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1 Tuned Mass Dampers

Theuseof tunedmassdampergTMD) is anothewidely usedpassvevibrationdampingtreatmentThese
devicesareviscouslydampedndordersystemsappendedo avibratingstructure Properselectionof the
parameter®f theseappendagedunesthe TMD to one of the naturalfrequenciesf the underdamped
flexible structure resultingin theadditionof dampingto thatresonance.

Unlike dashpotvhichis mosteffectivein addingdampingto thefirst mode,TMD cantargetany mode,
includingthefirst, andaddconsiderabl@mountof dampingto it. AnotherdistinctionbetweenrMD and
dashpois that TMD is a singlepoint device andcansimply be attachedo a structureat oneendwith its
otherendbeingfree.

To investigatethe interactionof tunedmassdamperswith a structure we analyzethe vibration of a
cantilever beamequippedwith oneTMD, seeFigurel. The beamis modeledusingonly 4 modes.The
tunedmassdampelis appendedo thetip of thebeamandaffectsthebeams vibrationby inputtingaforce
(controlforce)toit. Thedisturbancdorceis assumedo excite thebeamatthetip.
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Figurel: A cantilever beamwith atunedmassdamperatthetip

The massof the TMD andits stiffnessare chosento make the naturalfrequeny of the TMD match
to theresonanfrequeng of the beamto be damped.The dampingeffectivenessof a TMD is dependent
on its dampingratio and the frequeng it is tunedat. The lack of large enoughdampingratio in the
TMD resultsin breakingthe resonanimode,to which is device is tunedfor, to two underdampednode
— aphenomenoknown as‘mode splitting”. A dampingratio between20 to 45in an effective damping
treatmenusinga TMD. Oncethe properdampingratio andthetuningfrequenyg aredecidedon, andalso
knowing the massof the TMD, its springstiffnessand dashpotdampingcoeficient are evaluated. The
FRFsof a cantilerer beamwithout andwith the tunedmassdamperis shavn in Figure 1(a). The first
naturalfrequeng of the beamis around6 Hz. The dampingratio of the TMD is choserto be 40%. The
block diagramof the structure(beam)equippedvith a TMD is shovnin Figurel(b).

As indicatedin this block diagram,the effect of the TMD on the structureit is appendedo would
be analogoudo that of a feedbackcontrollerif the structurewasactiely controlledwith a collocated
sensor/actuatarrangement.
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Figure2: (a) FRFsof cantilever beam(solid line) andthe beamequippedwith a TMD (dashedine) and
(b) block diagramof thebeamwith a TMD appendage

The Mechanicsof TMD

Thefrequeng responséunction(FRF)of TMD transferfunctionis shovn in Figure3. Theparametersf

the TMD is selectedsuchthat,its dampedhaturalfrequeng is matchingthefirst naturalfrequeny of the
beam(40 rad/secndits dampingcoeficientis relatively large. The capabilityof tunedmassdampergo

dampout a particularmodeof vibrationis dueto the 90 degreephasdeadthatthe TMD addsto theopen
loop systemat the naturalfrequeng of thatmode(40 rad/sec)alongwith a gradualchangein its phase
anglearoundthatfrequeng.
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Figure3: FRFof atunedmassdamper

As seenin Figure 3 andindicatedin the block diagramof Figure 1(b), the transferfunction of the
TMD is not proper Having the acceleratiorastheinputto the TMD transferfunction of Figure 1(b) will
take the s? termout of the numeratoiof the transferfunction circumwentingtheimpropernesgroblemof
that transferfunction. This makesthe realizationof this transferfunction, electronicallyor in software,



possibleleadingto anattractve compensatioischemeor active vibration control. This attribute will be
discussedin detail,in subsequenthapterson active vibrationcontrol.

Example 1.1: Appending a TMD on the Unsprung Mass
To be ableto usea moderatedampingcoeficient for the suspensiolashpotindyet avoid its undesirable
consequencef having anunderdampedvheelmodewhich resultsin wheelhopping,the useof a TMD
hasbeensuggestedAppenda TMD to the hub of the suspensiosystemt
shown in Figure 4, so that dampingis addedto the wheelmodeonly. Choosingthe massof the
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Figure4: Quartercarsuspensiomodel

vibrationabsorbeto be ma=5kg, tunethe absorbeto the naturalfrequeng of thewheelmodeandstudy
its effects.

The addition of the appendagéncreaseshe numberof degreesof freedomto 3 (resultingin a 6th
orddersystem).Theequationof motionfor this 6th order 3 DOF systemis

MoX + CoX+ KoX = BeoXin

m 0 O Co —Co 0
whereM=| 0 m O | isthemassmatrix,Co,= | —Cp Co+C+Cq —Ca | isthedampingco-
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efficient matrix, Ko = | —kg ko+ki+ka —ka | is the stiffnessmatrix, Be, = 0 k 0 is the

0 —Ka Ka
excitationmatrix,x={ Xo % Xa } T isthevectorof threedisplacementsandxin = { % X }T is the

Ymy is the sprungmassm is the massof the wheel(tire andits accessorieknown asunsprungmnass) k. andc; denotethe
stiffnessanddampingof thetire, andkg andcy denotethe stiffnessanddampingof the suspensioifstrut), respectiely. xo and
¥ arethe displacemenbf the sprungandunsprungmassesandx. denoteghe roadexcitation. Usingthe valuesm = 40Kg,
¢t = 200Nsec/mandk; = 5e5 N/m.



excitationvector Displacemenbf sprungandunsprungnassesn responseo the roadexcitationcanbe
derivedin Laplacedomainas:

X = (Mas®+ Cos+ Kz)_chz{ i }xc (1)

2 Vibration Absorbers

As statedearlier lightly dampednertial appendageknown as‘vibration absorbers’areeffective vibra-
tion absorptiondevices. They are mainly usedto cancelthe structuralvibration causedoy a singlefre-
gueng disturbanceTo studythevibrationcancelatioraspecbf this passve vibrationattenuatiordevice,
we appenda vibrationabsorbeto a 1 DOF (spring-mass-dashpatystemresemblinga flexible structure
subjectto the disturbancdorce F. Combinationof the structureandthe vibration absorberesultsin a
2 DOF systemshaown in Figure5. Note that similar to a TMD, a vibration absorberaddsan additional
degreeof freedomto the structureit is appendedo. The equationof motion of the systemshown in
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Figure5: A vibrationabsorbeappendedo a secondrdersystem

Figure5is convenientlyexpressedn matrix form as
m O X1 + CL+C —Cp X1 n ki+ks —ko X1
0 m Xo —C2 C2 Xz —k2 k2 X2
F

In the absencef dampingelementin the appendagef Figureb, i.e., c; = 0, threeof the entriesof the
dampingmatrix of Equation2 becomezerosresultingin a pair of imaginaryzero in thetransferfunction
mappingthe disturbanceorce F to the structuraldisplacemenk;. The location of this zerois on the
imaginaryaxis of the s planeat /ky/mp which is the naturalfrequeng of the appendageWhenk; and
mp are selectedlappendages tuned)to matchthis naturalfrequeng to the disturbancdrequengy, the
structuralvibrationwill beattenuatedtthatfrequeng. Thisis theinnerworking of a vibration absorber
which s in facta TMD with negligible damping. Vibration absorbersre usedprimarily for alleviating
theforcedvibrationresponsef (notaddingdampingto) thestructure.

2root of thetransferfunctionnumerator



Example 2.1: Vibration Absorption in a 1 DOF Aystem
ThesinusoidaldisturbancdorceF excitesthemassn asingleDOF system. Appendavibrationabsorber
to the 1 DOF structureandtuneit to cancelthevibrationof the massseeFigure5.

The FRFmappingthe disturbancd- to the displacemenk; of the systemwithout andwith vibration
absorberare depictedin Figure6. Clearfrom this figure, the addition of the vibration absorbetto the
original 1 DOF system(my, c1, k1) changeghe systemto a 2 DOF system.Moreover, having very small
amountof dampingin the vibration absorberesultsin a deepandsharpzero(anti-resonancéequeng)
betweerthetwo poles(resonancé&equenciespf thenew 2DOFsystem. Tuningof this classof vibration
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Figure6: FRF mappingthe force input to the massm; to the displacemenbf that mass;1 DOF system
(solidline) and2 DOF system(dashedine)

absorberamountsto matchingthe frequeng of the zeroshown in Figure 6, which is that sameasthe
naturalfrequeng of thevibrationabsorer, i.e. ﬂkz/mz), to thefrequeng of thedisturbancenput.

Note thatthe useof vibrationabsorberss effective in reducingforcedvibration causedy sinusoidal
or atleastperiodicexcitations.

labelexab



