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Abstract

Weight reduction is a key factor in lowering the fuel constimpand thereby the
greenhouse emissions from vehicles. However, reducingvdight normally re-
sults in a deterioration of the acoustic performance. Ttiespurpose of this thesis
is to investigate damping treatments for lightweight véhpanels. Combining ac-
tive control and passive damping in hybrid control treattadrave shown promis-
ing. Compared to pure active control, hybrid treatmentste@are advantages such
as reduced control effort or improved fail-safe charast®s. The thesis is dived
into two parts, investigating two different concepts fobhyg damping. In the first
part of the thesis, a concept of active junction control igetigped. Active in-
puts are used at structural junctions in order to confineatidnal energy to highly
dissipative parts of the structure. Theoretical modelseaainb junctions including
active forces and moments are employed to conduct paramsietdies. Results
show that such an approach can offer advantageous compeapeue active con-
trol, e.g. by reducing the control effort. However, it is yeensitive to variations
in the properties of the structure. In the second part of tthesis, piezoelectric
elements are used for controlling vibrations and/or sowatiation. The piezo-
electric element is either shunted by a passive electrieabark or by a voltage
source in series with a passive electrical network. Anedytmodels of plates and
beams with surface-bonded piezoelectric elements ardapmas and experimen-
tally verified. Parameter studies are conducted in ordentbtfie shunt which is
optimal under different conditions and control criteri@sRlts show that for lightly
damped structures, passive shunt damping may offer effi@enction of both the
kinetic energy and radiated sound power over a wide frequearge. A properly
designed shunt network may also improve the charactesistian actively driven
piezoelectric element, e.g. by reducing the control effort

Keywords: Active junction control, Hybrid passive-active contréliezoelectric
shunt damping, Sound radiation.
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Chapter 1
Introduction

A key factor in reducing fuel consumption and thereby greeisie gas emissions
from vehicles is weight reduction. However, reducing theghtmay severely

deteriorate the vehicle quality with respect to sound abdation. Further, as leg-
islators are constantly increasing the demands on noisesems the vehicle man-
ufacturers do not only have to maintain current sound anditidn performance of

the vehicle with reduced weight, but must actually imprdav®&ioreover, satisfying

sound and vibration properties can be an important sellmgtor the manufac-

turers. Since traditional noise and vibration control nueas such as heavy walls,
damping layers and double walls significantly contributéhtotal weight of the

vehicle, other treatments, such as active and hybrid, habe tested and devel-
oped.

1.1 Background

The transportation sector is a major contributor to the simisof particles and
greenhouse gases such(@s, [1, 2] 1. Therefore, one of the most important tasks
of vehicle manufacturers today is to reduce these emissibms straightforward
ways to do so are to downsize the engine and to reduce the waighe vehi-
cle. Reducing the weight means that e.g. various vehicles pall be constructed
in lightweight materials. At the same time as the weight dueed, the vehicle
performance cannot be deteriorated. While reducing the msasportant for low-
ering the fuel consumption, a high structural stiffnesstal\for the load-carrying
capacity as well as for crash safety reasons. Reducing tightyevhile keeping
the structural stiffness constant, normally results indowd attenuation of air- and
structure-borne sound. This implies a decrease of passeng#ort due to in-
creased interior sound and vibration level, and an incre&siee overall exterior

1These citations refer to reports concerning emissionseruthited States and Sweden respec-
tively.
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noise emissions from the vehicle. The latter have a negatipact on human ac-
tivities, especially in urban areas as the engine and poaverare dominant noise
sources when accelerating at low speeds. At higher spdeslyre/road noise is
dominant and reducing the sound radiated by the engine hagl@gible effect on
the overall noise emissions [3].

The transportation sector is also a major contributor tooverall noise levels in
urban areas [4]. Long-term exposure to noise can be the cdissyeral adverse
effects such as sleep disturbance [5, 6], reduced perfarenafrcognitive tasks [4]
and cardiovascular effects [4, 7]. This will most likely sauegislators to further
increase the demands on noise emissions from vehicles ifutines. Therefore,
reducing the exterior noise from vehicles is an importask tf the manufacturers.

In addition, a pleasant interior vehicle environment wigspect to sound and vi-
bration can be an important selling point in today’s contpetimarket. A sur-
vey among 1000 people in Italy, presented in "Quattorromt@gazine, reveals
the importance to the customer of a satisfying interior @dével. When asked,
"What would you be willing to give up to have a cheaper cardy @nmere 3.45
% answered a "well-insulated interior". Furthermore, limtenoise levels may be
important for safety reasons. Studies have shown that expds noise in combi-
nation with other stimuli may decrease the driver perforoganhen operating cars

[8].

To summarize briefly, there are several reasons why it i$ tatdirect attention
towards reducing and/or controlling the vibration and sbradiation of vehicles.
Conventional methods to reduce the interior and exterionda@nd vibration lev-
els in vehicles include adding damping materials, heavyswaldouble walls, or
stiffening the structure. However, although these methodg offer some sound
and vibration attenuation, they also have severe disadgast Damping materi-
als are normally only sufficiently efficient at high frequessxcbecause of the large
wavelengths of low-frequency vibrations. Heavy walls ayalbfinition disadvan-
tageous if one prerequisite is to make the vehicle lightglei Adding stiffness
may result in an increase of radiated sound due to a shifeictitical frequency.

Due to these disadvantages extensive research has bedadievactive and hy-
brid active-passive sound and vibration control. Activatcol means introducing
a secondary input to reduce or alter the effect from a disneb. E.g. by the
use of an actuator, control vibrations may be introduced stracture to inter-
act with the original disturbance, thereby reducing thalteibration field. The
control vibration is usually obtained by passing a sensgmadithrough a digital
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filter implemented on a digital signal processor (DSP). @ueasons such as time
delay of the DSP unit, active control is normally most efiitien the lower fre-
guency region. Active control therefore offers a satisfyoomplement to passive
damping materials, which are most efficient at high freqiesacHence by using
hybrid treatments, consisting of both active and passiverobmeasures, sound
and vibration reduction over a broad frequency range carchieed. Active and
hybrid sound and vibration control has proven to be promgisaithough practical
implementation of such control systems require carefuigtheand may in certain
situations be difficult.

1.2 Goals

Based on the possible benefit of combining active and passived and vibration
control, the overall research question which the work be ki thesis is aimed at
investigating can be summarized as follows:

How can active and passive methods be combined in order
to form efficient hybrid systems for the control of vibration
and sound radiation from lightweight structures?

The scope of this thesis is thus to investigate and compé#ieratit concepts of

passive, active and hybrid vibration and sound radiatiantrob  The thesis can
be divided into two main parts: the first concerns the comtfdbending waves

propagating in beam-like structures; the second conceeas@lectric transducers
mounted to plate-like structures. The stated researchtiquds treated in four

topics:

e actively controlling bending waves in structures to caribel reflection or
transmission at structural junctions;

e using the concepts of cancelling bending wave reflectiorrdeioto confine
wave power to parts of a structure which are treated by passimping;

e piezoelectric shunt damping in order to reduce the vibrasiod/or radiated
sound power levels from structures;

e hybrid piezoelectric sound and vibration control where gilezoelectric el-
ement is not only shunted by a passive electric impedandewbere the
possibility of actively controlling the element is also inded.
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The focus has primarily been on developing conceptual nsodebrder to gain

insight into the mechanism and fundamental principles efdamping treatments.
Therefore analytical models of beam- and plate-like stmgs have exclusively
been used throughout this thesis. The scope of the thesisdbhdeen to develop
an active or hybrid vibration control treatment ready foplementation in a ve-
hicle. This being said, though, some fundamental concdpgigeaoelectric shunt

damping have also been tested experimentally, both on deslmepm structure and
on an actual vehicle structure.

1.3 Outline

Here follows a short summary of the chapters and scientipesaincluded in this
thesis:

Chapter 2provides the fundamental ideas of active control of bendvages at
structural junctions. Some previous literature is presgéas well as the mathemat-
ical model used for the investigations in this thesis. Twprapches are presented:
the first is a model of a junction of two semi-infinite beamsjlavithe second is
based on an impedance approach to handle more generabjusicBome key re-
sults fromPaper| andPaperll are presented.

In Chapter 3the concepts developed @hapter 2are applied to hybrid active-
passive vibration control. Bending wave cancellation isdus order to confine
all vibrational energy in a structure to parts with high passlamping. Selected
results fromPaperll and Paperlll are presented.

Chapter 4presents some concepts of piezoelectric shunt dampingat& piodel
is used to theoretically investigate piezoelectric shamging. The model is used
to conduct a parameter study on the efficiency of shunt dagngirboth structural
response and sound radiation. Some key results faper|V are presented. A
beam model, based on the same modelling approach as thempal, is also
presented. The beam model is used in order to verify the riogelpproach and
is compared against measurements.

Chapter 5expands the concept presenteimapter 4by also allowing the piezo-
electric element to be used as an actuator. The combinett effa passive shunt
network and active driving of the piezoelectric elemennigestigated. The most
important findings fronPaperV are summarized i€hapter 5
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Chapter 6presents an implementation of some fundamental shunt dangoin-
cepts on a vehicle structure. The selected structure is lgpani The oil pan
has been recognized as a major contributor to the poweriage emissions. An
approximate model of the resonance peaks of the top plateeadit pan is con-
structed, and the potential of shunt damping is estimatbd.shunt damping treat-
ment is also experimentally investigated.

Chapter 7summarizes the results presented in the main body of thesthed the
appended papers. The key findings are highlighted and sooseegxts for future
research are presented.

Appendix Acontains mathematical derivations which are not includeithé main
body or in any of the appended papers.

Appendix Bprovides some simple examples of applying the impedanceapp
developed irfPaperll on deriving the scattering matrices of some typical stine
junctions as well as influencing these scattering matrigethé means of active
control.
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Chapter 2
Active junction control

Active vibration control can be based on various approgches wave-based or
modal-based. Wave-based control strategies are baseccomgdesing the vibra-
tion field into travelling wave components. Controlling teém waves enables ac-
tive junctions, e.g. cancelling reflection or transmissodnvaves past a certain
point. This chapter presents some fundamental conceptdioé aibration control
and some theoretical results based on coupled beams mateighily active forces
or moments.

2.1 Active vibration control

Using secondary, active inputs to control unwanted vibregiin structures is the
fundamental idea behind active vibration control. The heghe of using a sec-
ondary input to interact with a primary disturbance to redtize total field was
proposed for sound propagation as early as 1936 by Lueg {@énily years later
Olson [10] studied control of sound and vibration. He disewkisolating a ma-
chine from its foundation by using active control, assuntimg machine to be a
lumped parameter system. This study is very enthusiastatabe possibilities
of active vibration control. Rockwell and Lawther [11] exuied the approach
of active vibration control to a distributed parameter stinwe. They presented a
feedback control approach to augment structural dampirglmeam. Several text-
books and review articles have been written on the topictofecibration control.
Books such as references [12] and [13] and review articleb aa reference [14]
give exhaustive overviews of the principles, applicatignsssibilities and prob-
lems of active vibration control.

Active vibration control has found various applicationscls as space structures
[15], automotive parts [16], power tools [17] and microsesl8]. An exhaustive
review of using of active sound and vibration control for ier@gring application,is
given bin reference [19].
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2.2 Travelling wave approaches

The vibration field on a structure can be composed of sevédfateht wave types
such as extensional waves, bending waves and torsionaswaneactive vibration
control system based on a wave approach can be used to contahcel spe-
cific waves in a structure. This requires measurement okth@ves and since the
waves cannot be measured directly they have to be estimatedother measure-
ments. This can e.g. be done by measuring the response adlqey&tions on the
structure.

Several investigations have treated cancellation of bendiaves propagating in
beam-like structures by means of active control. Scheu2éhgresented an ex-
perimental investigation of an active reflector. Accelermimeasurements at two
positions allowed the bending wave amplitude and phase &stiated. This in-

formation was used to drive a control force in order to refeetiending wave at
a certain point. The experimental results revealed thattmrol force rejected

almost all (99.97 %) of the incoming wave power.

Figure 2.1 shows an example of estimating the wave amplivaded on the mea-
surements from two closely spaced accelerometers usiragpfireach of Scheuren.
The measurements are done on a 0.4 m long free-free alumbeam. The beam
is excited in one end and two accelerometers spaced by 0.0& used to estimate
the bending wave in each direction. The figure shows that th&sored bending
wave amplitude matches the theoretical value quite weNab®0 Hz. Under 500
Hz the measurements severely underestimate the wave ad®lifThis is partly
due to the near-field influencing the measurements at lovuénecjes. Thus in or-
der to get a better estimate for low frequencies the acarsleters have to be further
from the beam boundaries, or more accelerometers are needed

Halkyard and Mace also presented a study of bending wavestaimon based on
multipoint acceleration measurements. A two-point [21] arthree-point wave es-
timation sensor [22] were developed; the latter sensoidcalsb cope with bending
near-fields being present at the measurement point. Althoasgally multipoint
measurements are required, under certain conditions -agialave propagation in
only one direction - it might be sufficient to uses a singlesse23, 24].

The purpose of the control system can be to cancel the refect waves at
structural junctions. By cancelling the reflected wave teeegation of vibrational
modes can be hindered, thus significantly reducing the tidsrdield on the struc-
ture. Tanaka and Kikushima [25] presented a study of cangelhe reflection
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Wave amplitude [dB ref 1 m78l]

1000 1500 2000

’ Frequency [Hz]

0 50

Figure 2.1: The measured and theoretical wave amplitude for positineewa: measure-
ment;-----: theory.

or transmission at a certain point on a beam, and therebyivating vibrational

modes. Tanaka and Iwamoto[26] presented an approach tfegyeckto as active
boundary control, which had the purpose of creating desicechdary conditions
at any point on a beam. The approach was used to create wibfagie regions on
the beam. lwamoto et.al [27] developed a feedforward schieroeeate vibration-
free regions on a plate.

In some situations it may be necessary to control not onlyglsibending wave
but also the near-fields. Mckinnel [28] reported that for{frequency vibrations,
cancelling only the propagating wave may leave a significasidual vibration
field caused by the near-fields. Von Flotow and Schafer [29¢dleed a theoreti-
cal approach of how to create a matched (anechoic) terramatith a matrix that
relates deflection and rotation to force and moment, thusidening both waves
and near-fields. They report that the matrix which will reala matched termi-
nation is the driving point mobility of a semi-infinite bearhlowever, they also
acknowledged the problem of implementing such a controiler to the difficulty
of rotation measurements and moment actuation. Mace [30]discussed collo-
cated sensing of deflection and rotation together with calied actuation by force
and moment. Another way of controlling all wave types in aictiure is to con-
trol the power flow. Audrain et al. [31] presented a study wita aim of actively
controlling the structural intensity. Five acceleromsteerved as the basis for a
finite-difference scheme to estimate the structural intgnghis controller proved
effective in minimising the energy transmission past aatertontrol point.
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Cancelling the reflection or transmission of waves does aoéssarily mean a re-
duction of the vibratory power in the structure. In factstimay in some cases
actually be increased by the actuator injecting power iméostructure. Controllers
may instead be based on maximizing the absorbed power. @giek al. [32]
showed that, in theory, a point force on an infinite beam catilthe most absorb
half the power carried by a single incident bending wave levaiquarter of the
power would be reflected and a quarter transmitted. Howeaver free end all in-
cident wave power could be absorbed. The latter was alsalfexperimentally by
Scheuren [33].

Redman [34] presented an experimental study where a pagmfat forces were
driven in order to maximize their combined power absorptitogether the forces
absorbed almost all the incident power, leaving a residoalgp which was 36
dB lower than the incident power. An exhaustive theoretstatly by Brennan et
al. [35] presented several different wave-based contrategies. An important
result from this study is that, from a global point of view,stadvantageous to
minimize the total power input from both primary and secagdiaputs rather than
maximising the power absorbed by only the secondary inptnusT if the total
vibrational power of a structure is to be minimized, a colierovhich has the ob-
jective to alter the impedance at the primary force inputpariorm better than a
controller which is designed to absorb vibrational powehed studies concerning
active control at structural junctions, either to influetioe scattering properties of
the junction or to absorb incoming wave power, include [38,38, 39].

As mentioned before, the vibration field may be composediadrorvave types than
bending waves, such as extensional and torsional waves, Thricontrol system
may need to consider multiple wave types in order to achiesigraficant vibration
reduction. Simultaneous control of both extensional andifle waves was treated
in [40, 41]. Gardonio and Elliot [42] investigated activent| of flexural and
extensional waves on a beam with a termination that coupletito wave types.

2.3 Deriving an active junction

2.3.1 Wave formulation

The theoretical investigations presented in this chapterbased on a travelling
wave solution to the Euler-Bernoulli bending wave equatidhe Euler-Bernoulli

bending wave equation describes the bending motion on a beanture, neglect-
ing rotational inertia and shear deformation. Euler-Beitloheory describes the
low-frequency motion of a beam relatively well. Figure 2iws a measured and
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]

B ref 1 m/sN
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560 ldOO 15‘00
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Figure 2.2: The transfer mobility of a 0.4 m long free-free aluminium imed he beam is
excited at one end and the velocity is measured at the midpeinmeasure-
ment;-----: theory.

a calculated transfer mobility of a 0.4 m long, free-freen@lium beam. The beam
is excited at one end and the acceleration is measured atitp®imt, i.e. 0.2 m
from each end. The velocity is obtained by dividing the meadwacceleration by
jw.

When considering a wave approach to the Euler-Bernoullevemuation, the vibra-
tion field is composed of four wave components: two travgllivave components
and two evanescent wave components also referred to agieldar- Consider a
wave and a near-field propagating towards a beam junctianfigere 2.3. The
junction is in this case a connection between two beams wirexés semi-infinite,
and with a characteristic impedance which differs from the& heam. The differ-
ence in impedance between the beams could be due to difesrémthe geometry
and/or the material properties. As the two wave componegastr the junction,
they will be transmitted and reflected according to

b" =ta", a =ra'. (2.1)

+ - +
+_ ) oa, - oa, +_ ) b,
o e s ey

where the elements in the vectors represent wave ampliautteare illustrated in
Figure 2.3. The matricesandr are referred to as the transmission and reflection
matrix respectively, and can be calculated to give

2] () (a—1) Q=N —a)
t_A[(lﬂv)(a—l) (1+7)(1+a)}’ (2.2)

where
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and
o200 -jy1-a)® (1 +)1-a?) 2.3)
A (L —j)(1—a?) 20(1 =% +jv(1 —)* |’ '
where Bl "
_ by _ _ 2 2
“=Ere TR A =2a(l1+77) +7(1+a), (2.4)

where F1, and EI, are the are the bending stiffnesses dndand k, are the
wavenumbers in the respective beams. The subscript on tiuengestiffness 1,
means that both the Young’s modulus)(and the moment of inertial may ar-
bitrarily change; however, it is their product which is inm@mt to the scattering
matrices. The reflection and transmission matrices wereetkin [43]. By in-
troducing a force at the junction, (see Figure 2.3), the ¢gfla and transmission
matrices can be derived, including the external force. Byiasng that the junction
is located several wavelengths from the primary excitatiba incident near-field
can be neglected and thus only the first column of the scadfeniatrices is non-
zero. Calculating the non-zero elements of the transnrissid reflection matrices
yields

The external force at the junction has been given the supetrsact’ in order to
indicate the intention to use it for active control. The smamg factors are also
superscripted by 'act’ and are here referred to as activieesoay factors. Detailed
derivation of these scattering factors can be founBaperl. The scattering prop-
erties of the junction may be altered by putting constraami$he active scattering
factors and deriving the force which is required to fulfil t@nstraints. IrPaper

| non-reflective, non-transmissive and power-absorbimgtjons are studied. Pa-
rameter studies are conducted by varying the propertidgedi¢ams, and the power
flow across the junction and control effort is calculatedm8dkey findings from
Paperl are discussed in the final section of this chapter. The thpagsented in
Paperl is confined to semi-infinite beams and just a point force agdmction. In
the following section, a more general approach based on padance formulation
of the junction is developed in order to overcome these &étianhs.
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Elk, =y Elky

Figure 2.3: The waves present on two connected beams of different grepewhere the
right-side beam is semi-infinite. An active force is locasddhe junction.

2.3.2 Impedance formulation

A more general way to express the reflection matrix at a stratjunction is
through an impedance formulation. The structure on the sgie of the junction
(receiving system) can be treated as an arbitrary ternoimatipedanceZ, seen by
the left-side beam; see figure 2.4. The termination impeelaglates the deflection
and rotation to the internal force and moment at the juncfidre reflection matrix
can be expressed according to

r=(C)"" (Z* - Z)_l (z . Z*) ct, (2.6)

~ 11 . |1 1

L B R
The matriceZ* andZ~ represent the characteristic impedance matrices defined in
[44] and derived irPaperll. Note how equation 2.6 resembles the reflection factor
for longitudinal waves. In fact, if the matrices in equatihé are replaced by their
scalar equivalents, the expression reduces to the scéllstien factor for longi-
tudinal waves. Using equation 2.6 the reflection matrix fioy &/pe of junction
can be calculated, under the requirement that the termmmatipedance matrix is

known. Appendix B presents the impedance matrix and cooretipg reflection
matrix for some examples of junctions.

where

Using the impedance formulation, active control may beouhiiced at the junction
by splitting the termination impedance matrix into an aetand a passive part
according to

Z _ Zpass+ Zact (2_7)

whereZa®tis the active impedance matrix representing an externatitapce load
andZP®sis the passive impedance matrix of the junction. The activeeidance
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Figure 2.4: The waves present on an Euler-Bernoulli beam connected adxétnary junc-
tion impedance.

matrix, Z2% relates a sensing vector (translational and rotationakitees) to an
actuation vector (force and moment) according to

Qact _ ZaCtll, (28)

ac Fact w
Qt:{Mact}v u:{ﬁ'}a

The actuation vector thus has a linear dependence on tisidtianal and rotational
velocity at the junction, specified by the active impedanegrix. The actuation
vector can thus be used to manipulate the reflection mataxyuatction of an Euler-
Bernoulli beam and an arbitrary receiving structure.Paper |l the impedance
formulation is e.g. used to study the influence of bending-fiells on a reflection
cancelling controller.

where

2.4 Discussion of results fronfPaperl and Paperll

As mentioned in the preceding secti®iaperl| presents a parameter study investi-
gating the effect of beam properties on the control effod power flow of a junc-
tion between two semi-infinite beams. A non-reflective, a-transmissive and an
absorptive junction are studied. The results from the redlective junction show
that if the properties of the beams have a certain relatienuhction is always
absorptive, i.e. the active force which is driven to canbelreflection removes vi-
bratory power from the junction; see Figure 3Haperl. However, the active force
only absorbs a part of the incident wave power while the etansmitted to the
receiving beam. This remaining transmitted wave poweraqalssibly be pas-
sively dissipated in the receiving beam, thus forming a fdyactive-passive vibra-
tion control treatment. HowevdPaperl is limited to semi-infinite, non-dissipative
beams. The more general impedance approach developagénll can be used to
study finite and dissipative receiving beams. This is dgyaddurther inChapter 3
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The impedance approach presentedaperll facilitates some understanding of
the impedance which is required in order to achieve certaistjons. For exam-
ple, introducing impedance control at a free end, all incideave power can be
absorbed by choosing the (1,1) element of the active impedaratrix in equation
2.8 to be half the complex conjugate of the correspondingetd in the character-
istic impedance matrix of the beam, as previously repomegB2]. However, this
assumes that only an incident wave is present at the juncanincident near-
field may in fact reflect a propagating wave and thus dimirfighpgerformance of
the controller. InPaperll it was shown that if the junction is close (in terms of
wavelengths) to the primary excitation, the effect can lgeificant; see Figures 6
and 7 inPaperll. Still, this can be remedied by including additional elemts in the
active impedance matrix in the control law, such as mometuiaéion or rotation
sensing.
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Chapter 3
Hybrid junction control

Combining passive and active vibration control resultsyibrid vibration control.
In this chapter the concept of an active junction which wamauced in the previ-
ous chapter will be expanded upon. A highly dissipative bedlhbe connected at
the junction. The aim is to use the active inputs to confineatibnal energy to the
highly dissipative beam, thereby achieving efficient hgtlactive-passive vibration
control.

3.1 Hybrid active-passive vibration control

There are several types of hybrid vibration control treatteeThe possible bene-
fits of using hybrid approaches are several. As passive dampimainly a high-
frequency approach, and active control mainly a low-freqyeapproach, their
combination may provide vibration control over a broad €reacy range. Further,
the passive damping may help to increase the stability msugfi a feedback con-
trol system as well as providing fail-safe damping if thexactontrol system fails.

A common hybrid approach is active constrained layer daghphCLD). It is an
expansion of the passive constrained layer (PCL) by usirgcaurator as the con-
straining layer. The ACL consists of a viscoelastic dampaygr constrained by
an actuator. The ACL does not only benefit from the purelyaabr purely pas-
sive damping effects of the treatment; there is also a coatioim effect due to the
actuator motion. As the actuator works against the prim#oyation of the host
structure, additional shear losses are introduced in theoelastic layer; see Fig-
ure 3.1. Several studies have treated ACLD; see e.g. refesda5, 46, 47, 48] for
beams, and [49, 50] for plates.

Some studies point out limitations of ACLD as a hybrid danggheatment. E.g. us-
ing a piezoelectric polymeric film (PVDF) as the constragnliayer yields a damp-
ing treatment which is sub-optimal in its passive statehasconstraining layer is

17
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Actuator

Viscoelatic layer [ ‘ — ~
| | <L )

Figure 3.1: A schematic figure of an active constrained layer. To thaddfie undeformed
structure and to the right the deformed structure.

Actuator motion

Structural motion

not stiff enough [51]. Lam [52] reported that the actuatdrarcis reduced, com-
pared to pure active control, because the actuator mugtractgh the viscoelastic
layer. An approach to overcome the insufficient stiffnegbeiconstraining layer is
to combine passive and active materials; see e.g. refes¢b8e54]. Another way

to increase the efficiency of ACL has been to connect the@aelements directly
to the host structure through edge elements forming an eekarctive constrained
layer (EACL) [55], which may increase the control authoofythe configuration

[56]. Studies have also been presented where the ACL isisfaipure active con-

trol (AC) and a PCL; see e.g. references [52, 56, 51, 57]irdllgp1] reports that

the difference in control efficiency between ACL and AC-PGLniegligible, but

the AC-PCL treatment requires less control effort as theaot does not have to
work through a viscoelastic layer.

3.2 Active junction with a sandwich beam

As hybrid treatments have many potential benefits comparpdre passive damp-
ing or active control the approach of active junction cohntresented in the previ-
ous chapter - is here expanded upon to include also passweigig. The purpose
is to use active junction control to confine vibrational powgea part of the struc-
ture which is treated with passive damping.

Using the impedance approach presented in se@extion 2.3.2the reflection
matrix of a junction between an Euler-Bernoulli beam andradsach beam may
be derived; see Figure 3.2. The sandwich beam consists aitdbam treated with
a PCL. The sandwich beam was modelled using the approachad kted Markus
[58]. As the driving pointimpedance matrix of this sandwidam is quite compli-
cated to derive analytically, it was numerically calcuthtessing appropriate values
for the material properties and geometry. The considenedvgiah beam is 0.35 m
long and has a viscoelastic layer with high lossgs=(0.7) and a thickness which
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is 1% of the base beam; sBaperll for more details.

Fact

+ ay
a X/ l

0.35m

Figure 3.2: The hybrid configuration using impedance matching techesqhe beam to
the right of the junction is a sandwich beam.

Figure 3.3 (a) shows the reflection efficiency of the junctiathout considering
an incoming near-field. The figure shows that most of the paaered by an
incident wave is reflected back from the junction and not meadbst in the sand-
wich beam. In fact, less than 1 dB of the incident wave poweabsorbed in the
considered frequency range of 1-2000 Hz; hence the sandweiaim in this case
is not a very efficient damping treatment. Active junctiomttol may be intro-
duced to improve the damping efficiency of the sandwich beAsino incident
near-field is considered, a single force at the junction maysed to cancel the
reflected wave. By cancelling the reflected wave all incidesnte power is lost in
the hybrid treatment, either passively in the sandwich beaactively by the force.
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Figure 3.3: (a) The reflection efficiency of the junction of the Euler-Beulli and the sand-
wich composite, for the case of no active control at the jonct(b) The power

absorbed by the hybrid treatment: active power ; - - -: passive power. The
dotted line indicates the regions in between which the agiiower changes
sign.

The power absorbed at the junction, normalized to the inngnaiave power, is
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plotted in Figure 3.3 (b). The figure shows how much of the micwy wave power
is absorbed passively in the sandwich beam or actively byatee. It is evident
that in between the resonance frequencies the active farserlas most power,
as the dashed line is 15-20 dB below the solid line. Howeveurad the res-
onance frequencies where both the dashed and solid line paaka the active
power changes sign. This means that the active force inpester into the sand-
wich beam. All incident wave power as well as power injectgdhe active force
is absorbed in the sandwich beam. This is also associatéchwh control effort
around the resonance frequencies, a control effort whisigrsficantly higher than
using a force to absorb all incoming wave power at a free ezglFggure 10 irPa-
per Il. Thus this type of hybrid configuration is not optimal, &g tcontrol effort is
considerably higher when the sandwich beam is present aeehpaing the active
force at a free end. This reveals the importance of a detailewvledge of how
the properties of the passive treatment of the hybrid cordignn affect the active
force and wether the properties of the passive treatmentbaaghosen in such a
way that the active and passive treatments complement ¢aeh o

3.3 Parameter study of a highly damped beam

In order to investigate if the properties of the passive dagyreatment (the highly
dissipative beam) can be chosen so that the active and passits complement
each other, a parameter study was conducted. As mentiotieglimevious section,
an analytical expression for the driving point impedancérxaf the sandwich
beam is difficult to obtain. Thus in order to gain some undeding of how the
properties of the passive part of the hybrid treatment wita the total hybrid
configuration, the sandwich beam was replaced by a finiterEBBdenoulli, which is
simpler to treat analytically. As the beam to the left of ttkegtion is non-resonant,
the beam to the right is referred to as the resonant beam.eBbeant beam had the
lengthl, a rectangular cross-section, and arbitrary materialgnggs. The driving
point impedance matrix of this resonant beam can be founigtasaly as

VA

_ JEI cosklcoshkl k3(tan kl + tanh kl)  k*tanh kl tan ki

~ w cosklcoshkl+1 k*tanh kltan kl  k(tankl — tanh kl) |’
(3.1)

wherek! is the product of the wavenumber and length. Internal logsz=écluded

in the model as a complex modulug; = E(1 + jn), whereE’ is the Young’s

modulus and, is the loss factor. Inserting equation 3.1 into equationy®gis

r:l[rn 7’12}7 (3.2)

Q| ror T2
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where
o= —jx*det(Z) — /2x (Vi1 — B0%) + x (F12 + Z21) —, (3.39)
re = (143 (1—x det(Z)) (3.3b)
ro = (1—3) (1—X det(Z )), (3.3¢)
rey = jx*det(Z) — \/2x (i1 — B0%2) — jx (12 + Z2) +),  (3.3d)

Q = x2det(Z) + V2x (Y21 + B0Z2) + X(Z12 + Z21) + 1,

wheredet(Z) denotes the determinant &fwhich is a dimensionless matrix and a
function ofkl. The parameters appearing in equations 3.3a through 33tkéined

as
El, m, .
52 — E[b’ 72 — _,b’ 52 — (1 +.]77>7 X = ﬁéf}/ (34a,b)

The subscripta andb on E1 andm’ refer to the non-resonant and resonant beam
respectively. The loss factoris given no subscript as only the resonant beam in
this case has internal damping. The dimensionless impedaatrix,Z, is a nor-
malized version of the matriZ® in equation 3.1. The important parameters for
the reflection matrix in equation 3.2 are the ratio of benditiinesses and masses
between the beams, the loss factor and the product of themvamber and length,

kL, of the resonant beam. By considering the case where bothdleave the same
mass and bending stiffness, the effect of the damping aneéniggh of the resonant
beam on the reflection matrix can be investigated.

Figure 3.4 shows the reflection efficiency of the junctiondarincident bending
wave as a function of the loss factor for different values:bf The figure shows
that askl = 1 andkl = 5 the reflection efficiency decreases, i.e. the absorption
increases, with an increasing loss factor in the rangge-ef0 — 0.5. However, as

kl = 50 andkl = 100 there is an optimal choice of loss factor which maximizes the
absorption of incident wave power. A loss factor which is éowhan this optimal
value means that the wave power that enters the resonantibéess dissipated,
while a higher loss factor causes a greater impedance nukraathe junction and
thus a higher reflection efficiency. This highlights the fiett the highest loss fac-
tor does not always result in optimal absorption.

Figures 7-9 inPaperlll present the results of a parameter study of the reflection
efficiency of the junction, i.e. how much power is absorbedh®y passive junc-
tion if only an incoming wave is considered. The loss factathe resonant beam
was chosen ag = 0.3 since the purpose of the study was to investigate a highly
dissipative beam. The results show that a high passive jgtiisoican be achieved
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Reflection efficiency [dB]

0 ‘ 0.‘1 ‘ 0.‘2 ‘ 0.‘3 ‘ O.‘4 ‘ 0.5
Loss factor

Figure 3.4: The reflection efficiency as a function of the loss factor, tfee case??> =
V=1 —kl=1;---kl=10; - kl = 50; - - - kl = 100.

if the beams have similar bending stiffness and mass, andegmant beam is
long in comparison to the bending wavelength. This seemsralaas there is a
small difference in impedance between the beams and the widlwendergo sev-
eral cycles in the dissipative, resonant beam. Figures 45andPaper 1l show
that, for the case where the beams have identical bendiffigess and mass, the
junction impedance matrix approaches the characterisii@dance matrix of the
wave travelling towards the junction. The parameter st@ealed that for most
beam combinations, however, most of the incident wave paasrreflected at the
junction. Thus, active control could be used as a complemoghte passive damp-
ing in order to impprove the overall damping efficiency.

An external force and moment can be introduced at the jumeiging the active
impedance matrix described 8ection 2.3.2If there is only an incident wave and
no near-field at the junction, a force or moment is sufficientancel the reflec-
tion and thereby absorb all incoming wave power, eitheripalysin the resonant
beam or actively by the force or moment. The force which isumegl to cancel
the reflection at the junction can be derived by putting a@amsts in the reflection
matrix. The control effort of the active force, as well as #mount of the power
which is actively and passively absorbed respectivelysstigated irPaperlil.

A parameter study was conducted by varying the propertighefesonant and
non-resonant beam in relation to each other. The results wweestigated in terms
of control effort and the amount of power absorbed by thevadtrce and resonant
beam respectively. The magnitude of the force required noaahe reflection at
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the junction is compared to the magnitude of the force reglio cancel the reflec-
tion at a free end - the latter representing pure active obnfihese investigations
show that there exist combinations of beams where the aatidepassive treat-
ments complement each other, and thus where a hybrid caaitdion may offer
benefits compared to a pure passive damping or pure activeotomhis implies
a control effort that is lower than cancelling the reflectadra free end, and a pas-
sive power absorption which is substantially improved lgy/ghesence of the active
force.

One case where a hybrid system may be advantageous overgasiggopdamping
or pure active control is described: consider the case wthereesonant-beam
has a bending stiffness which is 10 % of the non-resonant padoss factor of
n = 0.3 and wherekl = 0.5. For this case the passive junction reflects about
30% of the power carried by an incident wave. Introducing dotve force to
cancel the reflection at the junction will result in all ineidt wave power being
absorbed, about 35 % passively in the resonant beam and 638é hygtive force.
The control effort for this case is around 75 % of that of agivabsorbing the
incident wave power at the free end. Thus, for this specifeedhe active and
passive parts of the hybrid system seem to complement eaehn tw a certain
degree. However, this requires that the properties of tlaenlsecan be decided
with high precision, which might be difficult in a real implemtation situation. A
more detailed discussion can be foundPaperlll. It may be pointed out that even
for cases where the passive damping does not absorb any iotctdent power in
the presence of the active force, it can still be valuable ey provide fail-safe
damping, and/or increase the stability margins if the actorce was driven by a
feedback control system.
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Chapter 4
Piezoelectric shunt damping

The ability of piezoelectric materials to transform medbahenergy to electri-
cal energy and vice versa makes them suitable as transdocdrsth active and
passive vibration control. By shunting an electrical netwim the piezoelectric
element, it can provide passive structural damping, a igaerreferred to as shunt
damping. This chapter provides the fundamental principfethis approach and
some of the literature published on the subject. A simple@mmon approach
of shunt damping is to connect an inductance and resistanttestpiezoelectric
element and tune this shunt to augment structural dampiag@stain mode. The
shunt is tuned using certain criteria based on e.g. intengréhe shunt as a tuned
vibration absorber using the principles know from there.weer, there is not
much reported on how different inductive-resistive shuaffect a structure over
a wide frequency range. Further, if the objective is to redine radiated sound
power of the structure instead of the structural responseatiiation properties of
the structure needs to be considered. The chapter pregentmnalytical models
of piezoelectric shunt damping, one beam model and one platl. The beam
model is used verify the modelling approach by comparingiibhwxperimental
data. The plate model is used for a comprehensive parantetsr af how differ-
ent inductuvive-resistive shunts affect the kinetic egpeng the plate and radiated
sound power. Results show that the optimal shunt treatneatgs/depending on
if it is designed with respect to the kinetic energy or raglissound power respec-
tively .

4.1 The piezoelectric effect

When a piezoelectric material is stressed it produces d gheatric charge on the
material surface. This effect was discovered by Pierre anduks Curie in 1880
[59]. By attaching electrodes to the surfaces of the pieigt material, a voltage
potential is created between the electrodes; see Figurelater the transverse
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Piezoelectric material

Electrodes

1

Figure 4.1: A schematic drawing of a piezoelectric material with eledas attached at
each surface

effect was also discovered, i.e. if an electric field is aggplio the surfaces of the
piezoelectric material it changes its size and shape. Témoplectric effect can be
found naturally in a number of different materials, e.g.tuarystals, tourmaline
and topaz [59]. However, it can also be artificially inducadcertain materials
during the manufacturing process. This is achieved by hygdlthe material. In
its unpolarized state, the material dipoles are arrangeahidom directions so that
they cancel each other and no significant macroscopic sféeet observable; see
Figure 4.2 (a). If the material is heated above its Curie &enajurre, the dipoles
in the solid phase material may change their location. Byyapg a large electric
field the dipoles can all be arranged in a certain directieferred to as the polar-
ization direction; see Figure 4.2 (b). After the electrid¢diis removed the dipoles
remain in approximate alignment; see Figure 4.2 (c). Piertic materials are
used in a number of commercial products for sound and vimaensing and ac-
tuation, e.g. accelerometers and ultrasonic transducers.

4.2 Shunted piezoelectric elements

4.2.1 Fundamental principles

The fundamental principle of piezoelectric shunt dampsgpiconnect a passive
electric impedance between the electrodes of a piezoeletément attached to a
host structure; see Figure 4.3. As the host structure \@braihe piezoelectric ele-
ment deforms and a voltage is created between the electobtles element. If an
electrical network (impedance) is connected between #atreldes the voltage will
drive a current through the network. Electrical energy Wéllost as Joule heating
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(@) (b) ()

Figure 4.2: Electric dipole moments: (a) before polarisation, (b) dgrpolarisation, (c)
after polarisation.

Piezoelectric element

Host structure

N

N x/

Figure 4.3: A schematic drawing of a piezoelectric element shunted byelectrical
impedance and bonded to a host structure.

in the resistance of the electrical components. Thus, sdbrational energy is
converted to electrical energy by the piezoelectric eldamd some of the elec-
trical energy is converted to heat in the electrical netwbence there is net loss
of energy in the mechanical system. The damping efficienthi@Ehunted piezo-
electric element is thus governed by the piezoelectric nadie ability to trans-
form mechanical energy into electrical energy. This proper characterized by
the piezoelectric coupling factor, the definition of whi@nde found in standards
on piezoelectricity [60].

The electrical network, i.e. shunt impedance, can be coatas a number of
ways. In one of the first research articles on shunted pieztred elements, For-
ward [61] proposed shunting an inductance to the piezaaestement. The in-
ductive element together with the inherent capacitancleeptezoelectric material
will have an electrical resonance frequency. By tuning teetacal resonance fre-
guency to coincide with a structural eigenfrequency, madalpression could be
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achieved. Since no resistance was added in the electricaltcithe purpose of the
treatment was not to add structural damping but merely tp=gs the vibrational
response around the frequency for which the shunt netwoskuveed, in a fashion
very similar to a tuned vibration neutralizer; see e.g.nexiees [62, 63]. Hagood
and von Flotow [64] extended the approach of Forward by alstuding a resis-
tive element in the shunt circuit, thereby dissipating ggefhe resonant network
was compared to a purely resistive one, i.e. a hon-resorework which adds
broadband damping in a fashion similar to a viscoelasticenedt[64]. In order
to tune the components of the shunt network, Hagood and vaiowIdeveloped
an analogy to the tuned vibration absorber, which is heffereifitiated from the
tuned vibration neutralizer mentioned earlier becausessipates energy. By this
analogy the components of the shunt network could be tuneithgr minimizing
the mechanical system transfer function or using pole phece techniques.

Although resonant shunts are very common, other types haweebaen investi-
gated. Lesieutre [65] summarized different kinds of smgtnetworks in four
basic categories. These four are:

¢ Inductive shuntsince the piezoelectric element behaves electricallycss a
pacitor, shunting an inductive element will result in a meat LC circuit.
This works in practice as a vibration neutralizer and theigtide element is
tuned so that the electrical resonance frequency coineitbsa mechanical
resonance frequency. This is the type of shunt network @egby Forward
[61].

e Resistive shuntshunting a resistive element to the piezoelectric element

means that some of the electrical energy is lost in the ¢itbuwough Joule
heating. This virtually works as augmenting the structdeahping, and can
be interpreted in terms of a loss factor [64].

e Capacitive shunta capacitive element in the shunt network will change the
apparent stiffness of the piezoelectric element withdieiciihg the damping
properties of the structure. However, as a stiffer strechas the potential to
store more energy, capacitive shunting may help increasheyent material
losses. A capacitive shunting could also be used to shittitpEnfrequencies
of a mechanical system. Davis and Lesiture [66] presentempanoach to
alter the natural frequency of a single degree-of-freedpstesn by actively
tuning a capacitance of a shunted piezoelectric elemei.eflectively min-
imized the structural response at a narrow frequency bamahdpy the tuned
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electric circuit.

e Switched shunta switched network can change its characteristics rapidly
based on the state of the mechanical system. This enablestilcof
the energy transfer. There are several different types dtking shunts,
e.g. switching the shunt between a high-stiffness statenepcuit) and low-
stiffness state (short circuit or resistive shunt). Theksgjffness state is kept
while the structural motion is large so that energy is storethe shunted
piezoelectric element. When the structural motion is redyéclose to its
equilibrium state) so that it may receive the energy backnftbe shunted
piezoelectric element, the shunt is switched to the loffrstss state and en-
ergy is dissipated [67]. Other studies concerning switcstlaahts include
[68, 69]. A switched shunt may also be used to harvest eneogy Yibrat-
ing structures, i.e. to store the energy which is dissipfted the mechanical
system; see e.g. [70]

4.2.2 Resonant shunt tuning

The electrical resonance frequengy of an inductive-resistive (LC) network is
given by )
VLC’
where L andC' are the inductance and capacitance respectively. Sinaeafhee-
itance is an inherent property of the piezoelectric elemiet inductance can be
chosen so that the electrical resonance frequency comwiitle the eigenfrequency
of a structural mode. In the RL shunt proposed by Hagood and-latow [64] the
shunted piezoelectric element was interpreted as a tuedtiin absorber. The
principles know from tuning a vibration absorber was apptethe tuning of the
inductance and resistance. The optimal tuning parametedamping ratio are
then given by [64]:

(4.1)

We =

V2K
5opt _ 1+ K2 opt _ 1j
+ Zj’ T 1 + KZQJ )

(4.2a, b)

wherekK;; is the generalized electromechanical coupling coefficihtch is pro-
portional to the fraction of the system strain energy thatoisverted to electrical
energy. The indices j refer to the electrical and mechanical material axes respec
tively; see figure 4.1. The optimal shunt components are th&ulated according

to ] !
L=———— R

o 4.
(wpdoPH)2Ce TOptCEwn (4.32, b)
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Figure 4.4: The calculated response of a piezoelectric element-sralgblate composite
for different values of the resistance: (8)1-7°°; (b). 0.25-r°Pt (c). 0.5-r°P%,
(d). r°P% (e). 2 - 7Pt (f). short circuit; (g). open circuit

whereC7 is the capacitance under constant strain. The shunt isreeEbig damp
the mode with eigenfrequenay,.

Figure 4.4 shows the magnitude of the first mode for a platgrivent with piezo-
electric shunt damping. The results are calculated witmibdel presented in sec-
tion 4.3.3. The inductance is tuned according to equati@a 4nd the resistance
is varied in order to see the effect on the damping performambe figure shows
that as the resistance is reduced from its optimal valueyitiration at the modal
eigenfrequency is more efficiently suppressed, while tepasse just below and
just above the eigenfrequency is amplified, analogous toedtwibration neutral-
izer. Increasing the resistance amplifies the response.agiaking the resistance
infinite will give an open circuit condition and the eigerffteency is slightly shifted
compared to the short circuit case.

Since the early work of Hagood and von Flotow numerous rebearticles have
treated piezoelectric shunt damping. Several papers heatet the issue of how to
tune the components of a resistive-inductive (LR) shunvogk. Behrens and Mo-
heimani [71] determined the optimal resistive element bgimizing the 2-norm
of a system transfer function, and Kim et al [72] propose axstuning technique
based on measuring the electrical impedance.
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A problem associated with resonant shunt damping is thetsetygo slight changes
in the electrical and/or mechanical resonance frequendeslight shift of the
modal eigenfrequency, e.g. due to temperature variatwilisseverely diminish
the damping performance of the shunt. In a similar fashiemperature variations
can cause changes in the inherent capacitance of the peteklement, which
will detune the shunt. Such problems can be overcome by dgptipdating
the shunt inductance. The inductance may be updated irratffevays such as
minimizing the RMS voltage [73] or controlling the relatiphase shift between
the velocity of the host structure and the current in the shetwork [74]. Some
additional literature on adaptive shunt damping is presgemtSection 5.1.1

4.2.3 Virtual and synthetic shunt impedances/admittances

A problem which has generally been associated with shunpdegis the large
inductance needed in order to tune the shunt to typical bgmdbde eigenfrequen-
cies. As an example it can be mentioned that, in order to tumshunt inductance
to a mode with an eigenfrequency of 50 Hz using a piezoeteetement with a
capacitance of 100 nF, an inductance of around 100 H is neelach an induc-
tance normally needs to be synthesized with electronicitizgc commonly using
operational amplifiers (op-amps). A common virtual indact consists of four
resistancesk;, R, R3, R5), a capacitance({) and two op-amps; see Figure 4.5
and [75]. The inductance of the circuit is given by

_ RiR3Rs

Lvir— . 4.4
moC (4.4)

Due to the high voltage created by the stressed piezoageteiment high-voltage
components are normally necessary to implement such avinductance.

Fleming et al. [76] proposed another approach using a siatheémittance to cre-
ate an arbitrary shunt impedance. The synthetic admittemsists of two voltage
followers, a signal filter and a voltage-controlled curremitirce. The voltage across
the electrodes of the piezoelectric element,is used to determine the applied cur-
rent,i., via the signal filter’(s); see Figure 4.6. The signal filter is implemented
digitally on a DSP. The controlled current source can be niadg/nthesize an
arbitrary impedance according to

i.(s) =Y(s)v.(s), (4.5)

wheres is the Laplace parameter and the impedance is given(by= 1/Y (s). A
synthetic impedance circuit can be also be utilized by dppls controlled voltage
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based on the measured current in the circuit. As the shuigitsidly implemented
on the DSP there are no constraints on the value of the indceta

4.2.4 Multimodal shunt damping

The structural damping provided by a piezoelectric elensbnonted by a LR cir-
cuit is usually confined to a single vibrational mode. A gfhaforward approach
to damp several structural modes is to attach a number otethpiezoelectric el-
ements to the host structure. However, using one shuntedelectric element for
each vibrational mode seems fairly unattractive due to thieefamount of space
on a structure in which a large number of modes are excitedthfem approach is
to adapt the shunt for multimodal damping by expanding teetatal network.
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Hollkamp [77] suggested adding one parallel RCL branch ¢éosithgle RL branch
for each additional mode which is targeted by the dampinatiment; see Figure
4.7 (a). For a single mode this circuit would be equivalerth®oone proposed by
Hagood and von Flotow [64]. No closed-form optimal solutfon choosing the
electrical components was presented, but instead the cuenpowere tuned using
a numerical optimisation scheme. An obvious problem with type of strategy is
the increasingly complex optimisation scheme as the nuwibesnsidered modes
(and thus RCL branches) increase.

Wu et al. [78, 79] proposed a shunt based on LR circuits (iresear parallel) to
damp each vibrational mode together with blocking LC citeul he blocking cir-
cuits have the purpose of blocking the current at all fregiesnexcept the tuning
frequency. Figure 4.7 (b) shows a two-mode current-blaglshunt circuit. LR
circuits L, R, and L, R, are tuned to the eigenfrequencies of modes one and two
respectively, whileL,, C are tuned to block the current at the second eigenfre-
quency and.,, C, to block the current at the first eigenfrequency. As the numbe
of targeted vibrational modes increases, the networks gcuite rapidly, which is

a drawback of such a configuration.

Behrens et al. [80] proposed a current-flowing circuit fotimwdal damping. A
branch containing one LC-pair and one RL-pair is introdufedeach structural
mode to be damped. The LC-pair is tuned to approximate a shouit condition
at the target frequency and an open circuit condition atcadiatarget frequen-
cies; see Figure 4.7 (c). This type of circuit has a clear athge compared to
the current-blocking circuit, since the network does noingas rapidly with each
new mode targeted by the shunt. This is especially impovtaen op-amps are re-
quired in order to implement large inductances. In ger@tal 4n(n— 1), wheren

is the total number of structural modes, op-amps are regjtorea current-blocking
multimodal shunt, whil@n op-amps are required for a current-flowing multimodal
shunt [81].

4.2.5 Shunt damping for sound transmission and radiation

Shunted piezoelectric elements have also been used otus&sin order to sup-
press the radiated sound field. Kim et al. [82, 83] applied s$teunt design based
on the measured electrical impedance to reduce sound tissiemthrough piezo-
electric smart panels. Ozer and Royston [84] compared tmsiclal method for
choosing the inductance and resistance of the shunt nethvasked on the work of
Hagood and von Flotow [64], to a method based on the Shern@migdn matrix
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Figure 4.7: (a) The Hollkamp circuit. (b) A two-mode current-blockingust circuit of
Wu et al. [79] (c) The current-flowing circuit.

inversion theorem. Their results were evaluated in tern®tf structural response
and radiated field. They recognized the limitations for mgnihe inductance and
resistance values for multi-modal systems. As the radi@étifrom a structure is
combined by the response of several modes, which mightagetthe inductance
based on the work of Hagood and von Flotow may be suboptimgludthg the
Sherman-Morrison matrix inversion theorem, they showed &im optimal induc-
tance could be found by minimizing the radiated sound pomepiessure at a cer-
tain point). Other studies concerning shunted piezoetectaterials for reduction
of sound transmission or radiation include negative-ciédgace shunts (explained
more inSection 5.1.P[85], switched shunts [86], tuned LR shunts [87, 88] or mul-
timodal shunts [89].

4.2.6 Shunted constrained layer damping

Using shunted piezoelectric elements to constrain a vigste layer has also been
investigated. Edberg and Bicos [90] presented a configuratihere one piezo-
electric element was embedded in the structure and anoteused to constrain
a surface-bonded viscoelastic layer. The embedded pezoelelement was con-
nected to the constraining one with reversed polarity. Assthucture deforms, the
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constraining piezoelectric element works against thisexich shear losses are in-
duced in the viscoelastic layer. This damping mechanisrsaswilized in ACLD;
see e.g. [47]. Ghoneim [91] reported that this techniquéopmed better than a
conventional PCL in suppressing the first bending and tmgstnodes of a plate.

4.2.7 Brief literature summary and motivation for study

Several papers treating resonant shunt damping have bessenped during the last
20 years. Most studies concern damping of one vibrationalemwy tuning the
shunt according to some predefined criterium. A few studée® Ipresented shunt
damping to reduce the sound power radiated from- or tratsaiibrough a struc-
ture, also mostly around a single mode. However, in manytigadcsituation the
vibration field of a structure is composed of several vilmai modes. Further,
as the radiated sound field is composed of a weighted sum efaawodes, in
order to design the shunt to reduce the sound it is importahave knowledge of
the radiation properties of the structure. Resonant shwiniish targets more than
one mode by expanding the electrical network have been pegpdiowever, due
to the complexity of tuning the shunt consisting of seveealonant branches the
analysis is often confined to two vibrational modes. Redyioime or two modes on
a plate where the vibrational field is composed of severalgaatbes not always
lead to a significant decrease of the kinetic energy or thated sound power. A
guestion that arises is therefore, is it optimal to tune thensto a specific mode if
the purpose is to reduce the kinetic energy or radiated spawer.

This chapter presents a parameter study of a plate with aglearic element
which is shunted by an resonant (LR shunt). The inductanderesistance is
varied and the result is evaluated in terms of both the kinetiergy of the plate
and the radiated sound power. An analytical model is deeeldyy considering

a perfectly bonded piezoelectric element. Two cases arBestuboth when the
modes have there eigenfrequencies well below the critiegjuiencies; and where
the eigenfrequencies are in the same order as the critegliéncies. The results
are presented iRPaper |V and some key results are included in this chapter. A
model of a beam with a piezoelectric element is also develape compared with
measurement in order to verify the modelling approach.
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4.3 Modelling of piezoelectric shunt damping

4.3.1 The constitutive relations

The general constitutive equations, in matrix form, for @zpielectric material are

given by [64]:
€ S¥ df o
to)-la elis} @

where the vectors ando contain the mechanical variables of stress and strain re-
spectively, and vecto® andE contain the electric variables of electric displace-
ment (or charge per unit area) and electric field respegtivEhe matricesS”, d
andg&’ contain the materials’ elastic compliance, piezoeledtiain constants and
dielectric constants respectively. The supersdfindo indicates that the quan-
tity is measured under a constant electric field and consteags respectively. The
superscript represent a matrix transpose. Equation 4.6 is explainedne atetail

in Appendix A

4.3.2 Various modelling approaches

Several different models of piezoelectric element-strrestomposites can be found
in the literature. Early works by Forward [61] proposed nibag the host struc-
ture around a modal eigenfrequency by its analogue elatticcuit. The piezo-
electric element is then connected through a transformére¢@nalogue circuit.
The resulting circuit can then be expanded by additionalpmments describing
the shunt network.

Hagood and von Flotow [64] included the effect of the shurthmelastic compli-
ance of the piezoelectric element according to

$90 = sB(1— k32", (4.7)

ji
wherek;; is the piezoelectric coupling factor and the superscsigtdenotes the

material’s elastic compliance with the shunted electriewoek. Z,"" is the normal-
ized electrical impedance which is found by normalisingelextrical impedance
with the impedance of the inherent capacitance of the pleztsee element. The
electrical impedance is the total impedance of the shuntor&tand inherent ca-
pacitance, where the shunt is parallel to the piezoeleeleiment’s inherent capac-
itance [64]. For an inductive-resistive shunt the norneielectrical impedance is
given by

7 BL (R+ Ls)cys

7 - s 4.8
1+ (R+ Ls)cys (4.8)
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whereR andL is the shunt inductance and resistance respectively,ati@ inher-
ent capacitance of the piezoelectric element. A non-dismralized mechanical
impedance can be defined by considering the ratio of the ststiffness to the
open circuited stiffness of the piezoelectric element ediog to

(1— k:lzj)
1) = TRz “9)

The non-dimensional mechanical impedance may be frequeeggndent and com-
plex. The impedance can be interpreted as a complex modttosdng to

ZM(s) = Ej;(w)(1+ jnj;(w)), (4.10)

whereFE;; is the stiffness ratio of the shunted stiffness to the opemuttistiffness,
andn);; is a loss factor. They are defined as

S{Z}] (s)}
Ejj(w) =R{Z}{(5)},  my(w) = W (4.11a, b)
Thus using this approach the shunt network can be includetafelling the stiff-
ness of the piezoelectric element.

Other studies have presented different approaches to rifmdsthunt network. Law
et al [92] described the damping of a resistively shuntedqa&ectric element by
using energy considerations. In general the constituéiagion in equation 4.6 is
considered to derived the coupled electromechanical Emsfor a shunted piezo-
electric element bonded to a host structure. The coupledrefaechanical equa-
tions can be solved by e.g. a Ritz method [93] or finite eles {94, 86].

4.3.3 Plate model

In this section a Kirchhoff plate model is presented, thislgias used to conduct a
parameter study on the effect of an inductive-resistivensbu the kinetic energy
and radiated sound power of a plate structure over a wideiérezy range. The
Kirchoff plate is the two-dimensional equivalent of the &uBernoulli beam, and
is based on the same assumption of no rotational inertia.nTdss of the piezo-
electric element is neglected in the plate model. Neglgdtie mass may in some
situations be erroneous, especially at higher frequernveee the inertial effects
are significant [95]. However, the purpose of this model wasta closely re-
semble reality for all masses of piezoelectric elementspaantly, though, the
conclusions which can be drawn from a parameter study ofhithatscircuit will
not be significantly affected by neglecting the mass. A thateplike structure can
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Figure 4.8: (a) Definition of load §) and deflection directions) on the plate. (b) Def-
inition of stresses and strains on the piezoelectric eléemdh its material
axes aligned with a Cartesian coordinate systeme, ando,, ¢, are the ex-
tensional stresses and strains in thandy and directions respectively and
Try, Yoy are the shear stress and strain in ihg plane. The voltage in the
3-direction is given byjs. (¢) The dimensions of the composite plate.
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for low frequencies be modelled quite accurately by usingthoff’s plate theory.
The modified Kirchhoff plate equation is given by
2

0 w,

DV4w(:c,y,t) +m ﬁﬂ)(ﬂf, Y, ) + I ¢ = (SC y7t)7 (412)
wherew is the deflectionpD andm” are the plate’s flexural rigidity and mass per
unit area respectively; is a function describing an external loading,y,t are
the space and time coordinates, &vids the nabla operator. The definitions of
load and deflection are defined in Figure 4.8 (a). The flexugadity is given by

D = #ﬁ@%) whereFy, t, andy, are the plate’s Young’s modulus, thickness and
Poisson’s ratio respectively, where the subsdtigtto denote Kirchhoff plate. The
term[’,, o includes the stiffness du to the piezoelectric element sidéiived by as-
suming a linear stress distribution which is continuousssthe material borders.
'€ is derived and explained iRaper V. This stiffness is complex and contains

the effect of the shunt network using the approach in refer¢é4].

Assuming a modal approach, a solution to equation 4.12 uratemonic excitation
is given by

wherea,, ,,, and ¢,, ,,, are the modal amplltude and modal shape function respec-
tively. A more detailed derivation of equation 4.16 is givMenPaper IV. For a
rectangular plate which is simply supported along its edipesmodal shape func-
tion of then, m:th mode is given by

Gnm(2,y) = sin(k,2) sin(k,y), (4.14)

where o -
k,=—., k,=— 4.15a, b
=L =T (4152, b)

n andm are natural numbers and,, L, are the plate dimensions; see figure 4.8
(c). The modal shape function are found by disregarding igwoelectric element.
By inserting equation 4.13 into equation 4.12 and followtmg standard approach,
the deflection field on the plate is given as

ext

w(z,y,w ZZ . = sin(k,z) sin(k,y),  (4.16)

m (WQ _ (.A)Q) + sz

where the eigenfrequencies ,, represent the plate without the piezoelectric ele-

ment and are given by
D
W = ‘/W (k2 +K2,). (4.17)



40 4. Piezoelectric shunt damping

The modal eigenfrequencies are found by considering theogenous differential
equation, i.e. without external loading. The modal massvisrgby

1
My = / / ptkgbi’mdS = ZptkngLy, (4.18)
S

and the modal force due to the external disturbance and nstitfakss due to the
piezoelectric element respectively are given by

= // q(z,y,w)PnmdS = Fsin(k,z.) sin(kny.), (4.19)
s

KR, = / / L bnmdS
S

~ Ll DY (ks + ki, + 2v,k2 K2, ) sin® (k) sin® (K ye)
+ lxlyDIﬁ4k3721k:3n (sinQ(k:nxc) - Cos(2knxc)) (sinQ(kmyc) - cos(2kmyc)) ,
(4.20)

whereu, is the Poisson’s ratio of the piezoelectric element Bfi¢f comes from
inserting equation 4.13 intb**. F®is the amplitude of a harmonic point force
at (z,;y.). The approximation in equation 4.20 is based on the assamfiat
the size of the piezoelectric element is much smaller tharbb#nding wavelength,
l.e.k,l, < 1andk,l, < 1. The cross-modal coupling terms are small and were
therefore neglected. The dimensions of the plate and pieztoe element are il-
lustrated in Figure 4.8 ().

As can be seen in equation 4.20 the modal stiffness due tdthreesd piezoelec-
tric element is divided into two parts containing two diéat flexural rigidities
D3l andDJ},. They represent the flexural rigidity due to the shuntedqeéec-

tric element and due to only the mechanical stiffness of teegelectric element
respectively and are defined as

t t
DU = ¢ Db =—° 4.21a,b
pll Siqu(l _V§)7 pdd 45«5(1 —1/13)7 ( )

whereS? is the shunted compliance according to equation 4.7 Sghis the open
circuit compliance in the 4-direction. The termis given by

oty Bl f

c 4 2 3
wheret,, is the thickness of the piezoelectric element. The secortcpaquation
4.20 may in fact be neglected without significant effects.fdct many models
of a structure with surface bonded piezoelectric elemegtece the mechanical
stiffness due to the piezoelectric element; see e.g. mderfb9].

(4.22)
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4.3.4 Beam model

A beam model based on Euler-Bernoulli theory is developedafshunt piezo-

electric element surface bonded to a host beam. This mothelsisd on the same
assumptions as the plate model and is used to verify the muglapproach. The

beam model is compared against measuremen#ation 4.5 The modal mass
due to the piezoelectric element is included in the beam rexlthe mass of the
piezoelectric element used in the measurements cannogbextedd. The modified

Euler-Bernoulli bending wave equation is given by

o 0?
O*w Pw _, Pw _,
82

wherew is the displacementy’ the mass per unit length anéd/ the bending
stiffness of the beam, and, the mass per unit length arg) the Young’s modulus
of the piezoelectric element, is given in equation 4.22. The functidn(z) is
given by

Qz) = [0(x — 1) — O(x — 12)], (4.24)

where© is the Heaviside step function. The primes denote difféaéon with
respect tor. The length and width of the piezoelectric element are glweh, =

o — x1 andb,, x andt the length and time coordinate respectively. The force
distribution loading the structure is given lyz,t) and© is the Heaviside step
function. A detailed derivation of the two-dimensional eglent of equation 4.23
can be found irPaperlV. Assuming harmonic excitation, a solution to equation
4.23 is given by

w(z,w) =Y an(w)dn(z), (4.25)

wherea,, andg,, are the modal amplitude and modal shape function respéctive
free-free boundary condition is considered as this is eaaghiieve experimentally.
The modal shape function for a free-free beam is given by

¢n = cosh(k,z) + cos(k,x) — 7, (sinh(k,x) + sin(k,z)) , (4.26)

where
cosh(a,) — cos(ay,)

o = (4.27)

sinh(ay,) — sin(a,)’
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where

1 Qi
ay, & (n + 5) T, k, = 7 (4.28a, b)

Inserting equation 4.25 into equation 4.23 and following #tandard approach
yields the modal amplitudes. These can be inserted baclemqmitation 4.25 to give
the vibration field of the beam according to

Q"

o0

w(z,w) = ; YA o — O (knt), (4.29)
where the modal mass and the modal disturbance force ane lgyve
— bty / ¢ dz thbp (4.30)
QY = / F.0(x — z)ppda = F.¢,(kyz.), (4.31)
0

wherep andb is the density and the width of the beam respectively. Theraat
disturbance force is a harmonic point force:at =, with amplitudeF,.. The modal
eigenfrequencies,, are considering the beam without the piezoelectric element

and are given by
_ 2
wn =\ F k‘n (4.32)

The modal eigenfrequencies are found by considering theogenous differential
equation, i.e. with no external loading.

Assuming that the bending wavelength is much larger thalketigth of the piezo-
electric element, i.ek,l, < 1, and that cross-modal coupling terms can be ne-
glected the modal mass and stiffness of the piezoelectroeht is given by

2
MSH = ppbptp/ gbidx R pptpbplaGn(e), (4.33)

L
KPP = B bt, / (khdpnQ 4 2¢0Y + ¢ ppda
0
~ kgtcbpzaEgU o), (4.34)

wherep, is the density of the piezoelectric element. The expression.) in equa-
tions 4.33 and 4.34 describes the location of the piezaeedement in relation to
the mode shape, and they are derived and defindgpendix A The effect of the
shunt is included in compliance of the piezoelectric elenaecording to equation
4.7. ThusE;Y = 1/S7Y, which is then complex and frequency-dependent.
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4.3.5 Sound radiation from a baffled plate

Suppressing the vibrational field is not necessarily thenary objective of vibra-

tion control treatments; instead it might be minimizing tiaeliated sound field.
Further, as the suppression of one or two structural modes kot necessarily re-
duce the radiated sound field it is important to consider #agation properties of
the structure. Fuller et al. [96, 97, 98] introduced the em®f active structural
acoustic control (ASAC), which means using active struadtunputs to reduce the
radiated sound. As reported by Fuller et al., reducing tlkéatad acoustic field

may under certain conditions actually lead to an increagbeplate’s vibration

field.

The radiated sound power can be calculated from the modalitangs of the
structure. Although the structural modes are orthogondaeims of the plate’s
vibrational response, they are not in terms of sound ramiatiThus, the modes
influence each other’s radiation efficiencies. This is esigégmportant under the
critical frequency of the mode. The fluid loading of the plst@eglected, and the
plate is assumed to be in a rigid baffle. The radiated soun@pdiff?, in terms of
the structural modes can be expressed according to [12]:

1% = a# Ma, (4.35)

where the matriXM is given by

(4.36)

“(ky, k kg, ky
wp;) // T )¢ ( T )dk?xd/{?y ’
87T k2+k2<k2 / k2 k;

where the integration is done over the real-valued waverurobmponents. The
vectorsa and¢ contain the modal velocity amplitudes and the wavenumb@ere
sentation of the modal shape functions according to

al =lay 1o - Gnm), (4.37)
¢T(x7y> = [¢1,1<x7 y) ¢172($,y) s ¢n,m<x7 y)] : (438)

The dimensions of these vectors depend on how many modesraslered in the
calculations.

4.4 Numerical results

4.4.1 The efficiency of resonant shunt damping

The potential of any piezoelectric shunt damping treatmergoverned by the
piezoelectric material’s ability to convert mechanicagtectrical energy. The gen-
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eralized electromechanical coupling factor is proposicio the fraction of the
strain energy of the composite system, which is convertetetictrical energy. The
generalized electromechanical coupling factor for eacterean be defined as

K2 < K ) < K ) (4.39)
L KE K 2 ’ '

where K is the modal stiffness of the host structure aﬁﬁﬁ the modal stiffness
of the piezoelectric element under a short circuit conditibhe generalized elec-
tromechanical coupling factor may be determined from exrpemtal data by mea-
suring the relative shift of the resonance frequency undbpé and an open circuit
condition respectively, according to

K <<w£>2 (WP ) | (4.40)

(wi)?

where superscripts and D denote short and open circuit respectively. Equation
4.39 shows that as long as the structural stiffness is lahger the piezoelectric
modal stiffness the generalized electromechanical cogploefficient increases if
the piezoelectric stiffness increases. Hence, so doestagmtential of more effi-
cient shunt damping.

The reduction in modal peak amplitude for different valuethe generalized elec-
tromechanical coupling factor, and different internal gamy values of the host
structure, is presented in Table 4.1. The numerical valtesalculated with the
model presented iBection 4.3.31sing an inductive-resistive shunt.

The left column in the table shows that quite significant dexgpf the modal peak
magnitude is achieved for reasonable value& gffor a lightly damped host struc-
ture, i.e.n = 0.001. For a host structure with very low internal damping, even
small counteracting forces from passive shunt treatmemsignificantly increase
the system damping [99]. However, many practical strustin@/e considerable
internal damping. If the loss factor of the host structuren@eased, the reduc-
tion in the structural response which can be achieved bynadsiunt damping
is significantly decreased. The right column in Table 4.Iwghthe reduction in
peak magnitude if the internal damping of the host struasinecreased 10 times,
i.e.n = 0.01. Itis clear that as the internal damping of the host stréctsiin-
creased, the additional reduction due to the shunt is sgnifiy decreased.
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Table 4.1: The reduction in peak amplitude of the first mode for différealues of the
generalized electromechanical coupling factor and difiefoss factorsr) of
the host structure. The reduction is given in dB relativentoghort circuit case.

Kfj n=0.001 »n=0.01
0.01% -17.1dB -3.9dB
011% -27.4dB -10.0dB
053% -34.1dB -15.4dB
1.02% -37.2dB -18.3dB

4.4.2 Parameter study of LR shunts

The reduction in modal peak magnitudes presented in tableate been all been
based on tuning the shunt to a specific mode according to 8igrdapproach pre-
sented by Hagood and von Flotow [64]. However, the respohaetucture often
consists of several modes with different amplitudes. Faurtiithe shunt ought to
be designed to reduce the radiated sound power, a weightedfsseveral modes
needs to be considered. In fact, at a particular frequenmait not be the mode
with the closest eigenfrequency which is driving the radmgtat least below the
critical frequencies where the radiation efficiencies @& thodes may differ sub-
stantially. PaperlV presents a comprehensive parameter study, calculatbdha
model presented iSection 4.3.3of how different inductive-resistive shunts affect
the kinetic energy and sound radiation of a plate. The shuhish minimize the
kinetic energy of the plate and the sound radiation respagtare compared and
discussed. The position of the piezoelectric element 3 @sied so that it is ei-
ther optimally located to damp the efficiently radiating estittl modes and no other
modes, or so that it may provide some damping for all modes.KEly results from
PaperlV are summarized here.

Figure 4.9 shows the total sound power (TSP) as a functioiffefeint LR shunts.
The total sound power is calculated by summing the speatralponents of the
sound power over the considered frequency range. The TSReis o dB rela-
tive to the short circuit case. In the left figure the piezowle element is located
at the centre point of the plate where all odd-odd modes isofeeximum strain,
while the other modes suffer no strain. This location is gt for damping the
odd-odd modes but provide no damping for the other modeshdrright figure
the piezoelectric element is collocated with the primastutbance at a location
where all modes could be damped some. The first nine eigersvavdancluded
in the model, and the primary disturbance force is positiseethat all modes are
excited with similar peak amplitudes. The geometry and nedtproperties of the
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host structure and piezoelectric element are given in Sabland 2 inPaper V.
In Figures 4.9 are also marked the shunts which minimizedgbpanse of the first
mode and the total kinetic energy (TKE), referred to as theahshunt and TKE
shunt respectively. The TKE is defined analogously to TSP.

4
log ;o (R

Figure 4.9: The total sound power (TSP) normalized to the short-cieclidase as a func-
tion of the inductance and resistance. Theo, * mark the inductance and
resistance of the TSP, TKE and modal shunts respectivelft: The piezo-
electric element centered on the plate. Right with the @ksric element
collocated with the primary disturbance force

Figures 4.9 (left) and (right) shows that the TSP and TKE share relatively sim-
ilar, while the modal shunt differs from them quite a lot. ThKE shunt has a
larger resistance than the TSP shunt, which gives lessagifibut more broadband
damping. The TSP shunt gives about 9 dB and 4 dB reductioneot 8P respec-
tively if is centered on the plate or collocated with the mmpndisturbance. The
relatively broad region of a TSP around negative 8-9 dB shbatsthe TSP shunt
is relatively insensitive to small changes in the inducésared resistance. Small pa-
rameter variations will not degrade the reduction of the T&& significant wave.
This is contrary to modal shunt damping where the shunt ig sensitive to small
parameter variations. The inductance of the TSP shunt engisve to the loca-
tion of the piezoelectric element. This can be expectedusscthe stiffness added
by the piezoelectric element does not shift the modal ergguiencies significantly.
The TSP shuntis more efficient if the piezoelectric elem&néntered on the plate.
With this location the odd-odd modes can be well damped aggktimodes are the
most efficient radiators below the critical frequency. Tharg which minimizes
the TSP in this case is not tuned to any specific mode. In faghtdtuctance of this
shuntis tuned somewhere in between the eigenfrequenamsad# (3,1) and (1,3).
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Figure 4.10 shows the sound power as function of frequerrah&TSP, TKE- and
modal shunt compare to the short circuit case. The figure sitioat the TSP shunt
effectively reduces the sound power around the eigenfreziee of modes (3,1)
and (1,3). A similar behaviour is shown for the TKE shuntslimportant to men-
tion that these results are calculated for a plate with v@myihherent losses, a loss
factor of 0.1% { = 0.001). If the loss factor of the plate is increased to damping
performance of these shunt are severely diminished. As 8feshunt is not tuned
to a specific mode it is relatively insensitive to small chesn the inductance or
resistance; see figures 4.9 (left) and (right). The modahtsiswefficient at reduc-
ing the sound power around the eigenfrequency of the firsiemmat simply shifts
the eigenfrequencies of the higher modes; see Figure 4.8Ghé&modal eigen-
frequencies are under the critical frequency, this wilt@ase the radiation at these
frequencies. However, as can be seen in Figure 4.10 (b)ftect & not significant.

Table 3 inPaperl|V sumarizes the results from figure 4.9, that below the calti
frequency placing the piezoelectric element in the cenftithe plate is more ad-
vantageous for the TSP shunt. However if the objective ietluce the TKE it is
better to place the piezoelectric at a point where severdesoan be effected by
the shunt. If the eigenfrequencies appear above the ¢iftezuencies though it is
more efficient to place the piezoelectric at a point wherenaltles can be effected,
in terms of reducing both the TSP and the TKE; see tableRaperlV. This high-
lights the fact that the optimal shunt location does not @dgend on the purpose
of the damping treatment but also on the properties of theetre. Thus when
implementing shunt damping it is vital to have proper knalgle of the physical
behavior of the structure as well as the shunted piezoaletément.

4.5 Experimental implementation of LR shunt damp-
ing

45.1 Untreated beams

An experimental investigation of shunt damping applied toeam is presented
here. These experiments are conducted in order to verifyeghen model presented
in Section 4.3.4Ast he plate model is constructed based on the same prescs!
the beam model, it can be assumed to be quite accurate if e bedel is ex-
perimentally validated. The beam used in the experimenssafaluminium, 0.4
m long and suspended by a soft spring in one end to simulagedriee condition.
The primary disturbance force was given by an electrodyoaimaker at one of the
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Figure 4.10: (a) The radiated sound power. (b) The radiated sound powenéithe eigen-
frequencies of the odd-odd modes (1,1);(3,1);(1:3)short-circuit; - - -: the
TSP shunt;----: the TKE shunt; - -: the modal shunt. The piezoelectric
element is centered on the plate.

beam ends, and the acceleration was measured at the satn@lodgphoto of the
set-up is shown in Figure 4.11.

Figure 4.12 shows the measured and calculated driving pwbility of the beam.
The mobility was calculated with the model presente&action 4.3.4excluding

the piezoelectric element, i.e. settidgf® = MP? = 0 in equation 4.29. The
properties of the beam are given in Table 4.2.

Table 4.2: The properties and geometry of the beam used in the expasmen

73 GPa 2800 kg/m 400 mm 30mm 2.7 mm

4.5.2 Effect of bonding

In the theoretical models, the piezoelectric element wasrasd to be perfectly
bonded to the host structure. In practice, though, the pieztric element needs
to be attached to the host structure by using an adhesive.diffeoent types of
adhesives were used to attach the piezoelectric elemeatelectrically insulat-
ing (EPO-TEK 301-2) and one electrically conducting (EPBEXTE4110). Four
composite beams were constructed, two using the insulatihgsive (referred to
as beams il and i2) and two using the conductive adhesiven@tt?). The con-
ductive adhesive has the advantage that no connector hadpiaded between the
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Figure 4.11: A photograph of the experimental set-up.

piezoelectric element and the host structure. The purpbf@sowas to create a
better bonding surface. Table 4.3 shows the effect of thesidd on the general-
ized electromechanical coupling factor, calculated wgbagion 4.40, for the odd
modes for the different beams. The piezoelectric elemestogatred on the beam
and thus only the odd modes could be significantly affectda fable shows that
there are some variations between the different beams. ifieeetice between
the beams with the same adhesive is just as large as, or thegerthe difference
between the beams with different adhesives. However, tmpleais too small to
draw any statistically significant conclusions.

Table 4.3: Measured generalized electromechanical coupling faatorttie different

beams.
Mode: K3 model K3 mode 3 nmodel nmode 3
bare: - - 0.36 % 0.36 %
il 0.060 0.085 2.8% 1.1%
i2: 0.071 0.068 1.5% 1.0%
cl: 0.085 0.068 1.2% 1.0%
c2: 0.074 0.085 3.1% 0.6 %

Figures 4.13 (a) and (b) show the measured point mobilitiekeofour different
beams. Figure 4.13 (a) shows that the point mobility of tH&eint beams are
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Figure 4.12: The driving point mobility of a 0.4 m long free-free aluminubeam. —:
measurement;---; model.

very similar, but Figure 4.13 (b) reveals that there are aralldifferences in am-
plitude and frequency at the first resonance. Bonding theopiectric element
to the structure adds damping due to the adhesive layer vefiebts the ampli-
tude at the resonance frequency. The treatment will in peetork as a passive
constrained layer and augment structural damping due tr $beses in the adhe-
sive bond. Due to the location of the piezoelectric elemigns, mainly the odd
modes which are affected. The modal loss factors were eaulifrom the mea-
sured mobilities by using modal circle fitting. By calcufagithe modal loss factors
of the first and third modes of the untreated beam and the ba#ntive bonded
piezoelectric element, the additional losses due to thesdh layer could be es-
timated; see Table 4.3. The modal loss factors are subslignticreased by the
bonded piezoelectric element. Just as for the generalieettr@nechanical cou-
pling factors, there is a large spread between the beamssrb#g differences in
resonance frequencies suggest that there are also indidi@rences in stiffness
and/or mass in the beams and piezoelectric elements.

4.5.3 Open and short circuit conditions

The driving point mobility of the beam was measured underaatstircuit and an
open circuit condition respectively in order to derive thengralized electrome-
chanical coupling factor according to equation 4.40. Thapprties of the piezo-
electric patch are given in Table 4.4. The measured drivmgtpmobility under
a short circuit condition compared to the results calcdlatgh the beam model
is shown in Figure 4.14. The figure shows that the model agretiswith the
measurements. The piezoelectric coupling faétgrin the model was tuned so
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Figure 4.13: The driving point mobility of the four beams under a shortuit condition:
(a) 0-1000Hz, (b) a zoom around the first resonance frequencyl; - - -:
12; - :Cl,---:C2

that the generalized electromechanical coupling facttrermodel agrees with the
measured one. The reason that this tuning is needed is leetteipiezoelectric
element is not perfectly bonded as assumed in the model. gheefshows that
it works well to model the piezoelectric-beam composite bing equation 4.29,
if the additional damping due to the adhesive layer is actamlifor and the piezo-
electric coupling factoks; is tuned. Comparing Figure 4.14 with Figure 4.12 one
can se that the most obvious difference between the bare aeditihe beam with
a bonded piezoelectric element is the damping effect duketdond. Although,
closer inspection reveals small shifts in the resonancgiéecies of the odd modes.
It may be mentioned that modelling approaches exist wherattesive layer is
included; see e.g. reference [100].

The discrepancy between model and measurements at lowefreigs is most

likely due to arigid body mode appearing in the measuremeatalthe suspension
of the beam.

Table 4.4: The properties and geometry of the piezoelectric elemesd irs the experi-
ments.

E, P I b t C:

P

58.8 GPa 7200kg/m 50 mm 25mm 1mm 18.06 nF
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4.5.4 Shunt damping of the first and third bending modes

The experimental set-up was used to implement modal shumpidg. The shunt
circuit was implemented by using the synthetic admittarmecept proposed by
Fleming et al. [76] which was briefly explained 8ection 4.2.3 The schematic
figure of the synthetic shunt circuit is shown in Figure 4.The synthetic shunt
was implemented on the digital signal processor (DSP) aglanti@nce transfer
function according to
1
Y(o)=1—p

whereL and R are the shunt inductance and resistance respectively. Bifevias

a dspacesystem with a sampling frequency 8f = 4000/ z. The resistoiR,, in
Figure 4.15 sets the transconductance gain/dg, A/V. The resistor was chosen
asR, = 10002, and a corresponding gain was set on the DSP. The input to the
DSP was highpass filtered and the output was lowpass filtereentove access
frequencies from the signal.

(4.41)

Figure 4.16 shows the measured and modelled driving poitilityoaround the
first and third resonance frequencies when shunt dampingm@Esmented, com-
pared to the measured driving point mobility under a shaduti condition. The
optimal resistance and inductance were chosen accordihg tesign concept of
Hagood and von Flotow [64]Section 4.2.% and are shown in Table 4.5. Figure
4.16 shows that the amount of damping which can be achievprthutice is very
well predicted by the model, although the model slightlyregéimates the damp-
ing. The first and third modes were damped by about 15 dB an@26spectively
at their eigenfrequencies. The experimental results shbatsthe beam model
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presented irSection 4.3.4vorks well in describing damping by a surface bonded
shunted piezoelectric element. This also suggest thatlthe model presented in
Section 4.3.3s accurate, as it is derived using the same principles.

DSP

1 z ’&‘ +
O L7 |

Figure 4.15: A schematic figure of the implementation of the synthetic é&mce circuit.

Table 4.5: The shunts which were implemented to damp the first and thodes respec-
tively on the beam.
Mode: L R
1 172H 98302
3 6H 17490
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Figure 4.16: The driving point mobility: (a) zoomed around the first reaonce frequency;
(b) zoomed around the third resonance frequeney. measurement; - - -:
model;-----: measured under a short circuit condition.



Chapter 5

Active shunts and hybrid
piezoelectric vibration control

Shunt damping as presented in the previous chapter have lgoitaions such
as shunt detuning due to temperature changes or the retaiv@vband damping
characteristics. Some of the limitations can be overcomalloyving the shunt
to be active. Adding a voltage or current source in the alsdtnetwork of the
shunted piezoelectric element forms a hybrid active-passbration control sys-
tem. This approach has proved to have several advantagesawentional active
vibration control, e.g. reduced control effort or improvied-safe characteristics.
Similarly to passive shunt damping most studies on pieztrtehybrid damping
have focused on one single vibration mode. This chapteriggsva model of a
plate with surface bonded piezoelectric element which mected to an external
voltage source in series with an inductive-resistive shiihe piezoelectric hybrid
damping treatment is evaluated in terms of both the plateistsiral response and
radiated sound power including several structural moddse model is used to
identify particular situations where hybrid damping canjide advantages com-
pared to pure active control or pure passive damping. Cosap@r active control
a hybrid system may for example help reduce spillover esfaat. energy leakage
into uncontrolled modes, and/or reduce the control effort.

5.1 Active or semi-active shunt damping

There are several techniques for improving the performahpassive shunts. Two
common approaches are to adaptively updating the shurdér tw avoid detuning,
and to use a negative-capacitance shuntin order to impheverboadband damping
of the shunt. Updating the shunt circuit is here consideeedral active or semi-
active technique as it requires variable components arglggadditional sensors.
A negative capacitance cannot be constructed by usingveassmponents only.
They are usually implemented using op-amp which requiregn@upply and are

95
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therefore here regarded as active shunts. The followingswasections briefly
explain adaptive shunts and negative-capacitance shunts.

5.1.1 Adaptive shunt tuning

As was mentioned in the previous chapter, a major disadgantath resonant
shunt damping is the sensitivity to slight variations in tla@acitance of the piezo-
electric element or in the eigenfrequencies of the hostsira, as this will detune
the shunt. Moheimani and Fleming [81] report that the dagpierformance of
a resonant shunt circuit diminished from 14 dB to only 4 dB tlua 40-degree
temperature change. However, by adaptively updating thatsdetuning can be
prevented and the damping performance ensured. As briefijioned inSection
4.2.2there are different ways of updating the shunt componentsdar to ensure
the damping performance of the shunt.

Hollkamp and Starchville [101] presented a self-tuningrgthased on the RMS
voltage across the shunt. They used an adjustable resisha form of a motorized
potentiometer to adjust the value of a virtual inductaneen &nd Gaul [102] used
a digital potentiometer to adjust the resistance of a puesistive shunt. Fleming
and Moheimani [73] used a synthetic shuntimpedance andasg&ctcted estimate
of the RMS strain. They experimentally implemented a twadmourrent-flowing

adaptive shunt circuit to damp the second and third modepiofeed-pinned beam.
The shunt provided 22 dB and 19 dB reduction of the respormendrthe second
and third eigenfrequencies [73].

Niederberger et al. [74] made an electrical equivalent rhotlthe host structure
and recognized that the phase shift between the host steuatlocity and the cur-
rent in the shunt circuit can be used to tune a LR shunt. Atuhang frequency,

i.e.w = 1/VLC, this phase shift was exactly/2. The adaptive shunt circuit
was tested experimentally on a cantilever beam. The adaptatoved success-
ful in compensating both temperature variations in the geézctric element and
changes in the eigenfrequency of the host structure. Strooleesults showed that
the adaptive shunt based on the relative phase was fasteniimgtto changes in
structural eigenfrequencies than an adaptive technigaedban the RMS strain
[74]. However, the approach requires a sensor on the hastigte to monitor the

velocity. Niederberger also developed this approach faptde electromagnetic
shunt damping [103].
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Figure 5.1: A negative-capacitance converter. The impedance seentfrerterminal is
equivalent to a negative capacitangg, = —%Csu

5.1.2 Negative capacitor shunt impedances

If the internal voltage produce by the stressed piezoéteekement is interpreted
as a power supply and the shunt impedance as a load, the nmapowier transfer
concept may be used [81] to convert a maximum amount of stralctnergy into
electrical energy. The electrical energy can than be dissioby resistive elements.
This can add broadband damping to a structure. The optimadtsimpedance
should then be equal in magnitude to the source impedanagpuosite in phase.
As the piezoelectric element electrically behaves as acti@p&e, a negative ca-
pacitance is required as shunt impedance. A negative ¢apaeicannot be con-
structed by using only passive components, and can thugybeded as an active
or semi-active technique. However, it is in principle anyeagcuit to construct and
no additional sensors are needed. An example of a negatpa&citance converter
is shown in Figure 5.1. The implementation requires an op-and does therefore
need a power supply. The maximum power transfer principksdwot apply to
circuits with internally dependent sources, thus derratf the shunt impedance
needs to be modified [81]. Moheimani and Fleming [81] preseattechnique for
a negative-capacitance shunt based on their concept dietimitmpedances; see
Section 4.2.3 They notice that choosing the shunt impedance as a negaipye
of the impedance of the piezoelectric element is equal toimgatkhe closed loop
dynamics zero. However, they point out that this is equiviate a strain feed-
back controller of infinite gain and therefore not realizalAs a consequence, the
synthetic shunt capacitance is made slightly greater thanntherent capacitance
of the piezoelectric element. The negative-capacitangatskias successfully im-
plemented in experiments [104, 81]. Other studies of negatapacitance shunts
include [105, 85, 106].
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5.2 Hybrid piezoelectric control

Hybrid piezoelectric control is here defined as connectioth la passive electric
network and an active source to the piezoelectric elemehtus;Tthough such a
configuration, energy can be passively dissipated in thetredal network, and the
piezoelectric element may be driven like an actuator by tteesource. The ac-
tive source can e.g. be a voltage or a current source.

Adachi et al. [107] presented an investigation of hybridzpedectric damping us-
ing an active voltage source in series with a tuned LR shum. shunt circuit was
treated as a filter and the control gains and shunt componemnesdetermined us-
ing linear quadratic (LQ) control theory. They showed tihat t¢ontrol effort of the
hybrid system was decreased, compared to a purely activiegndpiezoelectric
element. Agnes [108] investigated the difference in dgvam LR shunted piezo-
electric element with a charge or current source. He poiotéthat the purpose of
the shunt, other than reducing the modal response, wasrease the effectiveness
of the actuator close to its tuning frequency. He also requbttat, in the case of
voltage driving, the shunt works as a filter causing a fastiéoff at high frequen-
cies, which could reduce the risk off control spillover [1.08

Tsai and Wang [109] also pointed out that the shunt of a pleztrec hybrid system
could improve the control authority of the actuator closé¢hi® tuning frequency.
In order to determine the control gains and optimal shuety formed a quadratic
cost function of the weighted control effort and controlfpemance. They inves-
tigated how the optimal shunt varied with different weiglg and showed that, if
the weighting on the control effort is reduced, the shuntrepghes a short circuit
and the hybrid system approaches a purely active systenif #relweighting on
control effort was increased, the shunt approached thenappassive shunt as the
hybrid system approached a purely passive shunt.

Tang and Wang [110] investigated the influence of the gelzedhklectromechan-
ical coupling coefficient (see equation 4.39) on the passaraping performance
and control authority of a hybrid system where a resonanhtstuas optimally
tuned for passive damping. They also showed that the gérestadlectromechani-
cal coupling coefficient could be increased by using a negaapacitance circuit.
Ozer and Royston [111] extended their approach of using tteensan-Morrison
matrix inversion theorem for choosing the shunt to piezaale hybrid damping.
Just as for their study on the passive shunt [84], it was pdinut that the standard
method for shunt tuning based on the work by [64] has linotagj since it neglects
the system’s inherent damping and the response from adjausies.
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Using the synthetic impedance or admittance approachitesddn section 4.2.3,
the system of host structure with a bonded shunted piezoeletement may be
interpreted as a feedback control problem. The shunt impedean then be deter-
mined by using standard regulator design approaches sutty@s H, and*,
control synthesis [112, 99, 81]. As the shunt impedance inger confined to
being passive, the shunt can be much more effective in dasitratures with sig-
nificant inherent damping [112].

The mentioned studies consider only one or possibly twatitn modes. Further,
the shunt is often designed using some predefined desigmnignit. Thus, it is not
straightforward to draw conclusions on how different sksumtl affect e.g. the con-
trol performance or control effort of a hybrid system overidevfrequency range.
This chapter presents a model of hybrid piezoelectric daghpihere an active
voltage source is connected in series with an inductivisstres shunt. The piezo-
electric element is assumed perfectly bonded on a strugilate. The purpose is
to identify and investigate situation where hybrid dampmmight be advantageous
compared to pure active control. A parameter study is pewtolrin order to find
the shunt which e.g. gives the lowest control effort over denrequency range
including four structural modes. A beam model is developearder to verify the
modelling approach. The beam model is compared againstureasnt for active
driving of the piezoelectric element.

5.3 Modelling piezoelectric actuation

5.3.1 Various modelling approaches

Several studies have presented models of piezoelectriteels bonded to struc-
tures and used for sensing vibrations and/or actuatingtrdrs. Crawley and de
Luis [113] showed that the influence on a beam-like struchyr¢he piezoelec-

tric element driven by an external voltage could be includecgdge moments at
the boundaries of the piezoelectric element. The same appwas presented for
plate-like structures by Dimitriadis et al. [114]. Theseduls are based on static
relations, i.e. the inertial forces due to the mass of theqakectric element are
neglected. They also neglect the local increase in stiffialee to the mechanical
stiffness of the piezoelectric element. Recently modeatiioing both the inertia

and increased local stiffness have been developed [95].
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5.3.2 Hysteresis

The constitutive relation in equation 4.6 as well as the nwpleesented in the suc-
ceeding sections are all based on considering the piezoeletements as being
governed by linear relations. This is generally true for ynapplications, but for
high driving-volatges the piezoelectric elements may eepee hysteresis, i.e. the
relationship between the mechanical stress or strain aneldctric field or dis-
placement is no longer linear; see e.g. references [113, Nén-linear effects
may severely degrade the damping performance and cordahblist of control sys-
tems with piezoelectric transducers [117]. Several tepes have been presented
to decrease the non-linear effects, e.g. the hysteresstaff reduced when the
piezoelectric element is driven by charge or current irstefavoltage. Both cur-
rent and charge driving have been successfully implementexperiments [118].

5.3.3 Plate model

Host structure

Figure 5.2: A host structure with a surface-bonded piezoelectric eter(leZT) which is
shunted by a passive impedané® @nd an active voltage soureg.

The plate model presented in this section is similar to theegresented in the pre-
vious chapter. However, in addition to shunting a piezdeleelement by a passive
electrical network, a voltage source is added in seriesdashiunt; see Figure 5.2.
This forms a hybrid active-passive vibration control sgstén order to model the

hybrid damping treatment, the shunt network is not incluitetthe material com-

pliance as in the previous chapter. Instead and electriodktrof the piezoelectric
element, the shunt and the voltage source is used; see FBdgireThe voltage

source is assumed to drive the piezoelectric element at ratdeoltages, hence
linear relations for the piezoelectric element can be usshsidering the piezo-
electric element as a voltage source in series with a caragt as in reference
[81], an expression for the terminal voltagg)(can be found as

Ve(s) — Zs(8)vp(8)cps
14 Z(s)cps

U3(5) - = gcUe + GsuUp, (51)
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where s is the Laplace variable, and whege = 1/(1 + Z,C,s) and g, =
—Zscps/(1+ Zscps). The voltages, andv, describe the control voltage and volt-
age produced by the stressed piezoelectric element rasgect, describes the
shunt impedance ang the inherent capacitance of the piezoelectric element. The
voltage produced by the stressed piezoelectric elemgnt found by integrating

the charge over the area of the piezoelectric element andecarpressed as

v, = a1 //a(al + 09)da, (5.2)

Cp

wherea is the area of the piezoelectric element.

Figure 5.3: The electrical model of the piezoelectric element, shumteidance £ ;) and
external voltage source). v, andc, is the voltage produced by the stressed
piezoelectric element and its inherent capacitance régplg¢ andvs is the
terminal voltage andis the current.

By including a voltage across the piezoelectric elemertéderivations, equation
4.12 is replaced by

82
DV*w(z,y,t) + m"s5w(@ y,1) + Tuo = 4@, y,1) + qoar(w, 9, 1), (5.3)
where
¢ = v3di3Dpe(1 + Vp)VQQ(x, v), (5.4)

whereds; is the piezoelectric strain constant. The teby is defined as

D. . = Eptpc

pc ™

(5.5)

1—vu,’
wheret,. = %22, The derivation of equation 5.3 can be foundPaperV. The
termT, o in equation 5.3 does here only include the mechanical eg8rof the
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piezoelectric element and no shunt effects, and is derineldeaplained inPaper

V. This term is often neglected and is only included here t@digerent with the
model inChapter 4 For the purposes of this study, it has no significant effects
Excluding this term will simply shift the eigenfrequencaghtly downward in the
spectrum as the composite structure becomes less stifatieglb.3 is solved by a
modal approach, for a simply supported rectangular plaig gives the deflection
field according to

00 0 ext szt
U)(.T, y? C()) = Z Z Mn m (WQ _7 WQ) + }(Ezrtn + Egz}n Sln(knx> Sln<kmy)
’ (5.6)
The termKP? does here only describe the mechanical stiffness of theeleatric
element and does not include the shunt effects. The modablearstiffness due
to the shunt is instead included#3?, . The force due to the voltage driving of the

piezoelectric element is given by

fofn = // 9evedi3Do(1 + v,) V2, y) PrmdS
S
~ ge0edi3Do(1 4 v,) (k2 + k2) 11, sin(kyz.) sin(kpye). (5.7)

The modal stiffness due to the shunt is given by
=P / / GoutydisDel(1 + 1) V202, ) brmdS
S

2
KB (82 4 k2 st s (). (5.8)
- M3

~ Gsu

The modal mass, disturbance force and modal stiffness dtietshunted piezo-
electric element are defined in equations 4.18, 4.20 and réd®ectively. The
approximation in equations 5.7 and 5.8 comes again frormaisgithat the piezo-
electric element is small compared to the bending wavetengt

5.3.4 Beam model

A beam model is derived using the same modelling approacbrdbké plate. The
beam model is used in order to verify the model against measemts. The model
is derived for pure driving of the piezoelectric element aad hybrid damping.
The beam model with a surface bonded piezoelectric elerpeesented irSec-
tion 4.3.4 can be extended to including an external electric field. i@yuding an
external electric field (in this case a voltage) in the deidres of the differential
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equation an additional term appears and equation 4.23lscexgh by

ot 02
[ﬁw(:c t)+m ww(az, t)
Ntw T Pw _,
+ Eybyt, (a F0r) + 252 (@) + 55 (@ ))
o2
ol 0wl D) = (1) + g 5.9)
where
Qpot (2, 1) = v3di3Ept. [0 (x — x1) — 8 (x — x2)], (5.10)

whered’ is the derivative of the Dirac function. Equation 5.9 is danito the
standard equation for modelling piezoelectric driving esnid in reference [12].
However, equation 5.9 includes mass- and stiffness eftddtse piezoelectric el-
ement. Inserting equation 5.10 into equation 5.9 using aanagbroach to solve
for the deflection field yields

e szt+ ngt
w(x,w) = Z Mn (u)z _ wz) I (ngt — WQMTFL)Zt)

n

Gu(kn). (5.11)

Equation 5.11 contains an extra terms compared to equai® describing the
actuation by the control voltag€)f#). The modal force due to the external voltage
source can be expressed as

QP = v k2t byl Eyday o (). (5.12)

The modal shape functions, for a free-free beam are given by equation 4.26.
Equation 5.11 describes a free-free beam with a surfacecubpigzoelectric ele-
ment.

Figure 5.4 shows the transfer function between the ternviiéhge and the veloc-
ity at one end of the beam. The figure shows that the model ibescthe beam
motion well, especially around the eigenfrequencies offitts¢ and third modes.
The piezoelectric element is centred on the beam. Howesethexsecond and
fourth modes are weakly excited the piezoelectric elemestightly off-centre.
The beam and piezoelectric element have the same propaniiegeometry as in
Section 4.5 The model has been tuned some in order to get the corredtdeve
the transfer function. This is due to that the piezoele@h&nent is not perfectly
bonded as assumed in the model.

Including the mass and stiffness in equation 5.9 was donederdo be coherent
with the previous chapter. However, neglecting these wddl to very similar re-
sults except a slight increase in magnitude of the transiection. As the model
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is anyway slightly tuned in order to get the correct levella# transfer function

magnitude, in practice the mass and stiffness in equat®eduld have been ne-
glected. Aoki et.al. showed that including the stiffneds@t of the piezoelectric
element bonded to a plate results in a transfer functiondatwdriving voltage and
plate response which decreased compared than when theseseffe excluded
[95]. However, the frequency behavior of the transfer fiort with and without

the stiffness effects were very similar, as long as the gndiavelength was sig-
nificantly larger than the size of the piezoelectric elem@itey also showed that
including the mass of the piezoelectric element only afféd¢he transfer function
for high frequencies.

200 400 600 800 1000

Frequency [Hz]

Figure 5.4: The transfer function between voltage applied to the teasiof the piezo-
electric element and the velocity at one end of the beammeasurements; -
- - model

5.3.5 Control law for the active voltage source

The control voltage may be determined in several ways, g.gnéasuring the
current in the shunt circuit; as in the case of the synthetipedance [81]; or by
a structural sensors [115]. A control law is defined, based/loat is desirable to
achieve for the specific case. In order to ensure globaltidsraontrol of the plate,
a straightforward control law is to minimize the kinetic ege The kinetic energy
can be expressed in terms of the structural modes accom{ig]t

B Mw?

Ei(w) 1

a’a. (5.13)
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The modal amplitudes can be written as a sum of the contabuwdf the primary
excitation and control voltage respectively according to
a = a, + by, (5.14)

wherea, is a vector containing the modal amplitudes in the presehoaly the
primary disturbance, arlolis a vector of transfer functions which relate the control
voltage to the modal amplitudes. Substituting 5.14 int@%ives

Ep(w) = |vc|2be+v:bHap+vcafb+afap. (5.15)
E, is a quadratic function which has a unique minimum given by
Mw? bfaal’b
Eh(](&)) = 1 (afap — T{;) y (516)
for the control voltage given by
al'b
Veo(w) = N (5.17)

This control law requires that the primary disturbance isvikn. This may be un-
realistic in many practical cases but serves the purposkeoinvestigation well,
i.e. identify situations where hybrid piezoelectric sowamdl vibration control can
be advantageous compared to pure active control or pasampidg. The kinetic
energy of the plate and the radiated sound power with ancowitactive control
are shown in Figures 5.5 (upper) and 5.5 (lower) respegtivdie piezoelectric el-
ement was collocated wit the primary disturbancéwty.) = (L,/4; L,/4). The
figures show that the energy of the plate is efficiently redumesr the entire con-
sidered frequency range. Reducing the kinetic energy opl&e naturally leads
to a reduction in the radiated sound power.

The results in Figure 5.5 are calculated with the optimajdiency domain results
given by equation 5.17; thus there are no guarantees thdiitdreis realizable.
Further, this controller requires that modal amplitudes lba exactly measured,
something which is hard to achieve in practice. Howeverag heen shown that
the kinetic energy can be efficiently reduced by consideitiregsum of responses
at several spatial points; see references [12, 51] for mang the kinetic energy
on a beam or [119] for minimising the far field sound pressure.

5.3.6 Parameter study of LR-shunt for hybrid piezoelectricdamp-
ing

This section will provide examples of some cases where Hyactive-passive
piezoelectric damping might be advantageous compared r® g@ctive control.
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Kinetic energy [dB ref 1 J/N

50}

—60F

Sound power [dB ref 1 W/R

500 1000 1500
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Figure 5.5: Upper: The kinetic energy of the composite plate. Lower: $bend power
of the composite plate. No control-j compared to active control (- - -) .
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Previous literature have identified positive effects ofing\and inductive-resistive
shunt together with active driving of the piezoelectricnedémt, e.g. an improved
control authority around the tuning frequency.

The control law presented in the preceding section for aatoltage driving effi-
ciently reduces the kinetic energy of the plate; see Figuse Bhus, in this ideal
case, additional damping provided by a shunt network mapeaeery interesting.
However, there are other advantages that the shunt networkantribute. Pas-
sive damping will provide fail-safe damping in case theactiontrol fails due to
e.g. loss of power. Furthermore, the control law proposedterpreceding section
is the optimal frequency domain controller and may not bézalale in the time
domain. In fact, the control law is non-causal and thus throtier needs to pre-
dict the future behaviour of the disturbance signal. Thighthbe possible in some
cases but is generally not. Thus, the causal controller ratlgenas efficient, and in
that case the shunt may provide additional reduction ofdi@d and/or vibrations.

Further, as only a finite number of modes can be included irctiméroller, there

may be some control spillover, i.e. the controller exciesidual modes. As re-
ported in reference [108] a LR shunt causes a roll-off of thawl authority above
the tuning frequency of the shunt. This will in practice warhnilar to a lowpass
filter which will reduce the spillover effect.

Figure 5.6 shows the energy contained in each mode for thee @faso control
(black), active control (dark grey) and hybrid control fitggrey). The modal en-
ergy is calculated by summing the response of each mode ifnegeency range
where the mode is dominant. The control law in this case isitomize the kinetic
energy of only the first mode, i.e. the vectors in equatiod 3educe to scalars.
The figure shows that the pure active control efficiently oastthe first mode. As
the simulations consider ideal conditions, the kineticrgpen the first mode is
reduced to virtually zero, i.e. negative infinity dB. Howewenergy is leaked into
the other modes, which are amplified compared to the caseadmteol. Introduc-
ing a passive LR-shunt reduces the effect of control sgll@nd the energy in the
higher modes is less or equal to the uncontrolled case. Tina shchosen from
a parameter study to give the lowest total kinetic energyhefglate in the case
of the controller only including the first mode. The paramajgace was chosen
to include optimal damping according to reference [64] fibcansidered modes,
and the total kinetic energy was calculated by summing tleetspl components
of the kinetic energy over the considered frequency range. dptimal” shunt in
this case was tuned to a frequency in between the third amthfmode. Thus, the
(2,1) and (2,2) modes are slightly damped due to the pasaivgihg provided by
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the shunt. In the passive configuration this shunt give aB@ub dB reduction for
the kinetic energy. Thus proving fail-safe damping to thecttre.

It may also be mentioned that, in case of a feedback contolral spillover in
combination with observation spillover - i.e. residual resabserved by the sen-
sors - can lead to instabilities [120, 121]. In that casesipasdamping can help
improve the stability margins.
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Figure 5.6: Modal energy. No control (black), active control (grey)phg control (light
grey)
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Figure 5.7: The control effort using only active control-f compared to using hybrid con-
trol (- - -)
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The magnitude of the voltage which is needed to fulfil the ca@w describes the
control effort. The control effort will in turn set the regement on the hardware
which is needed to implement the controller, e.g. the angphihich is needed to
provide the voltage and the tolerance of the actuator. Reters such as [108, 110]
report that the shunt may increase the control authorityradahe tuning frequency
of the LR-shunt which will reduce the control effort aroumdstfrequency. Figure
5.7 shows the control effort of pure active control compaceaybrid control. The
figure shows that there is a significant reduction of the abrffort around the
tuning frequency of the shunt, which is approximately at 8120 The shunt is in
this case chosen from the parameter space explained abovdento minimize
the total control effort. The total control effort is the suwhthe spectral compo-
nents of the control effort over the considered frequenogea The shunt which
gives this "optimal” results in terms of control effort is arply inductive shunt.
Such a shunt does not dissipate any vibrational energy ipaksive configuration
and does not offer any of the fail-safe damping which is ndigmessociated with
hybrid control. Therefore it might be advantageous to thiice a resistive element
in the shunt. This gives a trade-off between control effad passive damping.

The figure also shows that at the upper end of the considezgddncy range the
control effort is increased for hybrid control compared tweactive control. This
is due to the lowpass filtering effect explained above. Thhghaid system may
cause an increased control effort if modes included in timérober appear above
the tuning frequency of the shunt. This phenomenon was afsarted in [111].
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Chapter 6

Implementation of shunt damping on
an oll pan

This section presents an experimental investigation ofempnting piezoelectric
shunt damping on a car structure. The chosen structure wasiltpan. Studies
have revealed that the oil pan is responsible for a majorgialte radiated sound
from the engine and power train. Bending modes of the oilpandentified and
shunt damping is implemented to reduce the modal respoxgerifental reduc-
tion of around 10 dB is achieved.

6.1 Car structure

The structure which was chosen in order to implement thetstamping technique
on was an oil pan from a passenger car; see Figure 6.2. Tharoligs been identi-
fied as a major contributor of engine noise emission, botledics [122] and trucks
[123]. The oil pan was mounted in a wooden wall in order to gieerelatively stiff
mounting as well as significant damping. This is not a mogntiondition which
will reflect the actual mounting of the oil pan inside the cagi@ee. However, it
captures two important features: firstly the stiff mountaam be expected also in
the car engine, as the oil pan is screwed to the gearbox; dlyave high damping
can also be expected because of viscous damping from thesadlei the oil pan.
The measurement set-up is shown in Figure 6.1.

An electromechanical shaker was used to excite the oil pahe sfinger was
mounted as indicated by the arrow in Figure 6.1. The shakeotisnounted in
order to resemble the real excitation when the oil pan is remlim the engine,
but merely to try to excite some potentially efficiently raiiing modes. The trans-
fer function (accelerance) between the force input and ticelaration at various
points on the oil pan was measured. The mobility can be catied by integrating

71
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Figure 6.1: A schematic drawing of the oil pan mounted on a wooden frantee arrow
indicates where on the top plate the force was applied byrtakes.

Figure 6.2: A photo of the oil pan; the circles indicate the measuremeititg.
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Magnitude [dB ref 1 m/Ns]
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Figure 6.3: Measured transfer mobilities between the force input ahatity at three dif-
ferent points.—: the velocity at point I; - - -:the velocityat point Il;---: the

velocity at a control point not located on the top plate.

the accelerance, which in the case of harmonic oscillattonesponds to a divi-
sion withjw. The transfer mobilities between the input force and vé&joat the
points indicated by the arrows in Figure 6.2 are shown in fe@du3. The figure
also includes the transfer mobility between force input armmbint on the oil pan
outside the top plate. There seem to be two distinct peakeimbbility functions,
one at approximately 1200 Hz and one at approximately 2150 Patting the
vibrational response at these frequencies may indicateevany particular mode
is driving the response. Figures 6.4 show the velocity itstion of the oil pan
at the two mentioned frequencies. The figures indicate #&dhe first and second
resonance frequencies the velocity fields look like theydam@inated by the first
and second bending modes, respectively, of a simply sugihqiate. Thus the
model presented in the previous section may be used to gaia swight into the
possibility of applying piezoelectric damping to the oitpa

6.2 Engineering model

The transfer functions measured on the oil pan can be rowegtisnated with the
plate model described iBection 4.3.3 The simply supported plate model can
approximately describe the top plate of the oil pan. The nedteata of the oil pan
may be difficult to find by looking in standard tables. Howevke product of the
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Figure 6.4: Upper: The velocity field at 1207 Hz. Lower: The velocity field2157 Hz.
The asterisksH) indicate the measurements positions.
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Table 6.1: The material properties and geometry used in the plate model

Young's modulus  Density Width ~ Height Thickness
158 MPa 3000 kg/h 220 mm 130 mm  4.5mm

mass per unit area and bending stiffness can be found by gridenlevel of the
plate mobility. The mobility of an infinite plate is given by
1
8v'm"B’
wherem’” and B are the mass per unit area and bending stiffness respgciiies
dimensions of the top plate of the oil pan can be roughly meaisand by choosing
the density as that of casting iron the stiffness can be nhed by finding the
proper level of the infinite plate mobility. The propertiesdadimensions of the
plate are given in Table 6.1. The modal damping of the plate determined
by finding the correct level of the resonance peaks. The iieilof the plate
model are compared to the measured mobilities in Figures Bt first seven
bending modes are included in the model, the highest withgan&equency of
around twice the upper considered frequency limit. Thegataddel can be used to
estimate the potential damping that a shunted piezoatediment would augment
to the oil pan. The model can also assist in choosing the piepegeometry and
location of the piezoelectric element.

Yvinf -

(6.1)

6.2.1 Prediction of shunt damping efficiency

The shunted piezoelectric element can be designed to growtimal damping ac-
cording to [64] of either of the two modes which have theiregifjequencies in the
considered frequency range. A common piezoceramic mhbtdgtlathe properties
given in Table 6.2 was used in the simulation. The model was &3 investigate
the effect of the thickness of the piezoelectric elemenherefficiency of the shunt
damping treatment. Figure 6.6 (a) shows the plate’s cemtirg pelocity per unit
force zoomed around the first resonance frequency for thffegeht thicknesses.
The piezoelectric element was placed in the centre of the pda this is the point
of maximum strain for the first mode. As the thickness of tlezpelectric element
increases (i.e. the bending stiffness increases) the staimping becomes more
efficient. A piezoelectric element 1 mm thick can only prevalreduction of the
velocity of less than 3 dB, while a 3 mm thick element can ptevalmost 5 dB
reduction. Figure 6.6 (b) shows the plate velocityrat= L, /2, x = L, /4 per
unit force zoomed around the second resonance frequenttyéar different thick-
nesses. The piezoelectric element was placed at the poméximum strain for
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Figure 6.5: Upper: Measured and calculated mobilities at point I. Lowdeasured and
calculated mobilities at point Ik-: measured mobility; - - -: calculated mo-
bility; ---- : mobility of an infinite plate.
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Table 6.2: The material properties and geometry for the piezoeleeteément.
SE ly Ly k31 C,
1.7-100" m*N 0.05m 0.025m 0.327 2hF

the second mode. A piezoelectric element 1 mm thick can geoaireduction of
the velocity of approximately 10 dB, while a 3 mm thick elernean provide about
15 dB reduction. Piezoelectric shunt damping is thus mdiaexft in damping the
second mode compared to the first mode, due to that the peezoelelement in
this case is larger compared to the bending wavelengthedisang the thickness of
the piezoelectric element is one way to increase the gesedatlectromechanical
coupling coefficient, thereby increasing the efficiencylodrst damping. Another
way would be to increase the area. However, increasing tblenss is more effi-
cient than increasing the area, as the thickness has a &ifgetron the total modal
stiffness of the shunted piezoelectric element.

6.3 Experimental implementation of shunt damping

Inductive-resistive shunt damping of the second bendinderan the oil pan was
experimentally implemented. The shaker was placed in thstipn shown in
Figure 6.2, which is the position where the second bendingarie most eas-

ily excited. An accelerometer was placed at the point whieeesecond bending
mode has maximum strain. The shunt was implemented on thebo&fd as de-
scribed inSection 4.5 The optimal resistance and inductance were calculated to
be R = 344 andL = 0.23 H respectively. Figure 6.7 shows the measured trans-
fer mobility with the piezoelectric element shorted andrglkd respectively. The
figure shows that the peak amplitude could be reduced by aippately 10 dB.
This is approximately the reduction which was predictedh®y pplate model. The
measurement with shunt damping is quite noisy. This is dudddact that the
piezoelectric element is exciting the structure at othegdiencies except the tun-
ing frequency. This was most likely due to poor electricatuaitry.

Figure 6.8 shows the sound pressure level in the direct fietleoradiating oil
pan. It is clear that the sound pressure level is reducederfréguency range of
approximately 1900 Hz to 2100 Hz. In the one-third octavedbaith a centre
frequency of 2000 Hz the sound pressure level is reduced frypanately 3 dB.
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Figure 6.6: (a) The normalised velocity at the centre point of the plabtemed around the
first resonance frequency. (b) The normalised velocity.at= L, /2;y. =
L,/2, zoomed around the second resonance frequeney.t, = 0.001m
short circuit, - - -:t, = 0.001m LR shunt;-----: ¢, = 0.002m LR shunt;
t, = 0.003m LR shunt.
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Chapter 7
Discussion and conclusions

7.1 General discussion

This thesis has presented approaches to passive, actigland active-passive vi-
bration control for lightweight vehicle structures. Matha&tical models describing
beam- and plate-like structures were developed to theathtievaluate the vibra-
tion damping treatments, and experiments were conductesfify the models.

Referring back to the introduction, the outcome of the fiest pf the thesis - in-

vestigating the potential of controlling propagating wawue structures in order to
confine vibratory energy in structural components with higterent passive damp-
ing - can be summarized as follows:

The concept of active scattering facto8e¢tion 2.3.lenabled simple derivations
of control laws to alter the scattering properties at a stmat junction of two semi-
infinite, non-dissipative beams. Results from a paramétetysPaper|) showed
that if an active force is driven to cancel the reflection atjtinction, the properties
of the beams can be chosen so that the force always absorbisad e incident
wave power. This result inspired a hybrid active-passiveglag treatment, as pas-
sive damping could be introduced to possibly dissipate ¢hgaining wave power
transmitted across the junction.

By developing an impedance approach to active junctionrob(®ection 2.3.2
more general beams could be treated, such as finite andatiseipeams. By in-
troducing a highly dissipative sandwich beam at the jumctiath the force driven
to cancel the reflection of a wave, all incident wave powetdbe absorbed, either
actively by the force or passively in the sandwich compoditewever, studying
this junction reveals that, at resonance frequencies o$anewich beam ,the re-
quired control effort is substantial. Furthermore, at éhéequencies the active
force injects power, which is naturally unfortunate for dhgt damping treatment
(Section 3.2andPaperll).
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Paperlll presented a detailed parameter study of a hybrid dampesyment con-

sisting of an active force driven to cancel the reflection stiractural junction and

a beam with high inherent losses with the purpose of digsipatave power trans-
mitted across the junction. The study revealed that thegutigs of the highly

dissipative beam can be chosen in a way so that the hybridraysiay offer ad-

vantages compared to pure active control (i.e. a lower obeffort), and pure

passive control (i.e. an improved efficiency). Howevers tigiquires that the prop-
erties of the passive damping treatment can be chosen vgthgnecision, which

will severely limit the possibility of experimental implentation. Moreover, this
investigation assumed that exact measurements of therigpwdive amplitudes, or
deflection and rotation, could be obtained as well as hawtupdors applying ideal
point forces and moments. This would further complicateadmplementation.

Furthermore, as this approach requires structural compsméth specific proper-
ties, it could imply a structure with high mass, which is ently not acceptable.
These results motivated the second part of the thesis ciagléhe structural com-
ponents with electrical components to provide passive dagnp

Piezoelectric shunt damping can be used to augment stalidiamping to a struc-
ture by introducing electrical losseSltapter 4. Analytical models of a plate and
a beam with a surface-bonded, shunted piezoelectric eklsmare developed for
investigating shunt design based on both structural respand radiated sound
power Section 4.3.4Section 4.3.&ndPaperlV). For very lightly damped struc-
tures, piezoelectric shunt damping using an LR network wkas detuned from
any structural eigenfrequency could be used to influenckitietic energy and ra-
diated sound power over a wider frequency range than jusiggesmode Chapter
4.4.2andPaperll). Detuning the LR shunt gives the potential to reduce titalt
kinetic energy and/or sound power (i.e. the sum of respesfectral components),
and makes the shunt less sensitive to changes in strucigealfeequencies and/or
piezoelectric capacitance.

If the eigenfrequencies of the first structural modes of tlagepappear under their
critical frequencies the shunt treatment which is optinnahf the viewpoints vi-
bration and sound radiation respectively may differ sutisdlly - in terms of both
the inductance and resistance of the shunt as well as thidoad the piezoelec-
tric element PaperlV). The analytical model of the beam with a surface-bonded,
shunted piezoelectric element agreed very well with messant and could be
used to predict the efficiency of modal shunt dampigdtion 4.5

Shunt damping was also successfully implemented on an nibpan automotive
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vehicle. The oil pan has been recognized as a major contrilbditexternal noise
emission. Experiments showed that the amplitude of thergebending mode
could be reduced by approximately 10 dB by implementing gonmnductive-
resistive shunt, although the measurements were very.noise

Combining voltage driving of the piezoelectric elementhnét passive LR shunt
may offer certain advantages over pure active drividgdpter 5and Paper V).
E.g. in cases where the active controller excites residoebntrolled modes, a
passive shunt can help to provide passive damping of thedesn&urther studies
are needed in order to clarify in which situations hybrid garg is advantageous
and how it can be designed. However, initial results reveapbtential of a piezo-
electric hybrid damping. Previous studies have reportatidipassive shunt can be
used to increase the control authority of the active colatradee e.g. [108, 107].

In general it can be said that when designing passive, aaiivlybrid damping
treatments it is vital to have knowledge of the specific amstances for which the
treatmentis intended, as this may significantly influenesoiitimal design. This is
clearly shown in the results from the study of piezoeleghant damping, where
the shunt varies significantly when optimized on the basdiftérent criteria.

7.2 Future work

Based on the results from the studies presented in thissthesveral points in
the discussion could be used as topics of subsequent studioegever, the most
natural extension of this work would be to experimentallypliement the piezo-
electric hybrid active-passive control system, for braadbcontrol. Control laws
for designing the control filter and principles for shuntidesag could be studied
with respect to vibration levels, radiated sound and faieslamping, thereby in-
vestigating wether there are any general design principhesh can be applied to
piezoelectric hybrid damping treatments.
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Appendix A

Mathematical derivations

Here follows some mathematical derivation which are notuided in the main
body of the thesis or in the appended papers.

A.1 The piezoelectric constitutive relations

The general constitutive relation for a linear piezoelectraterial is given by equa-
tion 4.6 inChapter 4 The stress and strain vectors given in equation 4.6 areadefin
as

4 £ \ ( €s 4 ol \ ( o,
€9 Ey 09 Oy
e=¢ BN _ ) =0 L0309 L (A1)
€4 fY:vy 04 Ty
€5 Yz %5 Taz
\ €6 Y, L Tyz ) L 76 ) \ Tyz )

where it is assume that the material axes (1,2,3) of the pleztsic plate are
aligned with the coordinate axes,(y, z) of a Cartesian coordinate system; see
figure ??. ¢ andr represent extensional stress and shear stress respeaivedt
and~ extensional strain and shear strain respectively. Thesntterial axes 4,5,6
represents shear around thegy, z-axes respectively. The electrical field and the
electrical displacement vectors are defined as

E, D,
E={ E, », D={ D, . (A.2)
B, Dy
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The elastic compliance matrix is given by
[ SE SE SE 0
SE SE SE 0
SE SLE SL 0
0 0 0 SE 0
o0 0 0 0 SE o
0 0 0 0 0 S|

As the electric field can only contribute to electric chang¢hie same direction as
the field is applied the matri&’ is diagonal according to

& 0 0
=10 & 0 |. (A.4)
0 0 &

The electromechanical coupling matrix is given by

0O 0 0 0 dis O
d =

o O O

(A.3)

o O OO

0 0 0 ds 0 0
d3i ds dgs3 0 0 0

. (A.5)

A.2 Modal forces by a shunted piezoelectric element
on a free-free beam

The contribution by the piezoelectric element in equati@84s given by the term

Ntw Pw 0w 0?
E —0 2—— — f — . A.
e (G0 + 25500 + S50 )+l ule . (a0
Inserting the modal solution approach gives for the n:th enod
Epbt (kpdnQ2+ 200/ + ¢n Q") a, — w’m)andn (A.7)

Multiplying this expression by,,, and integrating over the length of the beam gives

T2 L L
(prtkfb —w2m;) an/ ¢n¢mdx+2prtan/ gbggme'derprtan/ O QY dx
1 0

" (A8)
Solving this integral and assuming orthogonality of the emd.e.¢,¢,, = 0
if n # m yields the modal mass and stiffness due to the piezoelesigiment
according to

MP? = pt,bylaw? () (A.9)
KPP = B btk (, (). (A.10)
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Assumingk,l, < 1 the function¢,(x) can be approximated as
1 2
Co(e) =1+ ﬂ(cosh%knxc) — sinh?(k,z.))
1 — 2
+ %(Coﬁ(knl‘c) — sin®(k,z.))
— 27, (sinh(k,z.) cosh(k,x.) + cos(knx.) sin(k,z.))
+ 2(cosh(k,x.) — vy, sinh(k,z.))(cos(kpx.) — ynsin(kpz.))  (A.11)
(A.12)

Which is the expression found in equation 4.29.
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Appendix B
Examples of beam junctions

This chapter presents some examples of passive and aatisteojos and how the
impedance formulation, which was presented in 2.3.2, carsbd to calculate the
scattering properties of such junctions.

B.1 Passive junctions

Two examples of passive junctions are presented: A beamrtated by a deflec-
tion spring and a mass; and a junction where a semi-infiniéenbeith arbitrary
cross-sectional area and material properties is connected

B.1.1 Example I: A beam terminated with a mass and deflection
spring

In order to derive the reflection matrix for an Euler-Berridoeam terminated by a
mass and deflection spring at a free end, the impedance rfatgach component
has to be derived and added. Thus the impedance matrix feeaird, a deflection
spring and a point mass has to be known. Table B.1 gives thedarnze matri-
ces for a point-mass and a deflection spring respectivelg. cBmbined junction
impedance matrix is given by

(A1)

. Kd
N - - N wm—=4%) 0
Ztot - Zfree + Zmass+ Zspring = |: J( v ) :|

0 0

k,E1,
m

[]
_J

Kq

Figure B.1: Figure depicts the junction in example A.
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Inserting this into equation 2.6 gives

ok _ L[ ZJREL—mw?(1+j) + Ka(1 + ) FEI(1 +)
o KBEI(1—j) JKET — mw?(1+j) + Ka(1+]) |’
(A1)
wherem and K; represent mass and spring stiffness respectively and,
o =KEI +mw*(1+j) — Kq(1+j). (B.1)

B.1.2 Example Il: A beam with an arbitrary change in Young’s
modulus, density or cross-sectional dimensions

In this example the beam is connected to a semi-infinite bedimarbitrary cross-
sectional dimensions material properties. The junctiopadance matrix is thus
the characteristic impedance matrix of a semi-infinite E8lernoulli according to

_ EL | (1+j)k} k2
Z=17=— b b B.2

bW k2 (1—i)ky |’ (8.2)
where the subscrigthas been introduced in order to separate this matrix from the
characteristic impedance matrix of the original beam. g this into equation
2.6, the reflection matrix will turn into that of equation 2&lso the transmission
matrix can for this case be stated with the impedance fortiunlaccording to,

£ = Cf <I + (Z— - z) - (z - Z+>> , (B.3)

whereC; is just asC" except with a discriminating wave number and bending
stiffness, and is a 2<2 unit matrix. By solving this equation the transmission
matrix will be equal to the one in equation 2.2. Hence, theadgnce formulation
was here used to derive the scattering matrices matriceguiatiens 2.3 and 2.2,
originally presented in [43].

k. F1, kyE T,

Figure B.2: Figure depicts the junction in example B.
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Table B.1: A few standard junction impedance matrices and the cormedipg reflection
matrix. m represents masdy, spring stiffness whilézI and k represent the
bending stiffness and the wavenumber respectively of ha.bea

Case 7 r
Free end 0 - 1 *)
~ L=j ]
Continuous beam VA 0
: —jwm 0 1 | A+HRET = 2w*m —2k3ET
Point mass { 0 0 } T [ 24k ET —(1+)kEI — 2w*m |

j[(_d _9 3 3 . 3
Deflection spring { 0 } 1 { JREL+ Ka — jKq) (1+j)kEI

Constants [ =2w?m — K3EI(1 —j)
O =K;+ Kgj+kEI

(1-)k3ET IKPEI — Kq+jKg) |

B.2 Active junctions

Constraints may be specified on the reflection matrix in eqn&.6 and the cor-
responding required active impedance load can be deriveserting equation 2.7

into equation 2.6 yields
- . . -1/ . . -
r— (C_)—l (Z_ . (Zpass+ Zact)> ((Zpass+ Zact) _ Z+> Ct. (B.4)
From this equatioriZ?* can be solved as

Z (T+1T|) +Z* (1 +adj(T)) _puss (B.5)

Zact _
|T| + tracgT) + 1

where

T=Cr(ChH™, (B.6)
and where adj denotes the adjugate matriX'ofAlmost any beam junction can be
actively achieved by a correct choice of the active impedanatrix, e.g. a con-
tinuous beam can be modified to behave as a free end. Noteinip@rtant to
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remember that this reasoning is highly theoretical. For@nad implementation
on a real beam a number of issues would complicate the migterjmplementa-
tion, measurements and actuation.

The power injected or absorbed by the active impedance togigden by

1
Wiy = 5Re{ ((C*+Cr)at)’ zo(Ct + c—r)a+} , (B.7)
whereH denote Hermitian transpose. An optimal power absorbindgrotbar may
be derived by choosing®®in a way that will minimise equation B.7.

Different control laws, for both force and moment actuatiare investigated in
Paperll. A few examples are given here in order to facilitate urstiending of
actively manipulating beam junctions in this way.

B.2.1 Example Ill: Making a continuous beam into a free end

The active impedance matrix is here used in order to martgalaontinuos beam
to have the reflection matrix of a free end. The reflection mébr a free end is
given by Table B.1

free _j 1 +j
r- = . . ) B.8
PR ®9)
The passive junction matrix for a continuous beam is
N EI[ (1+j)k® k?
pass__ -~
Z - w |: k2 (1 —J)k? ’ (Bg)

which is the characteristic impedance matrix for a wave agatfield traveling in
positive x-direction. Inserting B.8 into equation B.6 ahén together with equa-
tion B.9 into equation B.5 and yields

s EIT —(14+)k —k? .
act __ . +
zect = - { i aogw | =2 (B.10)

In this case the choice of the active impedance matrix isalssiSince the free end
impedance matrix is the null matrix, according to equatiohtBe active impedance
load just has to be equal to the negative of the passive pmatipedance matrix.
However, in other cases the correspondence between thredlesilection matrix

and the junction impedance matrix might be less obviouss &htive impedance
load will block any incident wave field from being transmdttacross the junction.
This could be helpful for isolating a part of a structure frardisturbance.
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B.2.2 Example IV: Avoid reflections at a junction with an ar-
bitrary change in Young’s modulus, density and/or cross-
sectional dimensions.

The reflection matrix for junction where the beam is conngt¢tea semi-infinite

beam with arbitrary cross-sectional dimensions mater@grties is given in equa-
tion 2.3. The active impedance load can be chosen so thaetleetron matrix

becomes zero and no reflection occurs at the junction deth@tenpedance mis-
match between the beams. The desired reflection matrix sshieunull matrix, and

the passive-junction impedance matrix is

5 ElL, | (1+))k} k? ~
pass__ b b _ 7+
ZP3ss — — [ K -k | = 7, (B.11)

where the subscriptdenotes the difference in bending stiffness and bendingmaw-
ber between the beam to the left and right side of the juncéspectively. Inserting
equation B.11 an@® = 0 into equation B.5 yields

sact . EL [ EP(L+))(v—av?) k(v —ay)
Z _wvl K20y — av) k(l_m_aﬂ’ (B.12)

wherea and~ are defined in equation 2.4. The active impedance load deffiped
the matrix in equation B.12 compensates for the impedansenatch introduced
by the step change in Young’s modulus, density or crossesgttdimensions, or
any combination of these. If the beam is continuous,d.e- v = 1, equation
B.12 becomes the null matrix. This is obvious, since in tlaaecno active control
is needed. Itx = 1 andy — 0, i.e. the right side beam vanishes and the junction
turns into a free end, the matrix in equation B.12 turns ih®rhatrix of equation
B.11. Hence, to avoid any reflection at the free end the actipedance load has to
be equal to the characteristics impedance matrix for a wadaear-field traveling
in the positive x-direction. In this case the beam junctismiatched. This has
previously been reported by [29].

B.2.3 Example V:Active absorber on an infinite beam.

The last example treats an active absorber on an infinite béaminfinite beam
can be seen as two connected semi-infinite beams. Thus, ssev@ampedance
matrix is equal to

EIT (14))k k?

F7pass __
= Koo (=0k |

(B.13)
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Here it is assumed that the control system consists of aatasal velocity sensor
which provides the reference for a force actuator, and thiystbe (1,1) element of
the active impedance matrix is non-zero. The impedanceadatv is thus scalar
and equation B.7, which expresses the power injected orladddy the active
impedance load, reduces to

1
Win = 5Re{Z°% [ol?, (8.14)

whereZ2%is a scalar active impedance ands the velocity in the position where
the force is applied. Further assume that only a wave and aoefietd is incident
at the junction, then minimising/j, gives

Z3 o (Zﬁ) : (B.15)

whereZ;; is the (1,1) element in the characteristic impedance mafriightward
travelling wave and near-field anddenotes complex cnjugate. This control law
gives a reflection factor and a transmission factor of 0.5usTalf the incident
power absorbed while one quarter is reflected and one queatesmitted, as re-
ported in [32].
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