dn

whereu andv are continuous scalar functions with continuoust fand second partial
derivatives, the wave equation D-1 can be transédrimto a set of ordinary differential

equations as:
[tpo2w, ~w,02pav = [{p%in - w, Pygs D-7
v < On on

Using D-1, D-5 and boundary conditions given by Br2l D-3, the integral equation above

can be rewritten as:

1 9° o’ ’w -
- [tw, at,L'F’o|V+ [ pv.av=-w, S Zas D-8
Ia: \% m \Y S
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Defining:

1

P, =—[W¥,pdVv D-9
Y
W, = [W,edS D-10
S

allows D-8 to be rewritten as an ordinary differahéquation of the form:

B+ afP =W D-11

n

where a dot (.) denotes differentiation with resgectime andP, are coefficients of the

mode expansion for the pressure:

p= /OL‘FZ(/F\)—")‘Pn o1z

n

Structural Model

Consider an isotropic plate radiating into an awity. Its equation of motion can be written

as:

2
W_t D-13

DO*w+m? — = f,
t
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whereD is the bending stiffnesg) is the mass per unit ardajs a external force anglis

the pressure loading due to the air in the cavity.

Assume that the solution to the above equation lsanobtained by expanding the

displacement in terms of the in vacuum structuraties:

w=Y g0,
m=1

whereqgn are the modal amplitudes ag®}, are the in vacuum structural modes.

The modes?,, satisfy the following orthogonality conditions:

n=mn

[@,m®,=M3
S

n=—mn

[®, D0, =M i,
S

D-14

D-15

Substituting D-12 into D-13, pre-multiplying b, integrating over the domain of the

structure and making use of the orthogonality comals gives:

M (G, +ehdy,) = F. = [ p®,dS
S

whereF; is the external modal force given by:

F,=[f.®,dS
S
Structural-Acoustic Coupling
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The solution of the coupled structural acoustidesyscan be obtained by solving D-11 and
D-16 together. First we need to rewrite D-10 inmerof the structural modal coefficients.
Substituting expression D-14 into D-10, we get:

Wn = icnmqm D-18

n=1

whereCnn i is the modal coupling coefficient given by:

Con = [W,®,,dS D-19

St

Now D-11 can be rewritten as:
. N D-20
I:)n + a)rf I:)n = _Z Cnmqm )
n=1

In a similar way the pressure loading term in Deh@ be rewritten in terms of the pressure

modal coefficient$,. Using D-12 and D-19, D-16 can be rewritten as:

P
LN D-21
AN

n

M, (6, + @id,) = Fo = e

Equations D-20 and D-21 are coupled structural siioordinary differential equations.

Additional insight into the nature of the structueecoustic coupling interaction can be
obtained by using the acoustic velocity potentigtéad of the acoustic pressure. These are

related by Bernoulli's equation:
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p=-pp

Expandingg in terms of the modes:

and using D-12, D-22 and D-23 it is possible towsdbra, as:

an = —Czi
/\n

Substituting this last expression into D-20 and DAz obtain:

M
/\n (an + &)ﬁan) = _szcnmqm
m=1

and

M, (4, +afa,) =F. - p> a.C,,

The last two equations can be written in matrixrf@s:
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or:

Where:

O O iamll i&'pclm
Mal Mam
o o
O wazl_wz IC"pcnl IC"pcnm
Mal Mam
1apCyy wf- 0 0
Msl
E 0 0
| 6Coy 0 0 & -
Msm
Wa Za a'n _ Qn
Zs Ws qm B I:m
wh-w 0 0
W,=| 0 0
0 0 -
W-? 0 0
W, =| 0 0
0 0 w-o?
_Iapcll iC"l)clm
Mal Mam
Za: . .
iapC,, iapC,,
Mal Mam
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_iapcll iC’“I)Clm_
MSl Msm
Z,=| R D-32
lapC,, lapC,,,
MSl Msm

Double Panel System

The analytical model of the complete double pangtesn can be obtained by a
straightforward extension of the theory presentsal/a by adding an additional equation to

describe the behavior of the second plate.

The equations describing the behavior of the calipteuctural acoustic system in matrix

form are:

Wa Zal - Zaz a, Q D33
Z, Wy 0 O [=| F )
-Z p2 0 Wsz Aom FZ

Observe that as the cavity now couples with bo#tes, coupling terms appear in the

acoustic equation.

The new terms in this matri¥a,, Z,>, andWs, can be computed in a similar fashion as the

terms for the single plate system.
Double Panels Connected by Isolators

In this section the equations of motion of a doyldeel system connected by isolators are

derived. The isolators are modeled simply as pgpning-dampers connecting both plates.

The equations of motion of the incident (subscfiptand radiating (subscript 2) plates

connected by a set of spring-dampers can be wiatéen
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2
wlzc(awl_aw2 L, O
t2

)22 0(x=x%)3(y - V)

0
D,0%W, +m,
! 1 at at j=1 i=1 D'34

0

+k(w, —w,)d > A(x=x)a(y - ) = f. — p(x, y.0)

j=1 i=1

0°w. ow, oW, <«
D,0%W, +m,——2% =c(—2-—2)> > a(x=x,)d(y - ¥;)
ot o o Ls D.35
J |
+k(w, =wp) DD A(x=x,)a(y - ;) = p(x, Y, L2)

i=1i=1

Assuming that both plates have the same mode shapdsexpressing the plate
displacement as a modal expansion it can be sutestitback into the equations above,
making use of the orthogonality conditions and Didalta sifting property to get:

J I M N
Mlmp(wz _a)lzm)qlm +ia'c(qlm - qu)ZZZZCDm(Xj ’ yi )ch(Xj ’ y|)
j=1 i=1 m=1n=1 D-36

(G~ G 22 D @Y )P, (3. ) = F = P(x,Y.0)

j=l i=1l m=1n=1

M 2mp(a)2 - a)zzm)qu + ial:(qu - qlm)zzzzcbm(xj ' yi )(Dn(xj ' y|)

j=1 i=1 m=1n=1 D-37
J | M N
+ k(qu - qlm)zzzzcbm(xj ’ yi )ch(Xj ’ yi ) = P(X’ y’ Lz)
j=1 i=1 m=1n=1
where
F,=[®,f.ds D-38
S
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N
P= —,OZ a.‘nCnm(Xl Y, Z) D-39
n=1

It is evident that the springs have coupled thacstiral modal equations. The equations

above can be rewritten as:

Ivllmp[a)2 +(iap+k)xnm(xjiyi)_a).|.2m]qlm D-4O
_[(I ac + k)xnm(xj ' yi )]qu = l:e - P(X’ y!O)

M 2mp[a)2 + (lC(.D + k)Xnm(xj » Yi ) - a)zzm]qu D-41
~[(iac+ k)X, (X}, Y, = P(X, Y, L,)

where

Xom = 2022 2 P (X, Y )04 (X, %) D-42

j=1 i=1 m=1n=1

Equations D-40 and D-41 together with the acoustigation of motion can be written in

matrix form as:

W, Zy —Z, a, Q
Z pl Wsl + Xnm - X nm Qim | = Fl D-43
-Z p2 - xnm W52 + xnm Uom I:2

The modal amplitude vector can be obtained by:
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a Zy —Z, Q
Gim | = Z pl Wsl + Xnm - Xnm Fl
Uom - Zp2 - Xnm W32 + Xnm I:2

D-44

Comparison to Impedance Mobility Model

The model based on Modal Coupling Theory was agpbiea double plate system with two
30cm x 38cm aluminum plates, 1.5mm thick and spdmedcm. The base plate was
excited by a point force applied and the resultigdocity of the radiating plate was
computed. The same system was modeled using thedanpe-mobility matrix approach.
The velocity results at two points on the radiatpigte are shown in the next figures

showing good agreement between the two model apipesa
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Figure D-1: Comparison of velocity results obtainéth the Modal Coupling and

Impedance-Mobility models
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Figure D-2: Comparison of velocity results obtaingth the Modal Coupling and

Impedance-Mobility models
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