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Lead compensation—baseambntrollersdescribedabove are reasonablystraightforvard to synthesize
without needingan accuratanodelfor the structure.Although simpleandeffective, their systematiase
is limited to single—input-singl®utputapplications.Moreover, they arecollocatedcontrollers,i.e., they
requirethe actuationand sensingto occur at the samelocation(s)which might not be always possible.
Lastly, they arenot optimalcontrollers.

Thelastthreedecade$ave broughtmajor developmentsn the mathematicatheoryof multivariable
feedbaclsystemsvhichincludethestatespaceconcepfor systendescriptiorandthenotionof mathemat-
ical optimizationfor controllersynthesis.Varioustime-domain-basednalyticalandcomputationatools
have beenmadepossibleby theseideasresultingin controllerdesigntechniquesuchaslinear quadratic
regulation (LQR) andlinear quadraticGaussianLQG) methods,which their applicationsto structural
control have beenstudiedby researchersThe theoryhasincreasinglyconcentratean analyticalissues
andhasnot placedenoughemphasin issueswhich areimportantandinterestingfrom the perspectie
of practicaldesignandapplication.In particularthe problemof modeluncertaintiehadbeensomeavhat
neglectedby thesetheories.

1 LQR/LQG Control of Structures

LQR is alinearoptimalfull statefeedbackcontrolmethodwith the objective of minimizing the impulse
responsef the statesandthe control expenditure,in a quadraticsense.It hasa very elegantsynthesis
procedureandpossess high level of stability robustness.

Example 1.1: Active damping of a flexible plate

Designan LQR optimal controllerto adddampingto a rectangular0.08 mm steel,flexible plate,free at
two sidesandfixed at the othertwo. The plateis patchedwith two 10 mil PZT actuatorg5cm x 2cm)
andnearlycollocatedsensorg1.5cmx 1cm)attwo locations;seeFigurel. The two—input—two—output
modelof the plate containing6 flexible modesis experimentallyidentifiedandavailablefor the design.
We assumall the stateof the structureis availablefor feedback.

Weightof 1 is usedequallyon all the stategmodaldisplacementandvelocities). Theweightof 10°
was equally appliedto the two control actuations.Having the weight matricesdecidedon, the optimal
LQR controlleris synthesizedNotethatLQR is afull statefeedbackcontrollerandhasl12 inputsandtwo
outputs. Using this controllerthe closedloop systemwasformed. The FRFsof the controlledstructure
areshavnin 2.
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Figurel: Flexible plate
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Figure2: The FRFsof the flexible plate controlledby an LQR; openloop (solid—line) and closedloop
(dashed-line)



Exceptfor simple,low DOF, discretesystemsstructuralstatesarenormallychoserasmodaldisplace-
mentsandvelocities. Thesestateshave only mathematicameaningandthusarenot measurablegirectly.
Not having accesgo the measuredtatesfor full statefeedbackhasled to the useof estimatorgo esti-
matethem. Using a Kalmanfilter for estimationandfeedingthe estimatedstatesbackis whatis known
asLQG control. for detail discussiorof Kalmanfilter andLQG control. Covariancesf disturbanceand
measurementoise,arethe designparametersf the Kalmanfilter. In practice thesecovariancesarenot
necessarilysetto their actualvalues,but areusedasadjustmentso tunethefilter. For example,onecan
tighten(increaseheaccurag of thefilter) the estimationby increasinghe processoisecovariance.

Example 1.2: Active damping of a flexible plate
Consideringhatall the statesarenot normally availablefor feedbackdesignan LQG optimal controller
to adddampingto the platedescribedn Examplel.

Thefirst partof designis similar to the stepwe took in Examplel, i.e., designingan LQR controller
assumingall the stateswvould be available. The next stepis designingan estimatoy namelyKalmanfilter,
which can estimatethe statesusing the input to the structure(2 strain actuationprovided by the piezo
patchesandmeasureautputfrom the structure(2 strainmeasurements)l'he estimatedstatesproduced
by this estimatomwill be usedin placeof thereal statesandfed to the LQR controllerdesignedn stepl.
Using the LQR designof Examplel and an estimatordesignedn this examplethe FRFsof the closed
loop systemis constructecaindshavn in Figure3.

Unfortunately the useof estimateof the statesleadsto the loss of the attractve robustnesscharac-
teristicsof LQR controller Onecanvary the level of robustnesof the LQG controllerby adjustingthe
disturbanceand measurementoise covariances.For examplethe tighter the estimation,the lower the
degreeof robustnes®f the controlledsystemandinverselythe looserthe estimationthe morerobustthe
controlledsystem.

Moreover, LQG are modelbasedcontrollersandtheir successfubpplicationrelies on the existence
of anaccuratemodel. This in turn requiresthe accurateknowledgeof the parametersf the model,i.e.,
naturalfrequenciesmodaldampingcoeficients,andmodeshapesAs statedearliet the useof truncated
models(usingonly alimited numberof modes)eadsto obsenability andcontrollability spill-overswhich
resultin lack of stability andperformanceobustnessAll theseperhapsexplainswhy despitethefactthat
it hasbeenaroundfor morethan3 decade$ QG controllerhasnot beenwidely usedby practitioners.
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Figure 3. The FRFsof the flexible plate controlledby an LQG controller; openloop (solid—line) and

closedloop (dashed—line)



