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Recap

Frequencydomainspecifications

SimilartothetimedomainspecsthatresultedinfeasibleareasintheSplanewecandefinefrequencydomainspecs

thatdictateshapehowourBodeplotshouldlooklikeRecallthesensitivityCLTFSweintroduced awhileback
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Ifwehavedisturbancesdandor noisenenteringourCLsystemwecanuse andStomapthenoisen and
disturbancesd totheoutputgUsuallydisturbanceshavelowfrequenciesandnoisehashighfrequenciesThecommands

weinputtooursystemusuallyalsohavearelativleylowfrequencyKnowingthiswecanconstrainthemagnitudesof

Sjwand jw forspecificfrequencies

Sjw 1 atlowfrequenciesfordisturbancerejectionandgoodcommandtracking

jw 1 athighfrequenciesfornoiserejection

Wecanrewritethasas functionsof s andwithsomefunction jw

jw jw

jw

lowfrequencies

athighfrequencies



ThisresultsinthefollowingobstaclecoursefortheBodeplotof jw

0

NexttohighandlowfrequencybehaviorwecanalsoconstrainthebandwidthofCLsystemThebandwidth

tellsusthemaximumfrequencyforwhichtheoutputcantrackcommandswithin afactor 0.7

WecanusuallyapproximatetheCLbandwidthwiththeOlcrossoverfrequencywge

Loopshaping

Todesignourcontroler s giventhedesiredbehaviorof s we canusesomebasicbuildingblocks

tosteer s throughtheBodeobstaclecourseThatwayweconstructa dynamic compensator

Csthatfulfillsourrequirements

Proportionalcompensation

Inthiscase Cs k wherek is asimplegain

Shiftsthemagnitudewhilephaseisunaffected

Improvescommandtrackinghighermagnitudeatloww andCLbandwidthmovescrossover f
9

Stabilitycanbecompromized

Leadcompensator

Aleadcompensatoris apolezeropairwherethezeroalwayscomesbeforethepole

Geads O a b



Mainuse increasephasemargin Geads K optionaltoadjustwe

i Pick ab atdesiredwe

ii Pick dependingondesiredphaseincrease

iii AdjustKtoputweatdesiredfree

sideeffectsincreasemagnitudeathighfree

Lagcompensator

Alagcompensatoris apolezeropairwherethepolealwayscomesbeforethezero

Class 0 b a

Mainuse improvecommandtrackingdisturbancerejection CiagS K

i Pick asthedesiredincreaseinmagnitudeoflowGreg

ii MultiplyKby highfreqnotaffected

iii Pickatobesufficientlysmallnottoaffectwe

sideeffects reductionofphasemargin

Limitations

Ifoneofthezerosisnonminimumphasetheclosedloopsystemmightbecomeunstable
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ForlargeenoughgainstheclosedloopwillbecomeunstableTheCLsystembecomesslow

If wehaveaOlpoleintheRHP Weneeda highgaintostabilizethesystem
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ThisshouldgiveyouasenseofhowformanysystemsthereareclearperformancelimitationsCertain

requirements canthusneverbesatisfied



TimeDelays

Afterchoosingourcontroler s wehavetoimplementitUsuallyweusecomputersforthistaskUnfortunatley

computershaveafinitecomputetimewhichmeansthatthecontrolinputtoacertainerrorhassomedelaySomephysical

systemsthemselvesalsohavedelaysAnextremeexamplewouldbecommunicationwitheg a marsrover

InthisexamplethedelaycanbeseveralminutesHowcanwetakethisintoaccount

Mathematicallywecanexpressatimedelayas

yt at

Thetimedelayisa linearoperatorthattransformsaninput ut intoadelayedoutputy t.is theammountofdelay

WecanalsocomputetheTFofatimedelayAssume ut est

yt esᵗ es at
TheTEofatimedelayisthusgivenby es

Thisnota rationalfunction Wehavenopolesorzeros Rootlocusdoesn'tworktoassesclosedloopbehavior

Let'stakeacloserlookatfrequencyresponseofatimedelayRememberthatforthefrequencyresponseweplugin

s jwandlookattheresultingphaseandmagnitudeAssume 1

GE.jo e 1

GE.jo e w

Freqwraps
around360

Thuswecansummarizetheeffectofatimedelayas aphaseshiftof w Thatmeansthatforanysystem



withatimedelaywehavetobeverycarefulaboutthephase

Gainandphasemargins

Togetthegainmarginwelookatthefirsttimewecross 180 i e

GE.jo w 180

Similarlywecanlookattheeffectonthephasemarginandseethat

4m 4m we

where isthephasemarginwithoutthetimedelayandwethecrossoverfrequency Overallwe see adecreasein

phasemarginthatgetsamplifiedasthecrossoverfrequencyincreases

Controldesignwithtimedelays

SohowcanwedealwiththesetimedelaysanddesigncontrollerthatworkwiththemOnewayisto

i Designafeedbackcontrolsystemignoringthedelay

ii Checktheeffectivephasemargin Ifmargintoosmall

Increasephaseatcrossover egleadcompensator

Decreasecrossoverfrequency egsmallergain

iii Iterateuntilgood

Wecanalsoapproximatethetimedelaywitharationalfunctiontothenusetheknownmethods

Packapproximation

InthePadEapproximationwerepresentthetimedelay as aratiooftwopolynomialsAfirstorderapproximation

wouldlooklikethis
es

Togetthevaluesofthecoefficientswecancomparethistermtothetaylorseries
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Andconsideringthermsuptoorder2weget

es

WiththisapproximationwecanusethingsliketherootlocusagainNotethenonminimumphasezeroThislimits

themaxgaininourcL



NonlinearSystems

Allofthetoolswehavelearned inthiscourseareonlyvalidforlinearsystemThusmostsystemsintherealworld

arenonlinearTobridgethisgapwelinearizedsystemsaroundequilibriumpointswiththeJacobianlinearizationprocedure

thattakessomesystem

xtfxt.at

ytzxt.at

andproduces alinearizedsystemvalidaroundtheequilibriumpointThesystemisthengivenby
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GiventhislinearizationtheHartmanGroßmanntheoremtellsusthatifthelinearizedsystemisclosedloopBIBOstable

thenthenonlinearsystemisalsostableinarangearoundtheequilibriumpointWejustdon'tknowhowlargethatregion

is

Ifwenowwanttodesigna controlerforanonlinearsystemweproceedasfollows

i Designa linearcompensatorforthelinearmodel

ii IfthesystemisCLstablethenonlinearsystemwillalsobestableintheregionoftheequilibrium

iii Checkinanonlinearsimulationifyourdesignisrobustwithrespecttotypicaldeviations



Examproblems
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