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Leadcompensation–basedcontrollersdescribedabove are reasonablystraightforward to synthesize
without needinganaccuratemodelfor thestructure.Althoughsimpleandeffective, their systematicuse
is limited to single–input–singleoutputapplications.Moreover, they arecollocatedcontrollers,i.e., they
requirethe actuationandsensingto occurat the samelocation(s)which might not be alwayspossible.
Lastly, they arenotoptimalcontrollers.

The last threedecadeshave broughtmajordevelopmentsin themathematicaltheoryof multivariable
feedbacksystemswhichincludethestatespaceconceptfor systemdescriptionandthenotionof mathemat-
ical optimizationfor controllersynthesis.Varioustime-domain-basedanalyticalandcomputationaltools
have beenmadepossibleby theseideasresultingin controllerdesigntechniquessuchaslinearquadratic
regulation (LQR) and linear quadraticGaussian(LQG) methods,which their applicationsto structural
control have beenstudiedby researchers.The theoryhasincreasinglyconcentratedon analyticalissues
andhasnot placedenoughemphasison issueswhich areimportantandinterestingfrom theperspective
of practicaldesignandapplication.In particulartheproblemof modeluncertaintieshadbeensomewhat
neglectedby thesetheories.

1 LQR/LQG Control of Structures

LQR is a linearoptimal full statefeedbackcontrolmethodwith theobjective of minimizing the impulse
responseof the statesandthe control expenditure,in a quadraticsense.It hasa very elegantsynthesis
procedureandpossessahigh level of stability robustness.

Example 1.1: Active damping of a flexible plate
DesignanLQR optimalcontrollerto adddampingto a rectangular, 0.08mm steel,flexible plate,freeat
two sidesandfixedat theothertwo. Theplateis patchedwith two 10 mil PZT actuators(5cm � 2cm)
andnearlycollocatedsensors(1.5cm � 1cm)at two locations;seeFigure1. Thetwo–input–two–output
modelof the platecontaining6 flexible modesis experimentallyidentifiedandavailablefor the design.
Weassumeall thestatesof thestructureis availablefor feedback.

Weightof 1 is usedequallyonall thestates(modaldisplacementsandvelocities).Theweightof 10�
6

wasequallyappliedto the two control actuations.Having the weight matricesdecidedon, the optimal
LQR controlleris synthesized.NotethatLQR is afull statefeedbackcontrollerandhas12 inputsandtwo
outputs.Using this controllertheclosedloop systemwasformed. The FRFsof thecontrolledstructure
areshown in 2.
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Figure1: Flexible plate
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Figure2: The FRFsof the flexible platecontrolledby an LQR; openloop (solid–line)andclosedloop
(dashed–line)
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Exceptfor simple,low DOF, discretesystems,structuralstatesarenormallychosenasmodaldisplace-
mentsandvelocities.Thesestateshaveonly mathematicalmeaningandthusarenotmeasurable,directly.
Not having accessto themeasuredstates,for full statefeedback,hasled to theuseof estimatorsto esti-
matethem. Usinga Kalmanfilter for estimationandfeedingtheestimatedstatesbackis what is known
asLQG control. for detaildiscussionof Kalmanfilter andLQG control. Covariancesof disturbanceand
measurementnoise,arethedesignparametersof theKalmanfilter. In practice,thesecovariancesarenot
necessarilysetto their actualvalues,but areusedasadjustmentsto tunethefilter. For example,onecan
tighten(increasetheaccuracy of thefilter) theestimationby increasingtheprocessnoisecovariance.

Example 1.2: Active damping of a flexible plate
Consideringthatall thestatesarenot normallyavailablefor feedbackdesignanLQG optimalcontroller
to adddampingto theplatedescribedin Example1.

Thefirst partof designis similar to thestepwe took in Example1, i.e., designinganLQR controller
assumingall thestateswould beavailable.Thenext stepis designinganestimator, namelyKalmanfilter,
which canestimatethe statesusing the input to the structure(2 strainactuationprovided by the piezo
patchesandmeasuredoutputfrom thestructure(2 strainmeasurements).Theestimatedstatesproduced
by this estimatorwill beusedin placeof therealstatesandfed to theLQR controllerdesignedin step1.
Using the LQR designof Example1 andan estimatordesignedin this examplethe FRFsof the closed
loopsystemis constructedandshown in Figure3.

Unfortunately, the useof estimateof the statesleadsto the lossof the attractive robustnesscharac-
teristicsof LQR controller. Onecanvary the level of robustnessof theLQG controllerby adjustingthe
disturbanceandmeasurementnoisecovariances.For examplethe tighter the estimation,the lower the
degreeof robustnessof thecontrolledsystemandinverselytheloosertheestimation,themorerobustthe
controlledsystem.

Moreover, LQG aremodelbasedcontrollersandtheir successfulapplicationrelieson the existence
of anaccuratemodel. This in turn requirestheaccurateknowledgeof theparametersof themodel,i.e.,
naturalfrequencies,modaldampingcoefficients,andmodeshapes.As statedearlier, theuseof truncated
models(usingonly alimited numberof modes)leadsto observability andcontrollabilityspill–overswhich
resultin lackof stabilityandperformancerobustness.All theseperhapsexplainswhy despitethefactthat
it hasbeenaroundfor morethan3 decadesLQG controllerhasnot beenwidely usedby practitioners.
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Figure3: The FRFsof the flexible plate controlledby an LQG controller; openloop (solid–line) and
closedloop (dashed–line)
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