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ABSTRACT

A novel passive vibration control configuration, namely thenedMass
Damperi QHUWHU 70', LV SURSRVHG LQ WKLV ZRUN 7KH
mechanical twagerminal flywheel deviceevelopng resisting forces proportional to the
relative acceleration of its terminalwith the wellknown and widely used in various
passive vibration control applicationsunedMassdamper (TMD). Introduced as a
generalization of the TMD, the TMDI takes adveniH RI WKH 3PDVV DPSOLIL
of the inerteto achieve enhanced performance compared to the classical TMibgaor
harmoncally excited primary systemanalytical closedorm expressions are derived for
optimal TMDI design/tuning panaeters ging the wellestablishedand widely applied
for the case of the classical TMD seempirical fixedpoint theory. It is shown that for
the same attached mass the TMDI system is more effective than the classical TMD to
suppress vibrations close to the naturequency of the uncontrollgatimary system
while it is more robust to deining effects. Morever, it is analytically shown that
optimally designed TMDI outperforms the classical TMD in minimizing the displacement
variance of undampetinear singledegreeof-freedom (SDOF) whitaoise excited
primary g/stens. For this particular case, optimal TMDI parameters are derived in elosed
form as functions of thadditionaloscillatingmass and the inerter constant.

Furthermore, pertinent numerical data awenished, derived by means of a
numerical optimization procedure, for classically damped mechanical cascaded chain
like primary systems base excited by stationary colored noise. This exemplifies the
effectiveness of the TMDI over the classical TMD to segprthe fundamental mode of
vibration forlinearMDOF structures. It is concluded that the incorporation of the inerter
in the proposed TMDI configuration can either replace part of the TMD vibrating mass
to achieve lightweight passive vibration contrdusions, or improve the performance of
the classical TMD for a given TMD mass.

The TMDI is further applied fopassivevibration control ofseismically excited
buildingstructures. An input nestationary stochastic process compatible witrethstic
desgn spectrum of the European aseismic code provisions (EC&sumed.The
effectiveness of the proposed TMDI configuration over the classical iENBsesselly
performing response history analyses for an mide of EC8 spectrum compatible field
recordel strong ground motions. The optimally tuned TMDI solution aclsieve
considerable reduction of the peak average top floor displacement and peak average top
floor accelerations of the considered primary structures compared to the one achieved by
the optimaly designed classical TMD, assuming the same additional mass in both cases.
Furthermore, the TMDI configuration achieves significant reduction in the maximum
displacement of the additional oscillating mdssthis study, the primary structwere
assumedtio behave linearly in alignment with current trends in performance based
requirements for minimally damaged structures protected by passive control devices.

Furthermorepptimally designed TMDI is applied for vibration suppression and
energyharvesting vian electromagnetic device which transforms the mechanical kinetic

XVi



energy ino electrical energyUnlike the case of traditional energy harvesting enabled
TMD systems, the amount of available energy to be harvested by the herein proposed
TMDI-basedharveser isleveraged by changing the intensity of the mass amplification
effect of the inerterthrough mechanical gearingjthout changing the weight of the
TMDI system.Therefore the inclusion of thenerter DGGV D 3GHJUHH RI IUHI
design parametdo the classical TMEbased harvesters allowing to control the tratfe
between vibration suppression and energy harvesting in a more flexible manner.

Overall, the herein reported numerical data analytical worlprovide evidence
that the TMDIoffers a mvel promising solution for passive vibration contiod energy
harvesting Most importantly, it opens several new research paths involving
numerical/parametriavork, as well as prototyping, experimentaltesting and field
deployment
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CHAPTER 1: INTRODUCTION

1.1 MOTI VATION AND OBJECTIVES

Depending on their locatiocertaincivil structured facilities can be subjected to
dynamic loads due to gusty wind fronts and/or strong ground motion associated with
earthquake events of different intensity/severity during theirdérvice. At high levels
of intensity these naturally occurring dynamic loads may induce permanent structural
damage and, in extreme cases, total structural failure/collapse. During the past three
decades the incorporation of various devices such asidzdatrs, energy dissipation
equipment (e.g. viscous dampers, friction dampers, etc.), and-meesl dampers
(TMDs) has been considered by various researchers and has been applied in practice to
passively control the vibratory motion of structures manmtg its amplitude below
certain acceptable threshol@®lartelli & Forni, 2011; SpencerJr, 2002; Soong &
Dargush, 1999; Chang, 1999/ \SLFD OO\ -\FREXYFH@QRVQLRQDO" PHDQV I
the hazard posed to structures due to the action of winds ahduedtes are applied to
protect critical civil infrastructure such as higke buildings, hospitals, and loisgan
(foot)bridges Furthermore, the employment of such passive devices is commonly
considered to upgrade/reinforce existing/historical strusttoemeet the contemporary
safety criteria and to retrofit damaged structures in the aftermath of severe seismic events.
These practical applications have sustained the important and active research field of
passive vibration control for new and for exigtidamaged structure&dmittedly, it is
noted that improved structural performance can be achieved by using activatsemi

control solutions relying on the integration of sensors, controllers andimealdata




processingSpencer & Nagarajaiah, 2008pshioka et al, 2002; Ozbulet al, 2011).
However, due to reliability issues and the installation cost of such solutions, the use of
active control systems is not as wide spread as the passive control solutions.

In the contexiof passive vibration cortl, the concept of the dynamic vibration
absorber is historically one of the first and most widely used strategies for passive
vibration mitigation of dynamically excited mechanical and civil engineering structures
and structural components (Frahm, 194d @rmondroyd & Den Hartog, 1928t relies
on attaching an additional freée-vibrate mass to the structural system (primary or host
structure) whose motion is to be suppressed via certain mechanical devices. These devices
are appropriately daged (or3sWXQHG ~ VXFK Wud-phage fddionRQH2Q W
attached mass is achieved compared to the primary wieudrguably, the most
commonly $sed dynamic vibration absorbés the ssFDOOHG 3WEQRGHRBDV\
(TMD). In its simplest form, the TMRorsidersa linear spring and a viscous damfmer
link the additional mass to the primary structuree effectiveness dhis classical TMD
relies on tuningts stiffness and damping properties such that significant kinetic energy
is transferred from the wihting primary structure to the TMD mass and is dteso
through the viscous damper.

Despite being widely used due to the relatively simple andesédiblished design
SURFHGXUHVY WKH 70" VXIIHUV WKH SURIBéH&spBrise G H W)
or a change in the dynamic properties of the primary structure) which may significantly
affect its vibration suppression performance especially for the case of narrow band or
harmonic excitations. Moreover, the TMD is not robust to uncertainties in esigniad
properties of the jpmary structure from which the optimdMD design parameters
depend on. To address these issues, various different strategies have been employed such

as the use of multiple TMDs (e.gyamaguchi & Harnpornchai, 199and of hystestic




dampers in place ofhe linear dashpot (e.qRicciardelli & Vickery, 1999. These
strategies do offer enhanced performance compared to the classicahdWiYer they
add a further layer of complexityoptimum design/tuning becasa challenging and
computationally involved tashn this regard, it should be noted that, perhaps, the most
straightforward way to enhance the performance and robustness of the TMD is to increase
the attached mass for which optimum TMD design is sought. Indleedarger e
attached mass considered, the more effective an optimally designed TMD becomes to
suppress excessive primary structure vibrations at the cost of an increase total weight of
the structural system (seeg. Angelis et al 2012;Hoanget al 2008and refeences
therein).

Motivated by the latter observatigrthis thesis considers the addition of a mass
DPSOLILFDWLRQ PHFKDQLFDO GHYLFH GoXdaltahce thé KH 3L
performance of the classical TMD configuratiofhe thus proposeduned-Mass
Damper InerterTMDI) exploits the apparent mass amplification effect of the inaater,
two-terminal device developing a resisting force proportional to the relative acceleration
of its terminalsto achieve improved vibriain control compared to ¢hTMD for the same
attached mass.

In this contextthe underlying equations of motion for linear SDOF and MDOF
TMDI equippedprimary structuresrefirst introduced in the thesis. It is showat the
TMDI constitutes a generalization of the classical TMExt, standard optimisation
techniques used for the classical TMD are applied to derive optimum TMDI parameters.
Focus is given to theibration control performance of the TMDI over the one achieved
by the TMD In particulara significant part of thidesis is focused on deriviagalytical
closedform expressions for optimal TMDI design/tuning parametersharmonically

and stochastically excitesingle degreeof-freedom EDCOF) primary g/stens.




For multi-degreeof freedom MDOF) cascaded chailike mechanical systems
pertinent numerical data are furnished, derived by means of a nunaptoalzation
procedurevhen consideringtationary3 F R O R X U Hh@se@xitatidh”

Next,the TMDI is utilizedto achieve a lightweight passive vibration solution
seismically excited building structures, focusiag wellon the reduction of the peak
average top floor displacements/accelerations andhenreduction of the required
additionaloscillating massstroke.For thispurpose an input norstationary stohastic
process compatible with thelastic design spectrum of the European aseismic code
provisions (EC8)s assumedFurthermore, the effectiveness of the propogetimum
designedTMDI configuration over the classical TM® assessethrough response
history analyses for an ensemble of 7 EC8 spectrum compatible field recorded strong
ground motions.

Further,optimally designed TMDIare appliedor simultaneous vibration control
and energy harvesting .The latter study is motivated by the factinhabdrsidering a
passive TMDBbased harvester device, t®e oscillating TMD mass increases, better
primary structure response reduction is achieved but at the cost of reduced available
energy forharvestingGonzalezBuelga et al, 2014; Tang &uo, 2012; Adhikar& Ali,

2013.

In view of theabove,Table1.1 summarisegor clarity the main contribution of
this thesiswithin a matrix formatFurthermore, the same table providdsaationmap
of eachTMDI development/applicatiowithin the thesid] shaptersSeveral publications

derived from this thesis are also enumerated.




Tablel.1 Matrix of Thesis Contribution

TYPE OF PRIMARY SYSTEMS CONSIDERED

Single Degree of
Freedom Primary

Sysem

Multi Degree of Freedom

Primary Systems

- In time and frequency
domain.® ®

(Chapter 2)

- In time and frequency domaitt
-State Space Formulation.
-Admittance Matrix Formulatiof®

(Chaper 4), (Appendixl)

Governing
equatiors of
motion
DEVELOPMENT
OF THE TMDI
Optimum
design

- Closed form Expressio
for Undamped primary

systemg®

(Chapter 3

- Numerical Optimisation+ 3P L= ¢

PD[” constraint  optimizatiorn
algorithm employing a sequenti
programming methad® @

(Chapter 4 & Chapter 5)

APPLICATIONS

Simultaneous vibratior

suppression and energ

harvesting.(3)

(Chapter 6)

- Earthquake protection for multi
storey buiIdingé.l)

(Chapter 5)

1) Marian L. & Giaralis A. 2013.Optimal design of inerter devices combined with TMDs for vibrat

control of buildings exposed to stochastic seismic excitationsPioceedings of the 11th ICOSSAR

International Conference on Structural Safety and Reliability for Integrating Structural Analysis, Risk and

Reliability; New York, US(eds: Deodatis Gllingwood BR and Frangopol DM), CRC Press.

(Z)Marian, L. & Giaralis A. 2014.0Optimal design of a novel tuned maksmperinerter (TMDI) passive

vibration control configuration for stochastically suppextited structural systems. Probabilistic

Engineeing Mechanics 2014; DOI:/10.1016/j.probengmech.2014.03.007.

3) Marian L. & Giaralis, A. 2014. Vibration suppression and energy harvesting in tuneddaageer £

inerter (TMDI) equipped harmonically supp@scited structures. IiProceedings of the 6timternational

Conference on Structural Control aitkalth Monitoring2014; Barcelona, Spain.




1.2 THESIS ORGANISATION AND OUTLINE

This dissertatiorcompriseseven chapters and one appendix followed by the list
of cited referenced.he introductonyirst chapte presers the motivatiorand the objectives
of the undertaken work. It outlines the chapters within the thesis with a short summary of
their content.

Chapter 2rovides a brief review on the classitahedmassdamper TMD) and
on the inerter, focusingn applications in structural engineering.

In Chapter 3he governing equations of motion and relevant transfer functions of
the proposedunedmassdamperinerter(TMDI) configuration are derived for the case
of linearsingledegreeof-freedom SDOR primary systemsAnalytical expressionare
derived in closed form for optimum TMDI parameters minimizing the displacement
amplitude response for the special case of undamped harmonicaHgxuisel SDOF
primary stems Furthermoreanalytical expressionfor optimum TMDI parameters
minimizing the displacement variance for the special case of undamped white noise
excited SDOF primaryystemsare obtained.

Chapter 4dintroduces th&MDI configuration to suppress oscillations following
the fundamental mode eofbration of supporexcited dampednulti-degreeof-freedom
(MDOF) chainlike primary ystens. A numerical optimization procedure for optimum
design of the TMDI for these primarystemsis also discussedNumerical data is
provided to demonstrate thefexftiveness and applicability of the TMDI wdsvis the
classical TMD for classically dampsdpport excitedlDOF chainlike primarysystems

Chapter5 appliesthe TMDI system to achieve a lightweight passive vibration
solution for seismically excited bdihg structuresFor optimum TMDI parameters

designanon VWDWLRQHU\ SRZHU VSHFWUXP FRPSDWLEOH L




spectrum of the current European aseismic cpodwvisions (EC8) is considered.
Moreover, the effectiveness of the propo$&tDI configuraion over the classical TMD
is assessetly performing response histoanalyses for an ensemble Bfirocode8
spectrum compatible field recorded strong ground motions.

In Chapter 6the TMDI is applied forsimultaneousvibration suppressioand
energy harvesting. alytical and numerical resultge reportedn the capabilities of
optimally designed TMDlIs for vibration suppresstomarvesenergy bytransferringhe
kinetic energy fromharmonically base excite8DOF primary structuresito electrical
energyvia a particulaelectromagnetic energy harvester.

Finally, Chapter summarizestte main conclusions of the work




CHAPTER 2: A REVIEW ON THE CLASSICAL T UNED MASS
DAMPER (TMD) AND MASS AMPLIFICATION D EVICES
FOCUSING ON APPLICATIONS IN EARTHQUAKE

ENGINEERING

2.1 PASSIVE TUNED MASS DAMPER BASED VIBRATION

CONTROL

The idea of attaching an additional figevibrate mass to dynamically excited
structural systems (primary structures) to suppress their oscillatory motion is historically
among the first pasge vibration control strategies in the area of structural dynamics
(Frahm,1911;0rmondroyd & Den Hartog, 1928en Hartog, 1956; Brock, 1946)his
LGHD UHOLHVY RQ GHVLJQLQJ RU 3WXQLQJ" WKH PHFKD
the primary sttucKUH WR DFKLHY H-drphasel MdRioh QI mdadX W this
context,(Frahm, 1911)ntroduced the use of a linear sprm@ss attachment to suppress
the oscillations of harmonically excited primary structural systems in naval and
mechanical enginULQJ DSSOLFDWLRQV 7KLV HDUO\ 3G\QDPL
to reduce the oscillations of singlegreeof-freedom (SDOF) primary structures within
a narrow rangeentredat a particular (prspecified) frequency of excitation. Later
Ormondroydand Den Hartod1928)enhanced the effectiveness of the above absorber to
dissipate the kinetic energy of primary structures by appending a viscous damper
(dashpot) in parallel to the linear sprifignis is known as the Tuned Mass Damper (TMD)
shown inFigure2.1 for singledegreeof-freedom EDOR andmulti-degreeof-freedom

(MDOF) primary structures.
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Figure2.1 A structural frame model of mulstorey (a) and singlstorey (b)building structuregprimary

systemsequipped withTunedMassDamper (TMD) classical passive contsallution

AsemiHPSLULFDO 3RSWLPXP" GHVLJQ SURFHGXUH K
Hartog(Den Hartog, 1956and Brock(Brock, 1946 WR 3W XQH ™~ Vaistifae&s® SL Q J
properties for am priori specified mass of this springassdamper attachment such that
the peak displacement of harmonically excited undamped SDOF pritnacyuses is
minimized (see&Krenk, 2009. This design/tuning procedure relies orHth3IL[HG S RLQ\
assumption which states that all frequency response curves of the resultibg&vo
dynamical system pass through two specific points; the location of these points being
independent of the damping coefficient of the dashpbtis the tunedpringmass
damper attachment, commonly termed in the literaturé¢kabl W X Q HGD PHON WYV
(TMD), achieves the suppression of the oscillatory motion of harmonically excited
primary structures over a wider range of exciting frequencies compared togrepss
attachment. Recently, the fixed polmsed tuning procedure was shown to be very close
WR WKH SH[DFW" VROXWLRQ IRU WKH(MsBWataRRDAGani/ X Q L Q.

2002) However, for the case of damped SDOF primary structures, thepgoietitheory




does not strictly hold and the derivation of optimal TMD parameters in closed form
becomes a challenging task (eNishihara & Asami, 2002; Asami et al, 2002 this
respect, numerical optimization techniques are applied in practice tiorabglesign of
TMDs (e.g. Leung & Zhang, 2009 Motivated mostly by earthquake engineering
applications Warburton (1982) derived optimum TMD parameters based on the fixed
point theory for the case of harmonically baseited undamped SDOF structures.
Further,substantial research work has been devoted to investigate the potential of using
the classical TMD to mitigate the motion of stochastically supgxcited primary
structures. Using standard analytical techniques, optimal pBmeters cape ready
obtained in closeform as functions of the TMD mass to mingaithe response variance

of undamped SDOF primary structures subjectwioite noise support excitation
(Ayorinde & Warburton, 1980; Warburton, 1982However, for the case of damped
SDOF primary structures subjected to stochastic support excitations, the derivation of
optimal TMD parameters by analytical approaches bec@wballengingtask To this

end, numerical optimization techniques are commonly employed for optimum design of
TMDs to mirimize the response variance for suchraniy structures (see e.g. Bakre &
Jangid, 2005; Hoang et al, 2008; Leung & Zhang, 2009; Salvi & Rizzi,)2011
Alternatively, simplified approximate solutions for the problem at hand have been
reached by making the &XPSWLRQ RI 3OLJKWO\" GDPSHG SULPDU
Basu, 2005Krenk & Hagsberg200§. Along similar lines, several researchers proposed
different approximate simplified and numerical methods for the design of TMDs for
damped linear mukilegre-of-freedom (MDOF) primary structures under stochastic
base excitation widely used to model seismically excited fstdtey buildng structures

(see e.g. Sadek et al, 1997, Ran@dbng, 1998, Moutinho, 201&ngelis et al, 2012nd

references thereinNote that, TMD optimum design for vibration suppression of linear

10



multi degreeof-freedom (MDOF) primary structures is a straightforward task since, in
common practice, the aim is to control vibrations according to a single (the dominant)
structural modelspe (e.g. Rana & Soong, 1998).

Although alternative arrangements of linear springs and dashpots (viscous
dampers) have been considered in the literature to attach a mass to primary structures (see
e.g. Liu &Liu, 2005 Cheung & Wong, 2011 and referentiesrein), the above discussed
SFODVVLFDO” 70' FRQILIJXUDWLRQ PDVV DWWDFKHG YL
the most widely studied in the literature and the most commonly used one for passive
vibration control of various mechanical and civil ergring structures and structural
components.

In recent years, several different strategies have been employed to enhance the
performance of the classical TMD for passive vibration suppression of structural systems
including the use of multiple classicBMDs (see e.g. Hoang & Warnitchai, 2005; Lee et
al, 2006 and references therein), the incorporation oflinear viscous dampers to the
classical TMD configuration (Rudinger, 2006), and the consideration of hysteretic TMDs
(see e.g. Ricciardelli & Vickeryl999). These strategies do offer enhanced performance
compared to the classical TMD, however, optimum design/tuning becomes a challenging
and computationally involved task, especially for damped MDOF primary structures.
Furthermore, analytical and nuneai results reported in the extensive relevant literature
suggest that the effectiveness of the TMD for vibration mitigation of-&esiéed
structures increases by increasing the attached TMD mass. This is particularly the case
for high intensity supporxcitations (e.gHoang et al, 2008Angelis et al, 201

Indeed, the larger the attached mass considered, the more effective an optimally
designed TMD becomes to suppress excessive primary structure vibrations at the cost of

an increase total weight tife structural systelfe.g Feng & Mita, 1995)In this respect,
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recent studies focus towards roonventional configurations which have in common the
employment of significantly large TMD masses, which can reach the order of 15% to
100% of the primary sticture totaimass (Feng & Mita, 1995; Moutinho, 2012; Angelis

et al, 2012; Hoang et al, 2008; Matta & DeStefano, ap@D09h. This can be
accomplished by the use of substructures utilized asssthined vibration absorbers in

tall buildings, as prope@siby Feng & Mita (995)where it is shown that the use of this
PPHYXEVWUXFWXUH FRQILIXUDWLRQY ZLWK PDVVHV W
VWUXFWXUHYYV PDLQ ERG\ VLIQLILFDQWO\ LPSURYHV W
Moreover, h (Moutinho, 2012)it is proposed to use the top floor of a five storey shear
building as a large mass TMD to reduce induced seismic vibrations, assuming TMD
masses which can reach the total mass of the primary structure. This is accomplished
through the use olubber bearings which are interposed between the top of the columns

on the last floor and the roof. It is proven that the use of large mass TMDs improves
robustness in terms of parameter uncertainties. In a similar mannerTMiQs are also
proposed in (Agelis etal, 2012 LWK PDVVHV HTXDO WR Rl WKH S
The study is carried out by means of both numerical analyses and experimental tests. It is
concluded that large mass TMDs lead to greater reductions of the structural response
compaed to conventional ones. The proposed solution is also found to be more robust
against deviations of optimum parameters resulting from uncertainties in structural
properties. Large magdViDs are also employed in Hoang ef{2008)for the case of a

SDOF stucture on a design example for seismic retrofitting of a-kwan truss bridge.

A TMD mass equal to 77% of the total mass of the primary structure is proposed. Its
performance is proved to be robust with respect to uncertainties in the system structural
parameters as well as the excitation frequency content. Furthermore, the concept of the

rolling-pendulum roofgarden ™MD (RPTMD) is introducedby Matta & DeStefano

12



(2009 where nosstructural large masses already available atop buildings are turned into
TMDs. The occurring TMD maasncertainties are inspected through a robust analysis.
The same author@Matta & DeStefano, 2009bprovide a comparison between the
previously proposed rollingendulum and the classicedmslational TMD configuration.
Given tha large mass TMD lead to an undesirable increase of the weight which
needs to be accommodated by the primary struaisimey structurally sophisticated
solutions there is scope in seeking ways to reduce the attached TMD mass to facilitate
practical struatral design, while maintaining the welbcumented efféiweness ofarge
mass TMDs to mitigate seismic risk associated with modévagdevere earthquake
induced ground shakindn this regard, in this thesis the classical TMD is coupled with
mass ampliftation devicesreviewed in the following section, aiming to achieve

enhanced structural performance with reduced weight.
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2.2 THE INERTER AND OTHER MASS AMPLIFICATION

DEVICES IN EARTHQUAKE ENGINEERING APPLICATIONS

Conceptually introduced by Smith (2002hetideal inerter is a two terminal
mechanical element of negligible mass/weight developing an internal (resisting) force
proportional to the relative acceleration of its terminals which are free to move
independentlyiFigure2.2 depicts an inerter device whose terminals are subject to an equal
and opposite externally applied fofeé equilibrium with the internally developed force.

By definition the following relationship holds for the ideal linear inerter (e.g. Smith, 2002;

Chuan et al, 2014):

Fb(y-u), (2-1)

whereu; and u; are the displacement coordinates of the two terminals and a dot over
symbol signifies differentiation with respect to titnén the above eqtian, the constant
of proportionalityb attains mass units and fully characterizes the behaviour of the inerter.
Still, the physical mass of an actual inerter device is orders of magnitude lowér than

u, u,

>

ot

*F

Figure2.2 Schematic representation of the tteosminal flywheel device (b is the masgquivalent

constant of proportionality

Employing rack and pinion gearing arrangements or ball screw mechanisms to drive
a rotating flywheekeveral such devices haveebebuilt and prototyped (Smith, 2002;

Chuan et al, 2011a; Papageorgiou & Smith, 2005act, TTF devices/inerters have been
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successfully used for vibration control of suspension systems in high performance
vehicles (e.g. Evangelou et al, 2004; Chuaad,e201b and others). More, recently, fluid
inerter implementations have been proposed (Swift et al, 2013; Wang et al, 2011) which
use the mass of a fluid flowing through a helical channel to generate the required resistive
force.Inerter devices can beewed and modelled as a linear mechanical element which
complements the ideal linear spring element (i.e.-tevminal devicedeveloping an
internal force proportional to the relative displacement of its tern)iaald the linear
dashpot (i.e. twaerminaldevicedeveloping an internal force proportional to the relative
velocity of its terminals To this end, the concept of the inerter allows for atormne
mapping of dynamical mechanical systems for passive vibration control analogously to
the electrichnetwork synthesis. In fact, the concept of the inerter allows for designing
mechanical systems for passive vibration control analogously to the electrical network
synthesis. To this end, various topologies of springs, dampers, and inerters have been
tesed for vibration isolation of vehiclesChuan et al, 2014, Evangelou et al, 2004

Of particular importance for the purpose of this thesis is the mass amplification
effect of the inerter which has been noted in the original paper of Smith (2002). This
effect can be readily understood by examining a seismically excited linear-spaiter
mass system. Specifically, consider the single storey portal frame buildfiguoé2.3
having an inerter device exposed to a horizontahseigxcitation and modelled as a
linear singledegreeof-freedom system withk; lateral stiffnessym mass assumed to be
lumped at the girder. Let the girder be connected to the ground by means of an ideal
inerter device. The equation of motion of thisisture written in terms of the horizontal

floor displacement relative to the ground motion is given as:

m bx ¢x kt ma (2-2)
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Figure2.3. Singledegeeof-freedom (SDOF) primary structure grouadnnected via an inerter element.

&OHDUO\ WKH LQFOXVLRQ RI WKH LQHUWHU LQFU
frame byb. However, the physical mass of the inerter is assumed to be negligible
compared tdhe massm, in accordance with the definition of the concept of the inerter
as defined in Smith (2002). To further elaborate on this médiigure 2.4 providesa
mechanical realisation of the inerter comprising a plunger thatsla rotating flywheel

through a rack, pinion, and a gearing system wiglears (e.g. Smith, 2002).

Figure2.4. Possible mechanical realisation of the inerter comprising a plunger that drivesrgyrotati

flywheel through a rack, pinion and gearing system with n gears

16



The inertancé achieved from such a mechanical device is expressed as:

2

b m % ;—r) (2-3)
whereny is the mass of the flywH H O {sQh@ radius of gyration of the flywhee};
represents the radius of the flywheel pinion amgpresents the number of gears with
radiusri and pinion radius; chained together between the input gear and the output
flywheel pinion. It can besasily deducted from Equatid@-3) that, as the number of
gears considered in the mechanical realization of the inerter increases, the ifeatathce
implicitly the mass amplification effect increases proportional.

Importantly,the inclusion of the inerter changes (reduces) the natural frequency of
the system. This issue has been recently examined in (Chen et al, RiHer, the
amplitude of the effective horizontal force is also reduced, consideration which has been
extensvely discussed in (Takewaki et al 2012).

The use of mass amplification devices/inerters for vibration mitigation in
seismically excited buildings has recently attracted some attention in the literature. Wang
et al. (2007; 2010) propose various passiveatibn control configurations, assessing the
performance of several suspension layouts employing inerters placed in between the
ground and the superstructure in a base isolation type of arrangement. It has been
established that inerter devices are effectivecontrolling the response of rigid
superstructures exposed to vertical bamdted white noise ground motions. Passive
vibration control systems comprising inerters in conjunction with springs and dampers
have been considered by Lazar et al. (2013&a3BPDfor vibration isolation of primary
systems subjected to recorded earthquake excitations applied along the vertical direction.

JXUWKHUPRUH D QXPEHU RI HQHUJ\ GLVVLSDWLRQ G
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DPSOLILHU® ZKLFK DFKLH éffdet aPth¥ inBrie® i pa@lleQWwith aF
viscous damper have been discussed in the liter@glgeHwang et al, 2007; Ikago et al,
2012 and others). These rotational inertia dampers are usually arranged as diagonal
bracing members in mulsitory framed hildings to provide supplemental damping and
inertia properties to structures (e.g. Ikago et al, 2012). In this manner, passive control of
seismically excited buildings is achieved by increase of the inherent to all structures
damping and mass properti€sirthermore, a new vibration control device is proposed in
(Garrido et al, 2013) called rotational inertia doutoieed mass damper (RIDTMD),
consisting of a classical TMD and a rotational inertia element similar to the inerter. The
efficiency of the propsed configurations vig-vis the classical TMD is assessed via a
numerical optimisation for SDOF primary structures subjected to harmonic load. In
(Takewaki et al, 2012) it is shown that inerters distributed along the height of a
seismically excited strugte are effective for the reduction of the maximum absolute
horizontal acceleration of floors by reducing the applied to the structure horizontal load.
It is noted that, the TMDI discussed in the following chapters is significantly
different than the TDin (Lazar et al., 2013) and the solutions of (lkago et al, 2012) as in
all these cases the inerter is placed as a strut within the storeys of buildings in combination
with spring and damping elements. Further, in a similar manner, Takewaki uses inerters

allocated within the structure and connected from one storey to another.
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CHAPTER 3: THE TUNED-MASSDAMPER-INERTER PASSIVE
CONTROL SOLUTION FOR SINGLE-DEGREE-OF-FREEDOM

PRIMARY SYSTEMS

3.1 PRELIMINARY REMARKS

This chapterintroduces the Tuned Mass Damybeerter (TMDI) for vibration
control of harmonically and stochastically excited sindegreeof-freedom (SDOF)
primary systemslhe herein proposed TMDI configurationeskD GYDQWDJH RI1 WK
DPSOLILFDWLRQ HIIHFW™ RI WKH LQHUWHw eemexdtyLQJ
between the TMD oscillating mass and the ground $@OF primary gstems
Importantly, the TMDI can be viewed as a generalization of the classical T@s,all
established in the literature proceelsifor optimum design (tunipgf the classial TMD
arereadily applicable to achieve optimal performance forTihk®| configuration.

In addition to the herein considered TMDI configuration, several other spring
massdamper and inerter connectivity arrangements have been studied, as exemplified
Appendix |I. Howeveras detailed in Chapter 2.the mostbeneficialway in which the
massamplification effectof the inerter can be exploited is to have one of its terminal
connected to a fixed points in the inertial frame of reference. Tiee fhus mavates the
choice of the proposedMDI arrangement.

This chaptepresentghe governing differential equations of motion in the time
and in the frequency domain for TMDI equipped damped linear SDOF primary structures.
Closedform analytical expressionsorf optimal TMDI parametersare derived by

application of a semHPSLULFDO DSSURDFK H[WHQVLYHO\ X
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design/tuning of the classical TMD to supress the motion of harmonically excited
undamped SDOF primary structurdgloreover, optimal TMDI design parameters
minimizing the relative displacement variance of undamped SDOF primary structures
under white noise support excitation are analytically derived in closed form as functions
of the TMD mass and the inerter constnbased orthe computedptimum design
parameters, the performanoéthe novel TMDI isanalytically assessedis-a-vis the

classical TMD.

3.2 GOVERNING EQUATIONS OF MOTION

Consider a linear damped singlegreeof-freedom (SDOF) dynamical system

(primary structure) modelled by méar spring of stiffnesg , a massm , and a viscous

damper with damping coefficient , excitedby an externally masapplied forceP or

basedexcited by an acceleration stochagtiocessa, t as shown irFigure3.1a and

Figure3.1b, respectivelyAlternatively,the mechanicatlynamical systesof Figure3.1
can be viewd asone storg high frame structure buildings asggested ifrigure3.2.

To suppress the oscillatory motion of this primary structure it is herein proposed
to consider the classical tuned mdssnper (TMD), in conjunction with a two terminal

flywheel (inerter) device as shown kigure3.2. The TMDI consists of a mass, .,
attached to the primary structure via a linear spring of stiffiess and a viscous
damper with dampig coefficientc,,, along with a tweterminal flywheel- inerter

device which connects the attached mass to the ground.

20



Xt d, .
< - =X,
CM)I < E TMDI
b T / Cror
D mI'MDI kmm b k
7 D mmw TMDI
CI 73 o) . c AR
—D— P / IE o} T
k] m; >  k m,;
W _Jvmim_]
7 N O ‘ O 7 O O
- X; X

Figure3.1. Singledegreeof-freedom (SDOF) primargystemequipped with a tuned madamper

inerter (TMDI) system (a) force excited; (b) basesited.
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Figure3.2. Singledegreeof-freedom (SDOF) primargystem(modelled és a&me structureground

connected via an inerter eleméaj force excited (b) base excited

Under the assumption that the physical mass of the inerter, the damper, and the spring are
negligible compared to the massasand mrmpi, the equations of motiorf the TMDI

equipped SDOF primary structure considered are written in matrix form as:

ZnFMDI b 0 O®X’MDI :2 ol Gmpi | -
- 0 m X ¢ gwml G Gwol Ay

a 0 1 (3D
Krwioi Kewioi « ®XTMD| 32 l:2®t ° ¥, V2
Ko K Ko v X Jhte b
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In the above equations, andxtmpi are the displacement response histories relativesto th
motion of the ground of the primary structure mass and of the attached mass, respectively
(see alsdrigure3.2). For force excitationf2(t)=0 in Eq. (3-1) and F2(t)=P(t). In this

case, the incorporatn of the inerter contribution to an increase of the attached mass
mrvor by the inertance (mass amplification effect). Therefore, the resulting TMDI will
have the same dynamical behaviour as a classical TMD with attached mass equal to
mrmoi+b, though theadded weight of the TMDI will only be equal nervpig, whereg is

the acceleration of gravity. In this regard, the case of a force excited TMDI equipped
SDOF primary gstemscoincides with the classical TMD in terms of equation of motion
and, thus, with ptimum designTo this end, it will not be explicitly treated in thisesis

For ground excitation, the following forcing vector applieEquation(3-1):

F, to v
§iw g

m?
Notably, this is different than the case of a baseited classical TMD wittmrvpi+b
attached mass. In this respect, the remainder af¢lisonfocuses oithe case odupport
excited TMDI.
Denote by&wmpi and tmpr the natural frequency and the critical damping ratio of

the TMDI system, respectively, defined as

kTMDI CTMDI
—— , / 3-3
;MDI I(‘nl'MDI b ! 2(rnTMDI b) ZMDI ( )

Further, consider the dimensiordasass ratiqi, the dimensionless frequency ratiq,,

DQG WKH GLPHQVLRQQkkgr¥ssed@sdi UWDQFH~ UDWLR
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b
P My Xoo, ZMDI EF — (3_4)

where & is the natural frequency of the primary structure, thag&s, (ki/m)*2. Using
the above definitions, the complex frequency response function (FRF) in terms of the

relative lateral swayu of the framestructurein Figure3.2 can be written as

G() =2/ z
8y
1 P %DIZ ? 12 TJ&Dl 1 PTN% v4 (3'5)
zZ . s . £ P .
1 — 12— MDl2 Zi2 MDI o £ T |2 2 o Ty Z
Z 12, g@g 12 fuor fa W2 fo- 1 2nd

in the domain of frequencyby considering the normalized acceleration inmi&?. In
the latter equation andereafter / 1. Furthermore, the complex FRF in terms of the

relative displacementrvpr Of the attached mass is written as:

G() 22z p? z
ag

: P 5,
1 P %DI '217{40| T%DI ZT IZP Z21]122 (3'6)

zZ . 28 . E P .
1 - 24— MDI Zi2 MDI o £ 5 T2 v 12 0 z
7 i2] Zo Z 12 dor 5 for 12 b

It is noted that by setting= =0in Eq.(3-5) andEq.(3-6) the FRFs in terms of the relative
displacements«t and xrvpi, respectively, for an wamped SDOF primaryystem

equipped with the classical TMD are retrievidthis respecit is seen that the ppmsed
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tuned masslamperinerter (TMDI) configuration for passive vibration control can be
interpreted as a generalization of the classical TMD

In the next sectiorgptimal TMDI design is sought by considering the minimization
of the magnitude of the FRG; (i.e., Gi(& _~ FRPPRQO\ UHIHUUHG WR I
DPSOLILFDWLRQ IDFWRU"™ 7KLV LV WKH PRVW FRPPRQ ¢
of harmonically excited primary structures by means of the classical TMD s{sigm

Krenk, 2005.
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3.3 OPTIMUM DESIGN OF THE TUNED-MASSDAMPER-

INERTER FOR HARMONIC EXCITATION

Assume that the TMDI equipped structuré=gjure3.2 is subjected to a harmonic
support excitationGiven fixed values for the and ratios in(3-4), it is sought to

GHWHUPLQH 3RSWLPXP" YDOXHV IRU WKH "kvipy W LIIQH
crmol, respectively, or equivalently for theé,;, D Q fmpi dimensionless parameters in

(3-4) and (3-3) respectively, such that the amplitude of the lateral sway of the primary

structure is minimized.

3.3.1 DERIVATION OF CLOSED FORM SOLUTIONS FOR OPTIMUM

DESIGN PARAMETERS

The tuning design approach proposedbgn Hartog 1956)for harmonically force
excited undamped SDOF primary structures equipped with the classical TMD (i.e. TMDI
with E LV KHUHLQ DGRSWHG 7KLV DSSURDFK LV EDVH
relies on the empirical observation that the magnitude of the FRF c@\e§||in
Equation(3-5) for E passes through two specific pointse iocation of which is
independent of the damping coefficientio;. Importantly, this observation holds for the
TMDI system and for harmonically bas&cited primary structures, as well. For example,

in Figure3.3, the dynamic mplification factor 51( &) is plotted for several values of the

TMDI damping ratio tvpi and for fixed values of the ratios , and Xyp, -

25



2 0.4

Figure3.3 Relative displacement response amplitude of undarspgport excited TMDI equipped
SDOF primary structure with mass ratie0.1, inertance ratio I[UHT X H Qrio=0.DaNd f& #

various TMDI damping ratioSrmpi.

(YLGHQWO\ WKHUH H[LVW W ZR P\ANID,WheRG BRACUBRR L Q W V
intersect for all damping coefficient valuesupi, or equivalently TMDI damping ratios
t™pi. Following the classical TMD design approach of Den Hartog, the amplitude of
|G1( &| at pointsP1 andP2 must be equgDen Hartog, 1956; Brock, 1946; Krerf05)
for achieving optimum responseurthermore,1( &| must attain a local maximum at
these two points and, thus, the slope @i &| at P and P> must be equal to zero.
Therefore, according to Den Hartog approach, the minimum response of a TMDI
equigped harmonically support excited undamped primary structure may be achieved by
enforcing that there exist two local maxima G#(|&| with equal amplitudes at the
stationary point$: andP-.

Collecting the real and imaginary parts, the square magnitutie &RF in(3-5)

is written as

A Al B’
C2 4'./TMD ,2D2

G.(3 (37)
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Where:

AL BAZ 2B L AZy -

a Z (3-8)
c é Z1 %(l E R i#,andD ZZ,[1 ?(1 E F
By imposing the conditian
lm, GO m J6€)f @9

to enforce that the dynamic amplification factGi(|&| is independent ofrvoi, one

obtains:

AD BC (3-10)

Substitution ofA,B,C, andD in the above equation adopting the positive sign leads to the
trivial solution & . However, use of thaegative sign yields the following quadratic

equation in&:

Z@uw E2 TR p) 24,0 HE)A U] 20 W)/ Zy 0 (31)

whose roots Z, and Z,are the natural frequencies correspondinght gtationary

points R and B; the response amplitude is independent of the TMDI damping coefficient

crwmpi at these frequencies. The sum of the rogfs and 4, can be expressed as the

ratio between the cogient of the linear term and the coefficient of the quadratic term

in (3-11) with a negative sign, that is,

27



2 2 Z2 p) 22,0 Ep@ p)

u £ 2) (312

Enforcing equal dynamic amplification @ointsP andP: for the limit tvoi:° WKDW LV

im [G( p)| | lim |GE )| (3-13

i Of

the following equation inz, and z,is obtained

51 zz 2 Z (3'14)

1 Ep

Solving the system of equations (8-12) and (3-14), the value of the following

(optimum) frequency ratictmpi is obtained in closed form

(3-19

XMDI 1 4(1 B(Z P F

1 E 20 P

which achieves equal dynamic amplification at poitandP-.
Moreover, the optimum TMDI damping ratio can be obtained by requiring that the
dynamic amplification at the two stationary pitsiP1 and P2 is maximized locally. This

condition is achieved by setting

0 (3-16)

8VLQJ WKH DERYH HTXDWLRQ W Kud iS P& ib DS ofhe', SD L

ratiosp and Uas
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I \/E‘ P6 P P (LE )6PT7 ) 317

81 AL £ X @& £

By substitution of the above optimal TMDI tuning parameta (3-5), the following

expression fothe dynamic amplification factor at poirfes andP- is obtained

(1+A( E2 P2
E F

maxG, (2] [G.(Z]) |G(&) J (3-18)

Note that by setting E in Equations(3-16), (3-17) and (3-18) the closedorm
expressions for optimal parameters and dynamic amplification factor of the classical
TMD for undamped harmonically support exct SDOF systems are retrieved
(Warburton, 1982; Rana & Soong, 19898 shownn Table3.1. Closedform expressions
corresponding to the force excitation case are also included in the latter table for the sake
of completeness. In this case, the optimal TMDI parameters and dynamic amplification
factor for hamonically forced excited undamped SDOF structures follows trivially from
the known expressions of the classical TMD with attached mads (seeFigure 3.2

andEq. (3-1)). However, these expressions néede slightly modified to be consistent

with the definitions of the paramete#spiand tvmpiin Eq.(3-3).

Table3.1. Closedform expressions for optimal TMDI for undamped SDOF harmonically excited primary

structures is-a-vis the classical TMD case

Dynamic
amplification factor

(max i, (2))
Force excited 1 3P 2 P
TMD (b=0) 1 F 81 P p

Force excited 1 3 P 2 P
TMDI (b>0) 1 E 81 P P
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Base excited 1 (2 F ___6r 1 P 2
TMD (b=0) 1 > 81 2P F

Base excited 1 l(l A2k _F TEpe @ yp 0E )6PT ) 1+A( E2 P2)
T™MDI (b>0) L £ U V8L AL E B (@ B) £ P

3.3.2 QUANTIFICATION OF THE PERFORMANCE ENHANCEMENT AND
WEIGHT REDUCTION OF THE T UNED-MASSDAMPER-INERTER

VIS-A-VIS THE CLASSICAL TUNED -MASS-DAMPER

The optimum TMDI propertiesx,, D Q fmpi given by the above derived expressions
(3-15) and(3-17) minimize the peak dynamic amplification fact@i( &| at frequencies

z, and z, (and cosequently the peak response at those frequencies) of TMDI equipped
harmonically base excited undamped primary structures for any given value of the ratios
1 and Ufollowing the Den Hartog approach for optimal design/tuning of TMDEBidare

3.4 the expredgsns in(3-15) and(3-17) are plotted, for four different values of the mass
ratio , as a function of the inertance ratioThe latter quantity takes values within a
suggestd interval of practical interest [0,1], with  being the limiting value for which

the TMDI degenerates to the classical TMD. It is observed that the optimal frequency
ratio X, decreases asincreases for all values ofconsiderd, while it also decreases

as the attachesp PDVV LQFUHDVHV )XUWKHU WKH FRIESXWHDC
increases monotonically (and almost linearly) with the normalized inerter condtant

all considered values of while it also increases #se attachedirmpr mass increases.
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Optimum TMDI
frequency ratio (I«TMD])

0.2
p=0
(classical TMD) B
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(classical TMD) B

Optimum TMDI
damping ratio ( ;,},Mm)

Figure3.4. Optimum TMDI frequency ratidémor and damping ratiorvor as a function of the inertance
rato UDQG IRU VHYHUDO PDVV UDWLR YDOXHYV

More importantly Figure3.5 plots the dynamic amplification fact@s( &| as a function
of the input harmonic excitation normalized by the natural frequency of the uncontrolled
primary structure& for an optimally designed TMDI equipped undam@&OF primary
structure with mass ratio= 0.1. Different values of the inertance rationcluding the

value which corresponds to the optimally designed classical TMD, are considered.

As expected, all FRF curves plotted attain two local maxima ofl depight at the
frequencies 4, and £, whose location depend on the ratidCompared to the case of

the classical TMD, the incorporation of the inerter in the considered TMDI arrangement
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reduces significantlthe peak dynamic amplification factor of the primary structure at the
resonant frequency of the uncontrolled primary structure, as well as at frequeigies
and z,. The rate of this reduction saturatesfss ftatio increases. This trend can be
clearly seen irFigure 3.6 which plots the peak response amplitude of the optimally
designed TMDI equipped primary structure af, normalized by the peak response

amgitude of the optimally designed classical TMD equipped primary strudbe@) @t

the same frequency against the inertance rdto four different values of the mass ratio.

8 H T T T
= {ncontrolled

] = TMD (0.1, p-0)

—TMDI(u 0.1. B 0.1)

6r
<TMDI ( u=0.1, f=0.2)
=2 et TMDE (0., B0.3)
& i‘ ERR St K
—. 4 S = TMDI(u 0.1 f0.7)4
b 3 EY

04 0.6 0.8 1 1.2 1.4 1.6
(o/(oj

Figure3.5. Dynamic amplifi@tion factor spectra for various optimally designed TMDI (b>0) systems and
for the classical TMD (b=0).

|G_f(wp,)|(b > 0)

p=0 B
(classical TMD)

Figure3.6. LRUPDOL]HG G\QDPLF DPSOLILFD W& RdaQoptdrialy eebigietd WKH 3L

TMDI systems as functions of the inertance ratio
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Figure3.6 also suggests that the incorporation of the inerter to the classical TMD
system is more effective for vibration suppression for smaller attached nmasges

Neverheless, it is also observed kigure 3.5 that for a certain interval of frequencies
lower than £, the classical TMD performs better than the TMDI. Even so, the upper

bound of this interval reduces aBcreases. For example, for the particular case=6f1

shown inFigure3.5, this upper bound becomes as low as 60% of the resonant frequency
of the uncontrolled primary structure for0.5. Furthermore, the dynamic amplification
factor (51( &| becomes flatter as the inertance ratiocreases and exhibits practically
insignificant fluctuations for>0.7 (and =0.1) over a considerable range of frequencies.
Similar observations hold true fothervalues of mass ratioas well.

In view of the above observations, it is concluded that the consideration of larger
inertance ratio valuesis beneficial as it significantly reduces the peak response within
a wide range of frequencies about the natural frequency of the uncontrolledyprimar
structure compared to the classical TMD. Therefore, the TMDI is more robust for
vibration suppressiorvis-a-vis the classical TMD of the same mass ratioland
consequently of the same weight) as it is less affected by detuning and uncertainties in

estimating the structural properties of the primary structure.

It is important to point out that the previously reported benefits of incorporating an
inerter to the classical TMD flowing the arrangement dfigure 3.2 are similar to
considering classical TMDs with larger attached masss effect is demonstrated in
Figure 3.7 which plot