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Abstract

SimpleAdaptiveControl(SAC)isadirectmodelreferenceadaptivecontrol

(basedonthecommandgeneratoI･trackertheory)whichhasrobustnesswithre‐

gardtodisturbances，unmodelleddynamicsandnon-linearities・Sincethestruc‐

tureofadaptivecontrollerinSACisverysimplecomparedwithconventional

adaptiveschemes,ｏｎｅｃａｎｅａｓｉｌｙａｐｐｌｙｔｈｅｍｅｔｈｏｄｔｏｐｒacticalplants・However，

therearesomesevereconstraintstoimplementthemethod，suchastherequire‐

mentofthealmoststrictlypositiverealness(ASPR-ness)ofthecontrolledplant・

Thus,somewhatseriousproblemshaveremainedwithregardtotheapplicabiliｔｙ

ｏｆｔｈｅＳＡＣｔｏｔｈｅｗｉｄｅｒｃｌａｓｓｏｆｔｈｅcontrolledplant、

TheobjectiveofthisresearchistoexpandtheapplicableclassofSACmeth‐

odstoawiderclassofcontrolledplants，includingbothminimumandnon‐

minimumphasenon-ASPRplantswithunmodelleddynamics,large-scalesystems，

plantswithunknowndisturbances,ａｎｄｓｏｏｎ・

Inthisthesis,firstofall,abasicconceptofSACfbrASPRplantsisreviewed

inChapter2fOrthesakeofbrevityofdiscussionsinthefbllowingchapters、The

commandgeneratortlacker(CGT)theoryandtheASPR-nessoftheplantare

discussed、ＡｂａｓｉｃａｌｇｏｒｉｔｈｍｏｆｔｈｅＳＡＣａｎｄｓｔａｂilityofthecontrolsystemare

alsogiveninthischapter・ＩｎＣｈａｐｔｅｒ３，toexpandtheapplicableclassofthe

SACmethodtonon-ASPRplants,designschemesofcompensators(whichmake

non-ASPRplantsASPRinthesensethattheresultingaugmentedplantwith

compensatorsisASPR)ａrepresented、Systematicdesignschemesofaparallel

feedfOrwardcompensator(PFC)fbrbothsingle-input/single-output(SISO)and

multi-input/multi-output(ＭIMO)minimumphaseplantswithunknownorders

butknownrelativedegreesaregiven・Further，robustdesignschemｅｓｏｆｃｏｍ‐

pensators（PFCandpre-compensator)usingfrequencydomainanalysisarealso

presentedfbrplantswithmultiplicativeplantuncertainties・Chapter4presentsa

robustSACalgorithmfbrplantswithstate-dependentdisturbances・Byadding

arobustadaptivecontroltermtotheoriginalSACalgorithm，ｔｈｅｃｏntrolper‐

ｆｂｒｍａｎｃｅｏｆｔｈｅＳＡＣｓｙｓｔｅｍｗｉｌｌｂｅｓｉgnificantlyimproved・ＩｎＣｈａｐｔｅｒ５，ｄｅ‐

centralizedSACschemesfbrlarge-scalesystemswithunknowninterconnections

arepresented・ThestabilityconditionscorrespondingtoM-matrixconditionand

rangeconditionarederived・AmodifiedSACalgorithmwithaderivativecontrol

termaimedatrobustperfbrmanceintransientstateispresentedinChapter６．

Ineachchapter，theeffectivenessofproposalsareconfirmedthroughnumerical
simulations．



Ｃｏｎｔｅｎｔｓ

Acknowledgments

Abstract

1．Introduction １

1.1HistoricalReview．．…．．……．……………．．．．．．…．…．…．．…１

１．２０utlineoftheDissertation…．．．．．．…．．…．．．．．．．．．．…．．…．．．．…４

2．ＢａｓｉｃＣｏｎｃｅｐｔＯｆＳｉｍｐｌｅＡｄａｐｔｉｖｅＣｏntrol ６

2.1Introduction…．．．．‘……．…．…．．．…．……．……．．．…．．．．．…６

２．２CommandGeneratorTrackerTheory．．．．…．．．．．．．．．．．．…．．．．．．．．、６

２．３AlmostStrictPositiveRealness…．．…．……．．…．……．．……．、９

２．４BasicSimpleAdaptiveControlAlgorithm．…．．．．．…．．．．…．．．．．．、１０

2.4.lProblemSetup．．………．．．…．．……．．．…．．．…．．．．．…．．、１０

2.4.2ControlAlgorithm．．…．．．．．．．．．．．．．…．．．．…．．．．．．．．．．．…．、１１

2.4.3StabilityoftheControlSystem．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．、１２

２．５Conclusions．．．…．．．．．．．．．．．．…．．．……．…．．．．．…．．．．．．…．．．．．１４

3．SimpleAdaptiveControlfbrPlantsnotSatisfyingAlmost

StrictlyPositiveRealCondition、 1５

3.1Introduction…．…．．……．．…．……．．．…．．．．……．…．…．．．、１５

３．２ParallelRedfblowardCompensator…．．．．．．．．．．．．．．．．．．．．……．…．１５

3.2.1Parallel氏edfbrwardCompensatorDesignfbrSingle-Input

Single-OutputPlants．．…．．．．．．．．．．．．．．．．．．．．．…．…．．．．．．．、１６

3.2.2Parallel唖edfbrwardCompensatorDesignfbrMulti-Input

Multi-OutputPlants．．．．．．…．．．．．．…．．．……．．．…．．．．．．．．、２１

3.2.3AugmentedControlSystem．……………．………．．．．．．．．．２８
3.2.4NumericalSimulations…．………………．…．…．…．．．．．．３０

３．３CompensationfbrPlantswithUnmodelledDynamics．．．．．．．．…．．．、４４

3.3.lAlmostStrictlyPositiveRealConditionfbrPlantswith

UnmodelledDynamics…．．．…．．．．．．………．．…．……．．．、４４

3.3.2BasicDesignStrategyofParallelFbedfbrwardCompensator．…４５

１



3.3.3PracticalDesignofParallelRedfbrwardCompensator．．．．．．…４６

3.3.4UseofaPre-compensator．．．．．．．……．．……．……．．．．．．．．、４７

３．３．５１ｍprovementofTTackingPerfbrmance．．…．．．…．．．．．．．…．…４９

3.3.6NumericalSimulations…．．．…．．．．．．．．…．．．…．．．．．．．．．．．．．．５２

３．４Conclusions．………．．．．．．……．…．．．．．．．．．．．．．．．．．………．…６２

３．５Appendix．．…．．…．．…．．…………．．…．．．…．．．…．．．．．…．…６２

4．RobustSimpleAdaptiveControl 6５

4.llntroduction．……．．．．．…．．．．．．…．…．．．．．．．．……．．．…．……６５

４．２ＲobustSimpleAdaptiveControlfbrSingle-InputSingle-Output

Plants…………．．…．…．．．…．．．．．．．．．．．．．．．．…．．．…．…．…．６５

4.2.1ProblemSetup．．．．．．．．．．．．．．．．．．．．…．．．．…．．．…．．．．…．．…６５

4.2.2ControlAlgorithm…．．…．．．．………．．．．．．．．．．．．．．．．．．．．…６６

4.2.3StabilityoftheControlSystem．………．．．．．．．．．．．．．．．…….６７

４．３RobustSimpleAdaptiveControlfbrMulti-InputMulti-Output

Plants．．．．…．．．…．…．．．……………．．…．．．．…．…．．．…．．．、７０

4.3.1ProblemSetup．．．．…．．．…．．………．．．．…．．．．．．．．…．．．．．、７０

4.3.2ControlAlgorithm．．……．．．…．．．…．…．．…．…．．…．．…．７１

4.3.3StabilityoftheControlSystem．．…．…．．．．……．．………．、７１

４．４NumericalSimulations．．．．．．．．．…．…………．．…．…．…．……７５

4.4.1SimulationResultsfbrSingle-InputSingle-OutputPlants．．．…７５

4.4.2SimulationResultsfbrMulti-InputMulti-OutputPlants．．．…．７７

４．５Conclusions…．．．．…．…．．．…………．．…．．．．．．．．．…．．……．、７９

5．DecentralizedSimpleAdaptiveControl ８０

５．１１ntroduction…．．．．．．．．．．．．．．．．．．．．．．．．……．．．．……．．．．．…．．．、８０

５．２DecentralizedSimpleAdaptiveContro１．．．．．．．．．．．．．．．．．．．………．８１

5.2.lProblemSetup．．．．．．．．．．．．．．．．．．．．．…．……．．………．．．…８１

5.2.2BasicDesignofControlSystem…．…．…．…．．…．．．．．．．．．．、８２

5.2.3StabilityoftheControlSystem．……．…．．．．．…．．．．．．．……８３

5.2.4ControlSystemwiththeParallelFeedfbrwardCompensator….８９

5.2.5UseoftheRobustSimpleAdaptiveControl……．……．．．．…９１

５．３MultivariableDecentralizedSimpleAdaptiveContro１．．．．．．．．．．…．、９４

5.3.lProblemSetup．…．．．．．．…．…．．．．……．．．………．．．…．．､9４

5.3.2DesignofControlSystemandltsStability．．．………．．．．．．．．､９６

５．４NumericalSimulations．．．．．．．．．．．…．……．．．．…．．……．．．．．．．．、９８

５．５Conclusions．……．．．．．．．…．．……．…．…．．．．………．．．．．．…1０３

6．SimpleAdaptiveControlwithDerivativeControlTerm 1０４

１１



6.llntroduction…．………………………．．…．．…．．…．．．…．、１０４

６．２SimpleAdaptiveControlwithDerivativeControlErm…………１０４

6.2.1ControlAlgorithm…．．．．．．…．．……．……．…．．…．．．．．．、１０４

6.2.2StabilityoftheControlSystem…．．．．．．．．．．…．…．．．……．、１０５
6.2.3NumericalSimulations．．．．…．…………．…………．．．…１０６

６．３Conclusions．．．．．…．……………．…．．．．．．．．．．．…．．．．．．……．１１１

7．Ｃｏｎｃｌｕｓｉｏｎｓ

References

●●ゆ

1１１

１１２

１１４



ｌIntroduction

1.1HistoricalReview

Adaptivecontrolisadirectaggregationofacontrolmethodologywithsome

fbrmofrecursivesystemidentificationltcombinesthedesignofcontrollersbased

onplantsystemmodelswiththeon-lineestimationofthemodelparameteror

controllerparametersusinginputandoutputdatameasurements・

Mostconventionalcontroltechniquesarebasedonacertainknowledgeofthe

controlledplant・However,ｉｎpractice,thereareuncertaintiesonpracticalplants

andparametersoftheplantfrequentlyvaryandchange・Inthissituation,oneis

requiredtodesignacontrollerwhichworkswellduringthewholeoperation・The

adaptivecontrolisanefYectiveonethatadjustscontrollerparametersautomat‐

icallysoastoobtaingoodcontrolperfbrmanceinthepresenceofuncertainties

andparameterchanges(Landaul979,NarendraandMonopolil980,Sastryand

Bodsonl989,BitmeadetaI.1990,IsermanneM､1991)．

Therearetwoextremesinadaptivecontrols・Oneisanindirectadaptive

controlandtheotherisadirectadaptivecontroLAtypicalschemeoftheindirect

adaptivecontrolistheSelfLtuningRegulatorwhichwasoriginallyproposedby

Kalman(1958)．Sincethen,themethodwasfurtherestablishedbyAstromand

Wittenmark（1973)．Inthismethod,thecontrollerstructureisfirstdetermined

usingaconventionalcontrollerundertheassumptionthatplantparametersare

known・Afterthat,unknownparametersoftheplantareidentifiedaton-line,and

thecontrollerparametersareadjustedusingtheseestimatedparameters,ＭRAC

(ModelReferenceAdaptiveControl)isatypicaldirectadaptivecontroLThis

methodwasfirstdevelopedbyWhitakerandco-workers（1958)．Themethod

wasbasedontheso-calleｄＭ．Ｉ．Ｔ．rule、Unfbrtunately，closedloopstabilityor

convergenｃｅｏｆｔｈｅｅｒｒｏｒｓｉｇｎａｌｃｏｕｌｄｎｏｔｂｅｅｎsuredbythisrule・Sincethen，

Parks（1966）showedaproofofstabilityusingtheLyapunovtheorywiththe

Kalman-Yakubovichlemma,butonlyfbrthecasewheretheplanttra､sferfunction

ispositivedefinite・AmoregeneralandfimdamentalstrategyfbrMRACwas

developedbyMonopoli(1974)usingaugmentederrorsignal､Asmentionedabove，

thebasicfbrmulationsofadaptivecontrolswerebuiltupduringthelatel950，s
andthefirstl970's、
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Duringthelate1970,s，theglobalstabilityofadaptivecontrolsystemswas

resolved,ｍａｉｎｌｙｆｂｒＭＲＡＣ・ManyinterestingproofSofstabilityfbrseveraltypes

ofadaptivecontrolsystemsappeared・NarendraandValavani(1980)ａｎｄＭｏｒｓｅ

(1980)showedproofSofstabilitybasedontheLyapunovtheoremLandau(1979）

andEgardt(1979)adoptedthePopovhyperstabilitytheoremtoprovestability・

Fbrdiscretetimecontrolsystems,Goodwinandco-workers（1984)alsoshowed

proofSofthestabilityofadaptivecontrolsystems・Thisperiodmarkedthedevel‐

opmentofthefundamentalfieldofadaptivecontrol・

Intheabove-mentionedworks，ｉｔｗａｓａｓｓｕｍｅｄｔｈａｔｓｏｍｅｐｒｉｏｒｉｎｆｂｒmation

regardingtheplanttransferfunction(orderoftheplant,relativedegreeofthe

plant,andsignofhighfjrequencygain)wereavailableandthatnoexternaldistur‐

banceswerepresent・However,theseassumptionsareseldomvalidinpractice・At

thispoint,RohEsandhisco-workers(1982)firstpointedoutthatthepresenceof

unmodelleddynamicsordisturbancesoftenverymuchdegradesthecontrblper‐

fbrmanceofthesystemandsometimesmakesthecontrolsystemunstable・With

thesepointsasbackground，duringthelatel980，sagreatdealofattentionwas

devotedtoanalyzingtherobustnessoftheadaptivecontroller・Manymodified

adaptivecontrolalgorithmsaimedatimprovingtherobustnessofthecontrolsys‐

temswereproposed(IoannouandKokotovicl983,l984a,l984b,Ioannouand

Tsakalisl986，KreisselmeierandAnersonl986，NarendraandAnnaswamyl987，

､[aoandloannoul988,OrtegaandTangl989)．Ａｔｐ正esent,therobustnessof

theadaptivecontrolsystemisstillanimportantproblemfbrpracticalapplica‐

tionofadaptiveschemes，andseveralteamsofresearchersaretryingtocomplete

thisproblem(Taoandloannoul991,Ｃｈｅｎ1992,BartoliniandFerraral992,Tao

l992，ＣｈｉｅｎａｎｄＦｕｌ９９２，ＬｅｅａｎdAndersonl993，ZangandBitmeadl994，Tho

Kokotovicl994)．

Ｔｈｅgeneralon-lineadaptivecontrolalgorithmsdependonalargenumber

ofestimatedparameterswithinagivenmathematicalmodelstructure・Thusthe

structureoftheadaptivecontrollersometimesbecomesextremelycomplicated

comparedwiththatofusualconventionalcontrollers・Asaresult，aslightmis‐

countingoftheorderbetweenthemathematicalmodelandtherealplantdueto

presenceofunmodelleddynamicsoftendegradesthecontrolperfbrmanceofthe

systemandsometimesmakesthecontrolsystemunstable・Researchofrobust

adaptivecontrolswasbegunwiththesepointsinmindandseveralinteresting

modificationsinadaptivealgorithmscounteredtoplantuncertaintiesandexter‐

naldisturbanceshavebeenproposedasmentionedabove・However,mostofthese

modificationscausedcomplicationsoftheadaptivecontrollerstructure、

Ｔｈｅsimplicityofcontrollerstructureisextremelyfascinatingfbrpracticing

engineerssincetheyareabletounderstandandeasilyimplementthecontrol

schemes・Ｗｉｔｈｔｈｉｓｉｎｍｉｎｄ，anewstrategytodirectmodelreferenceadaptive
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control,whichmakesitpossibletoconstructtheadaptivecontrolsystemregard‐

lessoftheplantorder,wasfirstproposedbySobel,KaufmanandMabius(1979,

1982).Fromthesimplicityofthecontroller,thisadaptiveschemeiscalledSjmPﾉｅ

Ａｄα”ＵｅＣＯ"かoﾉ(SAC).Thebasicideaofthisadaptivemethodistoensurethe

stabilityofthecontrolsystembyusingtheoutputfeedbackundertheASPR(al‐

moststrictlypositiveⅡeal)conditionontheplant(theplantissaidtobeASPRif

thereexistsastaticoutputfeedbacksuchthattheresultingclosed-looptransfer

fmctionisSPR(strictlypositivereal))andtoattainthemodeloutputfbllowing

byfbrwardcompensationbasedontheCommandGeneratornacker(CGT)the‐

orｙ(BroussardandO，Brienl980).Thus,thestructureoftheadaptivecontroller

ofthemethodconsistsofalinearcombinationofthereferencemodelstates，ref

erenceinputs，ａｎｄoutputerrorfeedbackbetweentheplantandreferencemodel

outputs・Sincetheorderofthereferencemodelcanbechosenirrespectiveofthｅ

ｏｒｄｅｒｏｆｔｈｅｐlant，thenumberofadaptivegainparameterstobeidentifiedcan

bedecreasedintheadaptivecontrollerifonechoosesalow-orderreferencemodel・

Ｔｈａｔｉｓ，wecanobtainasimplefbrmofadaptivecontrollerwithalow-orderref

erencemodeleveniftheplanthashigherorder・Ｔｈｉｓｉｓｗｈｙｔｈｅｍｅｔｈｏｄｉｓｃａlled

SjmpIeAdα”UECC冗加Ｉ.

TheoriginalSACalgorithmwasmodifiedbyincorporatin９ヶ‐modification

term(IoannouandKokotovicl983)intotheparameteradjustinglaws(Bar-Kana

l987b,Bar-KanaandKaufmanl985a)．Thisalgorithmisapplicabletocontrol

systemswithnotonlystepreferenceinputbutalsoarbitrarytimevaryingrefer‐

enceinputsand､applicabletocontrolledplantswithboundeddisturbances・The

SACschemeshavealsobeendevelopedfbrdiscrete-timesystems(Bar-Kanaand

Kaufmanl983，Bar-Kanal986，1989,OhtsukaetaJ．1992,ShibataandKure‐

bayashil995),time-varyingsystems(Bar-Kanal988,1990),andnon-linearsys‐

tems(Bar-KanaandGuezl990)．

Inspiteofthesimplicityofthecontroller,SACshavemuchrobustnesswithre‐

gardtodisturbances,unmodelleddynamicsandnon-linearitiesbecausetheASPR

characteristicsoftheplantenableustostabilizetheplantrobustlywithhightgain

outputfbedback(SteinbergandCorlessl985,Steinbergl988,Zehebl986,andGu

l990)．Theserobustperfbrmanceshavebeenconfirmedthroughseveralnumeri‐

calsimulationsandpracticalexperimentsonlargeHexiblestructures(Bar-Kana
l987b,Bar-Kana,KaufmanandBalasl983,ＩｈｅｔａＩ．1985,1987,Ｌｅｅｅｔａﾉ．1988,

Sanchezl986,Iwaietaj.1993,1995,Hinoetaj.1995),roboticmanipulators(Bar‐
Kanal987a，MeldrumandBalasl986，Bar-KanaandGuezl991，Ｍｉｚｕｍｏｔｏｅｔ

ａＪ､1993,),servosystems(Bar-KanaandKaufinanl988,Ohtsukaandco-workers

1992,1993,1994,ＯｈｔｏｍｏｅＭ、1992,Iwaietaﾉ.1992),automatedguidedve‐

hicles(Kawasaki,IwaiandHaramakil994),invertedpendulums(Kawasakiet
α/､1993,1994),anddruginfusions(Kaufman,RoyandXul984).However,the

３



ASPRconditiononthecontrolledplantSisasevererestrictioninpracticalplants

becausemostpracticalplantsdonotsatisfytheASPRcondition，Asacounter‐

measuretothisproblem，theintroductionofaparallelfeedfbrwardcompensator

(PFC)tonon-ASPRplantswassuggestedbyBar-KanaandKaufman(1985b)．

Ｉｔｈａｓａｌｓｏｂｅｅｎｓｈｏｗｎｔｈａｔｉｆｔｈｅｒｅｅxistsaknowndynamicoutputfeedback

compensator:Ｈ(s)whichstabilizestheclosed-loopsystem,thentheaugmented

plantwithH(s)-’inparallelisASPR(Bar-Kanal987a)．Unfbrtunately,this

approachdoesnotguaranteeperfectoutputfbllowingingeneralbecauseofabias

effectfromtheadditionalPFC・However,itisarguedthatifthegainofthePFC

canbechosensmallenough,wecanapproximatelyattainthecontrolobjective

fbroriginalcontrolledplants・ＩｎＳＡＣｓｙstemdesigns,ｈｏｗｔｏｄｅｓｉｇｎＰＦＣｓｉｓｔｈｅ

ｍｏｓｔｉｍｐｏｒｔantproblemtoensuretherobustperfbrmanceofthecontrolsystem・

Recently,newSACsystemconfigurationsfbrasymptoticoutputtrackingare

suggestedbyKaufmanandNeat（1993)andSuandSobel（1992)．Kalifman's

approachincorporatesthePFCdynamicsintothereferencemodelinamanner

suchthatasymptotictrackingoftheoriginalplantandreferencemodeloutputs

isensuredsubjecttoasymptotictrackingoftheaugmentedplantandreference

modeloutputs・Ｓｕ，smethodintroducesanadaptivegaintosupplementarydy‐

namics，ｗｈｉｃｈｉｓｉｍｐｌｅｍｅｎｔｅｄｉｎｔｈｅｐｌａｎｔｉｎparalleltoguaranteeasymptotic

trackingonlyfbrthecasewherethereferencemodelinputisconstant．

1.2OutlineoftheDissertation

TheobjectiveofthisresearchistoexpandtheapplicableclassofSACmeth‐

odstoawiderclassofcontrolledplants，includingbothminimumandnon‐

minimumphasenon-ASPRplantswithunmodelleddynamics，large-scalesys‐

tems，plantswithunknowndisturbances，ａｎｄｓｏｏｎ、Theobtainedschemesfbr

SACsystemdesignareveryusefulandpowerfulfbrpracticalplantswithseveral
uncertainties・

Ｔｈｅcontentsareorganizedasfbllows・Chapter2presentsabasicconcept

oｆＳＡＣｆｂｒＡＳＰＲｐｌａｎｔｓｆｂｒｔｈｅｓａｋｅｏｆｂrevityofdiscussionsinthefbllowing

chapters､Inthischapter,thecommandgeneratertracker(CGT)theory(which

isabasictheoryontheSACscheme)andASPRconditionsoftheplantare

discussed，ＡｂａｓｉｃａｌｇｏｒｉｔｈｍｏｆｔｈｅＳＡＣｆｂｒＡＳＰＲplantsandstabilityofthe

controlsystemarealsogiveninthischapter・

ＩｎＣｈａｐｔｅｒ３,designschemesofcompensators,whichｍａｋｅｎｏｎ－ＡＳＰＲｐｌａｎｔｓ

ＡＳＰＲｉｎｔｈｅｓｅnsethattheresultingaugmentedplantwithcompensatorsis

ASPR,arepresentedtoexpandtheapplicaｂｌｅｃｌａｓｓｏｆｔｈｅＳＡＣｍｅｔｈｏｄｔｏｎｏｎ‐

ASPRplants・Systematicdesignschemesofaparajlelfeedfbrwardcompensator

(PFC)fbrbothsingle-input/single-output(SISO)andmulti-input/multi-output

４



(ＭIMO）minimumphaseplantswithunknownordersbutknownrelativede‐

greesaJregiven､R1rther,robustdesignschemesofcompensators(PFCandpre‐

compensator)usingfrequencydomainanalysisarepresentedfbrplantswithmul‐

tiplicativeplantuncertaintieswhichmightbenon-minimumphase．Chapter4

presentsarobustSACalgorithmfbrplantswithstate-dependentdisturbances・

SAChasrobustnesswithregardtodisturbancesingeneral・However,inthecase

whereJa7yeexternaldisturbancesorstate-dependentdisturbancesarepresent1of

course,the℃ontrolperfbrmancemightbecomeworse・Byaddingarobustadaptive

controltermtotheoriginalSACalgorithm,thecontrolperfbrmanceoftheSAC

systemwillbesignificantlyimproved・ＩｎＣｈａｐｔｅｒ５，decentralizedSACschemes

fbrlarge-scalesystemswithunknowninterconnectionsarepresented・Ｔｈｅｓｔａ‐

bilitycOnditionscorrespondingtoM-matrixandrangeconditionsareclarified・

ＩｔｉｓａｌｓｏｓｈｏｗｎｔｈａｔｔｈｅｕｓｅｏｆｔｈｅｒｏｂｕｓｔＳＡＣｓｃｈｅｍｅｇｉｖｅｎｉｎＣｈａｐｔｅｒ４ｉｎ

decentralizedSACsystemsiseffectiveineliminatingthea化ctsofinterconnec‐

tions・AmodifiedSACalgorithmwithaderivativecontroltermaimedatrobust

perfbrmanceintransientstateispresentedinChapter6・Ineachchapter，ｔｈｅ

effectivenessofproposalsareconfirmedthroughnumericalsimulations．

５



２ＢａｓｉｃＣｏｎｃｅｐｔｏｆＳｉｍｐｌｅＡｄａｐｔｉｖｅＣｏntrol

２．１Introduction

Inthischapter,abasicconceptofthesimpleadaptivecontrol(SAC)isre‐

viewedfbrthesakeofbrevityofdiscussionsinthefbllowingchapters・First’the

commandgeneratortracker(CGT)theorywhichisabasictheoryontheSAC

schemeisdiscussed・AsuHicientcondition,underwhichthesignalsgeneratedby

theCGTarebounded,isconsidered・AlmoststrictlypositiveⅢeal(ASPR)condi‐

tionsfbrbothmulti-input/multi-output(ＭIMO)andsingle-input/single-output

(SISO)plantsarealsoderivedFinally,abasicalgorithmoftheSACandstability

ofthecontrolsystemaregiven．

ＴｈｅＳＡＣｉｓａｄirectmodelreferenceadaptiveconｔｒｏｌｂａｓｅｄｏｎｔｈｅＣＧＴｔｈｅ‐

Cry・Iftheplantisknown,thenwecanattainperfectmodeloutputtrackingonly

byusingtheidealcontrolinputgeneratedbytheCGT,However,thereareuncer‐

taintiesonpracticalplantsingeneraLTheSACadaptivelyadjustsparametersin

theCGTtohavetheidealcontrolinputfbrunknownplants・TheSACalsoisa

controlstrategybasedonthealmoststrictlypositiverealness(ASPR-ness)ofthe

controlledplant・UndertheASPRcondition，onecanensurethestabilityofthe

closed-loopsystemwithoutputfeedback・ＩＩｌｔｈｅＳＡＣｓｙｓｔｅｍ,ｔｈefeedbackgain

toensurethestabilityofthecontrolsystemisalsoadaptivelyadjusted．

２．２CommandGeneratorTrackerTheory

Ｔｈｅｃｏｍｍａ冗d9enemtortmcAFerisanidealcontrolinputwhichachievesper-

fectmodeloutputtracking・ThisideawasproposedbyBroussardａｎｄＯ'Brien

(1980)withrega鷲dtoafeedfbrwardcontrolproblem、

Letconsiderthefbllowingcontinuouslineartime-invariant(Ⅲ､I)plant：

鈍)＝Ａ記(t)＋Ｂｕ(t）

抑)＝ｃ錘(ｔ）

６

(2.2.1a）

(2.2.lb）



Theorem2､1:（Cbmmα"ｄＧｅ"emtorTmc紬(CGTソTheory）

ASS腿､”o"2.1ｈｏﾉdsJｿbe鯛,αssum卿伽ｔｙ(O)＝り､(0),伽o”mα伽”z‘率(ｔ）

α犯ｄｏ”mαﾉstate遜寧(t),切航ﾉiα"αj”伽pe旅ctmodeﾉout”/bﾉ加加：

(2.22a）

(2.22b）

血､(t)＝Ａｍ麺､(t)＋Ｂｍ“m(t）

ym(t)＝ｃm鯵､(t）

Ｎｏｗ，wemakethefbllowingassumptions．

Assumption2､１：

ロノ

〃I州誤，
αＴｅｓｏ伽ｏｎｓＱ/・伽matrjze9似α"on：

｛淵Ⅱ賊l=’

(2.2.3）

②Ｑｉ

(2.24）

α測仰oej9e伽ひａｊｕｅｑ/n1jse9uaﾉｔｏ伽j"りe砿ｓｅｑ/α”ej9enfjaﾉ秘ｅｑＭｍ．

Underthisassumptionwegetthefbllowingtheoremconcemingtheperfect

modeloutputfbllowing．

where懇ｉｓａｖｅｃｔｏｒｏｆｄｉｍｅｎｓｉｏｎ”ａｎｄ皿andyarem-dimensionalvectors・The

constantmatricesA,BandCareofappropriatesize・Ｉｔｉｓａｓｓｕｍｅｄｔｈａｔｔｈｅｐａｉｒ

(Ａ,Ｂ）iscontrollableandthepare(A,Ｃ)isobservable、R1rther,considerthe

meferencemodelwhichtheplantisrequiredtofbllow：

eg(t)＝ｖ(t)－３ﾉ､(t)三０，Ｖf≧０

αrｅ９ｊＵｅｎ６ｙ

剛Ｈ蛾Ⅱ '十{:小仙
妃m(t）

um(t）
(2.2.5）

”ｈｅ花

’
鴎
恥

２

４

Ｑ
Ｑ

＋
＋

心
島
小
島

１
１
１
１

１
１
１
１

８
８
８
８

１
１
３
３

Ｑ
Ｑ
Ｑ
Ｑ

一
一
一
一
一
一
一
一

１
２
１
２

＆
凸
＆
＆

(2.2.6）

７



α耐

Ｑ１も(t)＝｡(t)－ｓ,2血､(t） (2.2.7）

Proof：Thedetailedproofhasbeenshown

Herewederivetheresultdirectly・

ｎｏ、(224),ｗｅｈａｖｅ

byBroussardandO'Brien(1980)．

ｌ噛舌
Usingthesefacts,itfbllowsfrom(2.2.5)－(22.7)that

and

血難(t)＝8,,血､(t)＋8,2血､(t)＋Ｑ,の(t）

＝8,,A､錘､(t)＋Ｓ１１Ｂｍｕｍ(t)＋Ｕ(t）

＝Ａ(S11"m(t)＋S12um(t))＋Ｂ(S21忽m(t)＋S22um(t)）

＋(AQ,＋BQ3)U(t）

＝Ａ錘難(t)＋Ｂ切寧(t）

ゾ(t)＝ｃ妃*(t）

＝ＣＩ(8,,⑳m(t)＋S12Um(t)＋Ｑ,⑳(t)）

＝ｑ,錘､(ｔ）

＝り､(ｔ）

Thusthedesiredresultisobtained．

(2.2.8）

(2.29）

(2.2.10）

□

WhenonetriestoapplyCGTtheorytopracticalplants,thesignal⑳(t)ｉｎ

(2.2.5)hastobeboundedNotingthat(2.2.7)fbr⑳(t)hastheso-calleddescriptor

fbrm,weneedsomeexplanationwithregardtotheboundednessoMt)．

Lemma2､1:S秘”osetﾉbat伽pJantjsst7､jc地､伽jmumphase,』.e,thezem

pojz/nomjaﾉＱ/,伽ｐ伽ｔｊｓａＨｗ､z(’jzpoJynomjaJ,α"ｄ伽ｓ伽'℃Ｉα鋤ｅＭａｃ脈"αn

de9reeq/(”－ｍ)/"・恥伽rsu”ose皿鱒(t),ｊ＝0,1,…,ｍ,。e"･伽thei‐
tMer"α伽ｅｑ/ｕｍ(t),ezjStSaMjs岬沈rmJZ/伽"ded,α"伽(O)Ｊｿbe”Ｕ(t)js
6otmded．



ProofConsiderthefactthattheinverseoftheeigenvaluesofQ，areequalto

thetransmissionzeros(("一ｍ)zeros)oftheplant(BroussardandO'Brienl980）

andtheyhavenegativerealpartsundertheassumptionofplantzeros、Then

thesolutionofthedescriptorsystem(2.2.7)canbeconstructedfromthestable
exponentialfUnctionmodeandalinearcombinationofu卿(t),ｊ＝0,1,...,ｍ

(Rosenbrockl976).TheEefbne,妙(t)isboundedasfaZasthe皿卿(t)arebounded．
□

Ｒｅｍａｒｋ２､1:Ifum(t)isastepinputvectorfimction,ｕ(t)vanishesin(2.2.5)．

2.3AlmostStrictPositiveRealness

Thealmoststrictpositiverealnessoftheplantisdefinedasfbllows．

Definition：Ｔﾉtell伽tjssa伽o6eaﾉmoststrjc地pos城ひereaM4SPRノヴ伽形

ezjstsastatjco岬utたe伽CAS腿ｃＭｂａ肋e，､esu伽９cj0sed-Iooptlwz歌rんｎｃ加冗

jsstrjc均pos伽ereaI(SPRノ

(concemingSPR,see助lorl974,IoannouandTaol987,Wenl988,Thoand

loannoul988b,Lozano-LealandJoshil990）

ＩｎｔｈｅＳＡＣ,werequireaparticularplanttobeSPRintheconstructionofthe

Lyapnovfunctiontoensurestabilityoftheentireadaptivesystem・TheASPR

nessoftheplantisasuitableweakerrequirementthanSPR-ness・Ｉｔｉｓｉｍｐｏｒｔａｎｔ

ｔｏｎｏｔｅｔｈａｔｔｈｅＡＳＰＲconditionsｄｏｎｏｔｒｅｑｕｉｒｅｔｈｅｐｌａｎｔｔｏｂｅｓｔａｂｌｅ．

Thesufficientconditionfbranm-input/m-outputn-dimensionalplanttobe

ASPRhasbeenprovidedbyBar-Kana(1991)asfbllows：

ＡＳＰＲｃｏｎｄｉｔｉｏｎ：

αノ、ﾉiep伽tjsmj碗ｊｍｕｍｐｈａｓｅ

仰Ｔｿbere伽妙e伽c脈"α”卿reeo伽pﾉα"tjs(”一ｍ)/”

側Ｌｅ肋emj"jm秘ｍｒｅａ伽"o"q/伽pJa鰯t6e(A,Ｂ,Ｃ),t伽ＣＢ＞０(1pos池ひｅ
ｄＧ伽teノ

FbrSISOplants,theconditioncanberewrittenasfbllows：

ASPRcondition:(か剛Ｏｐ伽ts）

αノＺｿjep伽ttm"班rん伽c"o鰯ｉｓ航ひe恋eIz/s柵ｅ

仰Ｚｿi…伽Ｕｅ卿γ､eeq/thepIα"ttm沌歌『ん腕ctjo側jsl

９



御Ｚｿbeﾉeα伽9COがCie"tq/thep伽ｔｔｍｎ歌『ん"c"o”jsposj伽ｅ

ThisconditionfbrSISOplantshasalsobeenshownbyZeheb（1986）and

Steinberg(1988)．

Ｒｅｍａｒｋ２､２：Inpractice，ｐｒｏｐｅｒｐｌａｎｔｓａｌｓｏａｒｅａｂｌｅｔｏｂｅＡＳＰＲ・Thisisthe

reasonwhytheaboveconditionsarethesuHicientconditionｆｂｒａｐｌａｎｔｔｏｂｅ

ＡＳＰＲ．

2.4BasicSimpleAdaptveControlAlgorithm

2.4.1ProblemSetup

ConsiderthecontrollableandobservableLTIcontinuoussystem：

企(t)＝Ａ錘(t)＋Ｂｕ(t)＋g(t）
●

Ｗ)＝Ｃ”(t）

(24.1a）

(24.lb）

whereＡＥＲ"×流,ＢＥＲ"ｘｍａｎｄＣＥＲｍｘ”areconstantmatrices,錘(t）ＥＲ"，

り(t）ＥＲｍａｎｄｕ(Z）ERmarevectorfunctionsdenotingstatevector,output

vectorandcontrolvector,respectively,and、≦”.ｇ(t)ＥＲ"isanunknownbut

boundeddisturbancevector・Rlrtherconsidertheasymptoticallystablereference

modelthattheplantoutputisrequiredtofbllow：

血､(t)＝Ａｍ⑱m(ｔ)＋Bmum(t）

り､(ｔ)＝ｃm錘､(t）

(24.2a）

(2.4.2b）

whereAmER""×"'",ＢｍＥＲ沌mxm,ｑ,ＥＲｍｘｎｍ,妃m(t)ＥＲ鳥,Zﾉ､(t)ＥＲｍａｎｄ

ｕｍ(t)ＥＲｍ・

Herewemakethefbllowingassumptionsontheplantandreferencemodel．

Assumption2､２：

(IノＰ/α"t(2.41)jsAS朋,』.e､tﾉｶereezjstsaconstα"t9aj”ｍａｔ両ｚＫ:s秘cﾉｶ伽ｔ

伽/b"o切伽tmn歌γｍａｔｒｊｚ：

Gs(s)＝Ｃ(sI-Ac)-'Ｂ (2.4.3）

ｊｓＳＰＲ・W7iere

AC＝Ａ＋ＢＫ:Ｃ (2.4.4）

１０



錘*(ｔ)＝ｓ,,”m(t)＋s,2ｕｍ(t)＋8,3(t）

ｕ*(t)＝82,⑱m(t)＋S22切､(t)＋823(t）

Ｏ壬
ノ

「
Ｉ
Ｉ
Ｊ倣勝

ａｒｅｓｏＭｏｎｓｑ/伽、α姉ze9"α"ｏｎ：

｛淵Ⅲ:；

(2.4.5）

側Ｑ＃

l=‘２
４

，
地
、
皿

(2.4.6）

α､伽oej9e”ひαんｅｑ/Ｑ，jse9uaﾉtotAejnひe航ｓｅｑ/α〃ej9enひαＩ秘ｅｑＭｍ．

t‘卿(ｔ),ｉ＝０，１，…,ｍ,伽｡”伽j-tMe『j’α蜘e血､(ｔ),e"jstα"dqre
un,枕rmjz/伽仰伽．

〃

Thecontrolobjectiveistofind,withoutexplicitknowledgeoftheplantpa‐

rameters,thecontrolinput秘(ｔ)suchthattheoutputg(t)of(2.4.1b)tracksto

theoutputZﾉ､(t)ofthereferencemodel・

AccordingtotheCGTtheory,iftheplantparametersareknownandg(ｔ)三０，

thentheoptimalinputu率(t)ａndoptimalstate⑱蕊(t),whichattaintheperfect

modeloutputfbllowing:ｅ,(t)＝Zﾉ(t)－Zﾉ､(t)三０，Ｖt≧Oaregivenby

〃

(2.4.7a）

(2.4.7b）

whereSij（j,ｊ＝1,2)areappropriatedimensionalmatrices,ｗｈｉｃｈｃａｎｂｅｄｅ‐

terminedfromthesolutionof(2.4.6),andvectorfunctionsS,3(t)andS23(t)can

bedeterminedfromthecommandinput泌､(t)andareunifOrmlyboundedfirom

Assumption2.2．

Inpractice,itisnotpossibletorealizetheidealcontrolinput(2.4.7b)because

wehaveassumedthatplantparametersaregenerallyunknown．

2.4.2ControlAlgorithm

ThecontrolinpuｔｉｓｇｉｖｅｎａｓｆｂｌｌｏｗｓｉｎｔｈｅＳＡＣ．

拠(t)＝Ｋ(t)z(t） (24.8）

where

＝[e,(t)T,鯵､(t)T,um(t)T]Ｔ

＝ｇ(t)－ｇ*(t)＝Ｗ)－ｇｍ(t）

＝IKe(ｔ),Ｋ露(t),Ｋ秘(t)｝

ｚ(ｔ）

e卿(t）

Ｋ(t）

(2.4.9）

(2.4.10）

１１



Ｈｅｒｅｔｈｅ
●

ｇａｍ

ｌａｗ：

matrixＫ(t）iｓ adaptivelyadjustedbythefbllowingpaJameter

adjusting

’
Ｋ(t)＝ＫＩ(ｔ)＋ＫＰ(t）

Ｋｵ)＝－e'(t)z(t)TrI-ぴI(t)ＫＩ(t）

肺(０＝－e,(t)z(t)ＴｒＰ

ｏ,(t)＝｡,rfi総Hh+｡，

(2.4.11）

where

rI＝1,F〉0,ｒＰ＝r:〉0,ぴ,,｡2〉O

TheconstructedSACsystemisshoｗｎｉｎｆｇｕｒｅ２,1．Asshowninfigure21，

theSAChasastructurewhichensuresstabilitybyanadaptiveoutputfeedback

withgainKe(t),andattainsthemodeloutputfbllowingusingafeedfbrwardwith

adaptivelyadjustedgains鴎(t)andＫ勉(t)insteadofCGTgainsS2,ａｎｄＳ２２，

respectively．

2.4.3StabilityoftheControlSystem

andfUrthersupposethattheperfectmodel

Ietweentheplant(2.4.1)andthereference

Supposethatg(t)三０ｉｎ(2.4.1)andfm

outputfbllowinghasbeenattainedbetween

model(2.4.2).Thenusing(2.4.7),ｗｅhave

'た

'た

ｕ

Figure2､l0veranblock-diagramofaSAC

1２



鍬ｔ)＝Ａ鯵*(t)＋Ｂ切率(ｔ）

り*(t)＝ｃ犯*(ｉｆ)＝り､(t）

(2.4.12a）

(2.4.12b）

Ｈｏｍ(24.1),(2.4.8)ａｎｄ(2.4.12),wecanobtainthefbllowingerrorsystem：

色錘(t)＝Ace錘(t)＋Ｂ(△Ｋ(t)z(t)－s23(ｔ))＋g(t）（2.4.13a）

ｅ,(t)＝Ｃｅ霊(ｔ）（2.4.13b）

where

ｅ"(t)＝錘(ｔ)一錘*(t),ｅ,(t)＝ｙ(t)一ｇ率(t)＝Ｗ)－３ﾉ､(t）

△Ｋ(t)＝Ｋ(ｔ)－Ｋ*,Ｋ*＝{K:,S21,s22］（2.4.14）

anMchasbeendefinedby(2.4.4).nlrthermore,HomAssumption2,2(1),there

existpositivematricesPandQsatisfyingtheKalman-YakubovicｈＬｅｍｍａ：

Ａ”＋ＰＡ｡＝一Ｑ
（24.15）

ＢＴＰ＝C

Usingtheseresults，ｗｅｈａ刃ethefbllowingtheoremconcerningthebounded‐

nessofallthesignalsinthecontrolsystem．

Theorem2,2：Ｓｕ”ose伽ＭＳＳⅧmp加況２．２Ｍ.s・Ｔｈｅｎ伽ｕｓｅｑ/･伽ＣＯ､州

岬泌t(24.8)９“ｍ"tees加州mate秘泥沈，廟m6o伽e伽ssqMﾉｫﾉies柳ａＩｓｊ"伽

contmﾉsystem．

Proof：Considerthepositivedefinitefimction

ｖ(t)＝e錘(t)rPe雲(t)+tr{Ｍ,(t)ｒ７１Ｍ,(t)r｝（2416）
where△Kr(ｵ)＝ＫＩ(ｔ)－Ｋ*.Ｈｏｍ(2.4.13)一(2.4.16),ｗｅhave

４区些』＝－e鯵(t)TQe霊(t)＋2(Ｍ(t)Z(ｔ)－s23(ｔ))re,(ｔ)＋29(t)Ｔｅ,(ｔ）
。ｔ

＋極{Ｍ,(ｵ)r7'Ｍ,(#)T+△KⅢ(t)r了'Ｍ,(ｔ)r｝（2417）
Itfbllowsfrom(2.4.11)that

tr{Ｍ,(t)Ｉｒ７１△K,(t)r+Ｍ,(t)r7M,(t)r｝
≦-2e‘(t)ｚＭ(t)z(ｵ)-2｡,(t)tr{Ｍ'(t)r７１△Ｍ)r｝
-2び,(#)極{Ｍ(t)ｒ７Ｗｒ｝

1３
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Thenfrom(2.4.17)ａｎｄ(2.4.18)ｗｅhave

￥≦-人…IQ川e雲(り''璽十"小(りＩ

‐2,,(#Ｍ７１Ｉ{茎ｌｌＭ川鰯｝
＋2"(り人…剛{妻''川M,川｝ (24.19）

where

α9＝2(叩節llS23(ｔ)||＋呼難''９(ｔ)||)|lＣｌｌ（2.4.20）

andvectors△んIf(t)ａｎｄ“誠edenotedasthejthrowofmatrices△ＫＩ(t)ａｎｄ

Ｋ鰭,respectively・Henceitisapparentfrom(2.4.19)thate懇(t)ａｎｄ△ＫＩ(t)are

unifOmllyultimatelybounded(CorlessandLeitmannl981,Chenl986）Itcanbe

verifiedfromthisconclusionthate,(t),ｚ(ｔ)andＫ(t)arealsounifbrmlyultimately

boundedandproofiscomplete．

2.5Ｃｏｎｃｌｕｓｉｏｎｓ

lnthischapter，ｔｈｅｂａｓｉｃｃｏｎｃｅｐｔｏｆＳＡＣｈａｓｂｅｅｎｒｅｖiewed・TheSACis

adirectmodelreferenceadaptivecontrolmethodbasedontheCGTtheoryand

hasasimpleradaptivecontrollerstructurethanconventionaladaptivecontrol

schemes・Theboundednessofallthesignalsinthecontrolsystemisensured
undertheASPRcondition．
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３ SimpleAdaptiveControlfbrPlantsnotSat-

isfyingAlmostStrictlyPositiveRealCondi‐

tion

3.1Introduction

TheboundednessofallthesignalsintheSACsystemisguaranteedunder

theASPRcondition､However,mostactualplantsdonotsatisfytheASPRcon‐

dition・Hencethisconditionimposesasevererestrictionontheplantwithrespect

totheplacticalapplicabilityofSAOWiththisinmindBar-Kana(1987a)first

suggestedthatthenon-ASPRplantcａｎｂｅｍａｄｅＡＳＰＲｂｙｉｍｐｌｅｍｅｎｔｉｎｇａｐａｒ‐

allelfeedfbrwardcompensator(PFC)Ｈ(s)ontheplant､Thatis,iftheplantcan

bestabilizedbyasuitabledynamicoutputcompensatorＨ(s)-'andthegainof

H(s)canbechosensmaIIenough,thentheaugmentedplantwithPFＣｂｅｃｏｍｅｓ

ＡＳＰＲａｎｄｗｅｃａｎａｐｐｌｙＳＡＣｆｂrthethusobtainedaugmentedplant・Recently，

SuandSobel(1992)proposedaunifiedtheorytoapplytheSACmethodtonon‐

ASPRplants・However,theirmethodsrequireaPrjorjknowledgeofthedynamlc

feedbackcompensatorthatstabilizestheplant,ａｎｄｉｔｍａｙｂｅｄｉｆficulttofindsuch

acompensatorfOｒａｐｌａｎｔｔｈａｔｉｓｕｎｋｎｏｗｎａｎｄｏｆｈｉｇｈorder・

InthischaptertheproblemofdesigningaPFCisdiscussed・NewPFCdesign

approacheswhichareconcreteandsystematicwillbeproposed．

３．２ParallelFeedfbrwardCompensator

Letusconsideranon-ASPRplantG(s)andintroduceaPFCF(s)asshown

inFigure3､1．Thenwehavethefbllowingaugmentedplant：

G､(s)＝Ｇ(s)＋Ｆ(s） (3.2.1）

IftheobtainedaugmentedplantsatisfiestheASPRcondition,and,if,Ｆ(s)ｉｓ

‘Ｓｍα"'enoughcomparedwiththeplantG(s)(thatis,theaugmentedplantoutput

ya(t)issupposedtobeapproximatelyequaltotheoutputy(t)oftheoriginal

plant),thenwecanattainthecontrolobjectiveapproximatelybyapplyingthe

SACmethodtotheaugmentedplantG｡(S)insteadoftheoriginalplantG(S)．
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Howevertheproblemremainsunsolvedunlesswecanoffersomeconcreteand

systematicapproachestorealizingsuchanaugmentedplantwithtｈｅＰＦＣＦ(s)．

Ｔｈｅｐｕｒｐｏｓｅｏｆｔｈｉｓｓｅｃｔｉｏｎｉｓｔｏｅｘｐressaconcretemethodofrealizingｓｕｃｈａ
ＰＦＣ．

3.2.1Parallel碇edfbrwardCompensatorDesignfbrSingle-InputSin-

gle-OutputPlants

TheproblemistofindaPFCF(s)satisfyingthefbllowingconditions．

Ｃｏｎｄｉｔｉｏｎ３､１：

(cIノＧ･(s)jsASPR．

(c2ﾉＧ･(s)＝Ｇ(s）

(c3ﾉＦ(s)jspﾉiysjcα"zﾉ℃αj伽6ｊｅ．

However,Condition（c2)raisesthedifIicultquestionofwhetheritcanbe

realizedoverthewholefrequencyrangeornot・Hencewereplaceitwithamore

realisticcondition

(b2ﾉWiere師stsα"(4’o＞ＯＳ秘cMjat,/br”eｍｅ＞０，

ⅡG･(池)l-lG1(池)||≦６

ﾉioIdso7zO≦Ｌｕ≦“0．

r－－－－-一一一一一一一一一＝‐ーーローーーーーーーーーー‐‐‐ー‐ーー‐‐一一ーｰー一一一一ーーｰーー可

１－－－－‐‐二二＝二一一一 Ga(s）.-----』
、

Figure3､１AugmentedplantwithPFC

1６



(舵．C）

皿

ｄV/Ｖ＝〃‘o＝(s)Ｗ＋(s)１０(s)９

Ｕ叩噌ｎｂｅ９叩moqPau1ulｴｅ１ｅＰｅﾕＰ

(s)I｡別osoI9z叩‘(9．Z．C)、o唖．｡んs1(s)IoOJoaeｴ8epeA卿eｴa叩‘aoueH.Ｄ＋ｕ

＝(s)IoggePPu電Ｄ＋dん＋ｕ＝(9)IoV8ePuaⅧ.O之わ‘わ＋呪＝'ん１３'1:(ｐルリ。

(9．Z．C）（s)ｍｙ/(9)､ｇ＝

(s)１０(9)v/{(s)Ｗ＋(9)[O(s)gdｼ｝＝Ioo

a側e“‘(ﾃⅧ)-(Z･Z･8)ｕＩｏＨ;JOCﾕ。

･１－帖'９a』岬3血卿a』s抑拠叫仰sβ脚9脚s１(9)IoO秘３Ｗ‘１－"ん＝'ん＃（9ノ
●

．｡A,s'33Ｊ卿'@脚ａＪｓ１；”‘ﾉｐ“o"〃Iod9剛s｡s'(9)1.0
●

ﾉｂ/伽o勉〃ﾉodJo…u』協勉ａｗ３･‘‘3脚s〃脚a卿s1(s)Ｉｏｏｕ３ｗ‘孔乏I蛾何

#叩ｓｍｏＷ〃‘１．８〃o"“剛ｓｓＶｏ抑,a伽ｓ‘伽aⅧ

(ｆ･Z．C）

(c･閲）

･ﾉＤ池Cu〃ﾉｏｄ３ｉ９Ｄ１ｇｌ１ｕｏｕ４ｊ９ｐｊｏＷ'ん

ｏ＜v＜dツ‘(9)１０〃＝

（s)Ｈ＋(s)ｏ＝

：(s)I｡

(s)ＲＪ

(s)1℃

:(z･Ｚ．C)?叫(Iaw』Q/(s)1.馴叫｡仰…‘β測り伽叫Iq/．叩岬?s"Ｑｏ：I･gEuIuIeT

・Pmmel3uIAAol

-IOJe叩ｅＡ１３ｅ仏‘ＯｍｄＪｏｐｏ叩emll81sep91118叩Ｐ３脚s9Au皿QJu叩ｍＰｄｅｴｄｕｌ

･秘伽叫a”|(0')Ｏ|”"ｗ卿，妙０，６岬り3lgWbs3叩側9#…"““"3Ⅷ〃

・ﾉ叩o泌伽“；ｍＪ１ｗりs‘付ｇ〃

･秘､o秘ﾂsﾘｔｕ－ｕ＝‘ん剛‘iaWo3a』卿”側a』3Ｗｂ*ん伽o9J3ddm3Ⅷ（Iノ

：Ｉ･guo14dumssV

．(Z･Z．E)uopesoduneﾕ噂suo瓜dumss噂Ｓｍ"ollQJ叩‘ﾕe叩哩 ●

･KIeA印edseエ‘sl噌皿CuIod叩ouIIepIo叩u‘Ｐｕ川1秘ｅﾕ笹（s)ｇｐｕ噂（ｗｅ叫仏

(z･Ｚ．C）
‘<‘’‘器‘州，

:sAAollQJsPuo印1mﾁｴaJsllP叫１IIPIdPelloJmooa叩9A復e"‘"ＯＮ



SincedegB(s)Ｄ,(s）≧degA(s),everysolutionofthealgebraicequation(3.2.6）

approachesthesolutionofB(s)Ｄ,(s)＝Ｏas月tendstozero,Takingintoaccount

thatB(s)ａｎｄＤ,(s)arestablepolynomials,wemayconcludethatallsolutionsｏｆ

(3.2.6)arelocatedinthelefthalfplanefbrsuHicientlysmallH．Thatis,Ｂｏ,(s）

isastablepolynomialfbrハsuchthatAp＞､f,＞Ｏ、

Part(6ﾉ:Ifγ,＝,γp-l,thendegAa,(s)＝”+γp-1anddegB､,(s)＝ｎ.Therefbre，

therelativedegreeofGa,(s)isγp－１．Further,thezerosofGa,(s)aregivento

bethesolutionof(3.2.6).Rewriting(3.2.6)leadsto

ｌ＋/Y'{Ｂ(s)D,(s)/A(s)}＝0,.月'＝A'１，/,ハ（3.2.7）

Equation(327)meansthatzerosofGa,(s)coincidewiththecharacteristicroots

oftheclosed-loopsystemwhoselooptransferfunctionis

Ｇα,(s)'＝月'{Ｂ(s)D,(s)/A(s)｝（3.2.8）

Hence,asintherootlocusmethod,thelociof("－１)characteristicrootsof(3.27）

ｏｎthes-planemovefromthepolesofG｡,(s)'(rootsofA(s)＝０)ｔｏ(、－１)zeros

ofGa,(s)'(rootsofB(s)Ｄ,(s)＝０)andtheremainingcharacteIisticrootmoves

alongtherealaxistominusinfinityasthegainだ'inc､easesfromzeⅢotoinfinity・

SinceB(s)Ｄ,(s)isastablepolynomial,itisapparentthatallthecharacteristic

rootsarelocatedinthelefthalfLplanefbrsu缶cientlylargegainH'・Thatis,Ｇ､,(s）

isinverselystablefOrハsatisfyingルp＞A＞0．□

WenowestablishthefbllowingexteｎｓｉｏｎｏｆＬｅｍｍａ３・lconcemingthedesign
methodoftheＰＦＣ．

Theorem3､1：ＣＯ"Sjder伽/b"o切卿au9me"tedsystem/ｂｒｊｈｅｐ伽t(3.22)：

Gα(s)＝Ｇ(s)＋Ｆ(s）

⑩ｈｅＴｅ

α7１．

Ｆ(s）

FXs）

Dj(s)：

’Y申－１

＝EFXs),γＺ２
ｉ＝１

==ハ/Di(s),'i＝1,…,γ瀬－１

(γ*－j)肋o'･‘jers姉ｊｅｐｏｊｙ"o”α1．

（j)んp＞八＞…＞ルー,＞0;（虎)|G(jO)|＞|F(jO)｜

Tｿbe”Ｇ､(s)jsASPRα"dsatj城ｅｓＣｂｎ伽ｏｎ(c2)'．
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(3.2.10）

(3.2.11）
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Remark3,2:ItispossibletodesignPFCswhichcoverthecondition(c2)'taking

thefrequencygainoftheexpectedresponsesintoconsideratio､．

Ｒｅｍａｒｋ３､３：InthecaseofactualimplementatioｎｏｆＰＦＣｓ，itisconvenientto

reducetheoZderofthecompensators､Forexample,ifwechooseDj(s)suchthat

Ｄｙ･-i(s）

Ｄγ･(s）

(s＋α＃)Dγ･-‘+,(s）

１，αj＞０，ｊ＝１，．．．，γ＊－１
(3.2.14）

thenthecompensatorsare

inFigure3.2．itshouldbe

thecontrolalgorithmonly・
hardware．

constructedbyusing(γ率－１）integratorsasshown

notedthatthesecompensatorsareimplementedin

Ｔｈａｔｉｓ，ｔｈｅｒｅｉｓｎｏｎｅｅｄｔｏｃｏｎｓｔｒｕｃｔａｎｙｋｉｎｄｏｆ

Ｑ

陰------------------……･-…一･･…………･Ｒｓ）

Figure3､２ApracticalrealizationofaPFC
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3.2.2ParallelRedfbrwardCompensatorDesignfbrMulti-InputMul-

ti-OutpｕｔＰｌａｎｔｓ

ＴｈｅｄｅｓｉｇｎｍｅｔｈｏｄｏｆｔｈｅＰＦCproposedfbraSISOplantisextendｅｄｆｂｒ

ＭＩＭＯｓｙｓｔｅｍｓ・

LetＧ(s)ｂｅ

Ｇ(s)＝I9ij(s)l＝ｃ(ｓＩ－Ａ)-'Ｂ

志｡(｡） （3.2.15）＝

where

p(s)＝det(ｓＩ－Ａ）

｡(S)＝Cadj(ＳＩ－Ａ)Ｂ＝胸(s)｝

(3.2.16）

(3.2.17）

HereＧ(s)isthetransferfunctionmatrixoftheplantwithaminimalrealization

{A,Ｂ,Ｃ}andp(s)correspondstothepolepolynomialoftheplant(Kouvaritakis

andMacFarlanel976,MacFarlaneandKarcaniasl976)．hrther,weintroduce

aparallelfeedfbrwardcompensator(PFC)matrixF(s)asshowninFigure3・L

Thenwehavethefbllowingaugmentedplanttransferfimctionmatrix：

Ｇα(s)＝I9oij(s)l＝Ｇ(s)＋Ｆ(s）（3.2.18）

AsstatedintheSISOcase,theproblemistofindaPFCF(s)satisfying

Condition3,1．ＩｎＭＩＭＯｃａｓｅ，ｉｔｉｓａｌｓｏｕｎｃｅｒｔａｉｎｗｈｅｔｈｅｒｏｒｎｏｔｗecanfind

F(s）thatsatisfiesCondition(c2)overthewholefrequencyrange・Hence,we

replacethisconditionwithamorerealisticoneasfbllows：

(c2ﾉ＊Thereｅ"jstsα仰“o＞０ｓ腿cA伽t,伽9jりe”Ｅ＞０，伽肌o皿"９『e肋o”

Ｍｄｓｏ７ｚＯ≦妙≦妙0J

７７２７７３

重重''9.総(”)'一'9＃k(ル)||≦ｇ
ｊ＝１Ａ＝１

(3.219）

⑩ﾉｶere9ik(池)α"d9aij‘(池)α…Ieme〃tsq/・ｔｍ"歌rん"ctjo"ｍａｔγjcesG(池）
α"｡Ｇ､(〃),respect州y、

Now,weimposethefbllowingassumptionsontheplant(3.215)．

Ａｓｓｕｍｐｔｉｏｎ３２：

ロノＰ/α"t(3.2.15)jSstrjctjZ/ｍ航jm勉ｍＰﾉbase,』.e，ｵﾉiezempojy"Omiαﾉ伽oted
asz(s)伽o"jcﾉｉｓα仇伽tzpoIz/"o伽Ｉ．
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Ｉ９Ｍｊ(s)]＝Ｇ(s)＋Ｇ/(s）

赤伽，ＭｏＩ'州…,'州’

Tﾉbeﾉeα伽9COがCje"toの{j,,j2,…,jhM≦j,＜'i2＜…＜』ん≦ｍ,ﾉｶ＝

1,2,…,ｍﾉjspos城ひe,ｍｅＴｅ卯,,j2,…,』ん)伽otestﾉbe”"ｃｊＰａｊｍ伽”q／

耐erﾉi/brmed伽ｍの(S）６ｙｄe賊施９α〃ｍ”SeZcePtm⑩Sj,,j2,…,』んα"。

α〃ＣＯんｍｎｓｅ"ceptcoん、抑ｓｊ１,j2,…，ｉｈ．

倒
仙

剛e『､e肋ひe伽，℃ｅｑ/伽(s)伽otedasγijjs伽⑩〃αＭγｗ≠j≧２．

The/b"o切伽花肋o”jssatj城ed6e”ｅｅｎｔｈｅ７℃ﾉα加ｅｏ㎡e『q/poﾉeα犯dzem

poIZ/"om雌ａｎｄ伽ｒｅＩａ伽e“reeW閲(S),伽伽9o"α/eIeme"tSq/Ｇ(S)．

刀l

degl,(s)－degz(s)＝。≦Ｅ
ｊ＝１

(3.2.20）γ麓＝ｄｏ

御 ｍｅαppm露jmate”αんesq/ｔＭｅａ伽9COがc棚Ｑ/”(s）α"‘jl9蕊(j｣0)|αrE
Amo切泌

InpreparationfbrinvestigatingtｈｅｄｅｓｉｇｎｍｅｔｈｏｄｏｆＰＦＣ，ｗｅｇｉｖｅｔｈｅｆｂｌ‐

lowinglemmawhichgivesthebasicprocedureofthedesignscheme．

Ｌｅｍｍａ３､2:Ｓ剛”ose伽肋ep伽t(3.2.15)satj城esAss秘m”ｏｎ3.2(1),(2)‘Ｍ

(4).肋rt肺,ＣＯ"s枕γ伽が加畑α秘9me仰tedl，伽Ｇｏ/(s)：

②

Gα/(s）

Ｇ/(s）

(3.2.21）

(3.2.22）

⑩ｈｅ7℃

ｐ/(S):肋'Ｗ”oﾉy鯛omjaIq/州er"ノ伽jepoIZ/nomjaﾉQ/Ｇ/(S)ノ

ハ(s)：ｍｏ"jcpoIy"omjajq/０㎡er伽一γ赫十lノ

α"dpi,ｊＥＭ＝{1,…,ｍ｝αrepos娩妙eα"dsat蜘伽/b"o伽9re賊ｏｎ

～～７７１

６＝6ｍ＞6,-,＞…＞ii,＞;｡＝Ｚ,,ｉ （3.2.23）
ｊ＝１

mere6hjsajea伽９COがcje"ｔｑ/伽ｐｏｊＺ/nomjaノ

|(息州１．ｈM｝Ｚ (3.2.24）
l≦f'＜…＜ｉｈ≦、
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伽，Ｅ伽otes伽s秘ｍｑ/α"com伽"o"sq/仙廼’≦j,〈…〈
１≦i'＜…＜ｉｈ≦ｍ

ｊｈ≦、．

Ｔｿhe冗，ｏ犯condjtjoれｔｈａｔ抑ｏｐｏﾉｅａＭｚｅｍｃａ刀Ｃｅ"α〃o”ｓｏｃｃｕｒｏ”tﾉＺｅａⅧ9mented

P！α"ｔＧＱ/(s）ｄ城ned6Z/(3.2.21),Ｇ･ﾉ(s）ｓα"蛾esAssum”o”3.2(1),3.2(2)α"ｄ

3.2(4)αMtAe伽伽ede9i形eq/・its肋伽9o"αﾉeﾉeme鯛ts9a/髄(S)6ecomesγ耐－１．

Proof:TheaugmentedplantGα/(s)isgivenasfbllows：

where

｡．,(鶴'=赤．｡,(霞’（Ⅷ
pαﾉ(s)＝p(s)p/(s)：polepolynomialofaugmentedplant（3.2.26）

の｡/(s)＝{ゆ＠脚(s)｝

‘州={::剛ﾅ"ﾊ(州#雲ｊｊ≠ｊ
(3.227a）

(32.27b）

Ｆｒｏｍ(3.2.26)ａｎｄ(3.2.27),itisclearthattherelativedegreeofthejthdiagonal

elementofGaﾉ(s)becomesγ流－１．Next,wehavethefbllowingequation(see

Appendix3.A)．

det①α/(s）

＝(婁州)州”

地州l州|…’
七釧皇州１．Mﾄ州､

。…釧鰐息州帆刷|…
＋det①(s)pﾉ(s)ｍ （3.2.28）

Sincep(s)ａｎｄｐﾉ(s)arethepolepolynomialsofG(s)ａｎｄＧ/(s),respectively，

2３



thereexistsmonicpolynomial9h(s)satisfyingthefbⅡowingequation：

嘗釧柵息州1.ｈM|罰岬wJw‐
（3.229）

町ther,ｗｅhave(MacFarlaneandKarcaniasl976）

７７３

Ⅱハ(s)＝z/(s)I，/(s)'"-’
ｉ＝１

z/(s)：zeropolynomialofG1/(s）

detの(s)＝6z(S)P(s)m-'＝1imz(S)P(S)m-’

(3.2.30）

(3.231）

Itfbllowsfrom(3.2.29),(3.2.30)ａｎｄ(3.2.31)thatdetのα/(s)canberewrittenas
fbllows：

州州=|(垂,i)抑叩…州箪１１州銅ｗ－’ん＝１

（3.2.32）

Hence,takingintoaccountthefactthatpﾉ(s)p(s)＝ｐａﾉ(s)isthepolepolynomial

ofGMs),ｗｅget

where

～

6αzα/(s)＝ 伽
ｍ－１～

zﾉ(s)p(s)＋Ｅ；ん9ん(s)＋6z(s)p'(s）
ｈ＝１

z＠/(s):zeropolynomialofG､ﾉ(s）
～

6α:leadingcoeHicientofdetoaﾉ(s）

Usingthefactthat

degの{j,,…,jlil≧degのIj1,…,ｉｓ_,,is+,,…,jhl＋、－γi,i‘

andthedefnitionofGﾉ(s),ｗｅhave(seeAppendix3B）

deg9h+,(s)＋ｌ≧deg9h(s)，ｈ＝１，…,ｍ－ｌ

９m(s)＝ｚ(s)p/(s）

hrther,ｗｅｏｂｔａｉｎ

degz/(s)P(s)＝”＋、ノーdo＋m

deg9,(s)＝”＋nノーdo＋m-l

degz(s)pﾉ(s)＝”＋"ノー。

2４

(3.2.33）

(3.234）

(3.235a）

(3.2.35b）

(3.236）

(3.2.37）

(3.238）



degRh-,(s)一deg9m-h(s)≧－１，AＥＭ

Rli-,(S)＋6m-h9m-h(S),ｈＥＭ＝{１，…,ｍ｝

6z(s)pﾉ(s）
712

Ⅱl0jzﾉ(s)p(s）
i＝１

(3.239a）

(3.2.39b）

(3.2.39c）

－
〕
ｊ

Ｓ
Ｓ
Ｓ

Ｉ
１
１

風
凡
一
一
靴

公一

ItisalsoapparentthatRm(s)＝6αz､ﾉ(s)holdsin(3.2.39a)．RomAssumption

3､2(4)ａｎｄ(3.2.34)-(32.39),itfbllowsthat

(3.2.40）

NowletusdefinethefimctionsRh(s),ＡＥＭ＝｛1,…,ｍ},suchthat

Sincerelation(3.2.40)holdsfbrallﾉｉＥＭ,ifweput砿-,asaleadingcoefficientof

Rh-,(s),thentherootsofRh(s)＝OtendtotherootsofRh-,(s)＝Oandminus

infinity(inthecasewheretheequalityholdsｉｎ(3.2.40))asf:A_,/6m_んtendsto

infinity､ThusiftherootsofRh-,(s)＝OarelocatedinthelefthalfLplaneand

碗-,＞6m_hholds,thenitfbllowsthattherootsofRh(s)＝Oarealsolocatedin

thelefthalfLplane・Byapplyingtheaboveresultsfbrh＝１，．．．，msuccessively,we

therefbrereachtheimportantconclusionthattherootsofRn,(s)＝Oarelocated

inthelefthalfLplaneiftheallrootsofRo(s)＝Oarelocatedinthelefthalfplane
andrelations

砿－，＞6,-A，死＝６＝6ｍ （3.2.41）

holdfbralMEM.Ｔbkingintoaccountthatthezerosofplant(3.2.15)areasymp‐

toticallystablefromAssumption3,2(1)andpﾉ(s)wasgivenasanasymptoticany

stablepolynomial,wecaneasilyseethatRo(s)＝Oisalsoanasymptoticallysta‐

blepolynomial,R1rther,from(3.223)andthedefinitionofRh(s),ｗｅcanobtain

thefOllowingrelations：

７:ｈ≧６m_ん，ｈ＝0,...,ｍ－１ (3.2.42）

and

碗一，≧６m_ん+,＞6m-ん，ＡＥＭ （3.243）

TherefbrewecanconcludethatevelyrootofRm(s)＝6＠z･ﾉ(s)＝Oislocated
inthelefthalfplane､Thatis,theaugmentedplantGaﾉ(s)satisfiesAssumption

32(1)．

Next,usingthesameoperationtoget(3.2.28)(seeAppendix3.B)theprin‐

cipalminorof①(s)oforderrcanbeexpandedas
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Theabove-mentionedLemmasaresummarizedasfbllows・Theaugmented

plantGo/(s)satisfiesAssumption3,2(1),(2)and(4)byaddingG/(s)inparallel

totheplantsatisfyingAssumption32(1),(2)ａｎｄ(4)．Moreover,therelative

degreesofthediagonalelementsofGo/(s)becomeγii-LEfomtheseresults，

byconsideringtheobtainedaugmentedplantasanewcontrolledplant，ｗｅａｒｅ

ａｂｌｅｔｏｃｏｍｐｏｓｅｔｈｅｎｅｗｍｉｎｉｍｕmphaseaugmentedplantofwhichtherela‐

tivethedegreesofdiagonalelementsaresuccessivelyreducedwhilekeepingthe

characteristicsgivenbyAssumption32(1),(2)and(4)．

Wecannowobtainthefbllowingtheoremfbrestablishingthedesignmethod

fbrtheparallelfeedfbrwardcompensator．

Theorem3､2:Ｓ"”ose伽ｔｐ伽(3.2.15)ｉｓ"｡"-ASPRaMsatj蛾esAss勉m”o”

3.2．consider伽/b"oul畑au9me"tedP伽(Figure3､3)か伽P伽(3.2.15)：

Wbe7qe

G･(s)＝Ｇ(s)＋Ｆ(s）
γＭ－１

Ｆ(s)＝ＥＦＸｓ)，７M＝剛(γ髄）
ｊ＝１

Ｒ(s)＝diagい,/di,(s),…,βim/dim(s)｝

dij(s)：、｡"jcsta6JepoJy"o伽ﾉq/･刑ｅｒｈ(jj-j）

に1,...,γＭ－１，.jＥＭ

(3.247）

(3.2.48）

(3.2.49）

α冗。βｊｊ

ｊＥＭｗ

Ｒｉ(s)伽

｛::こ&灘二墓：（川0）
Ｍｄs”伽o”(3.2.23）州cﾉＭＳｄ覗施ed伽ｍＧａｉ－,(s）伽FXs)んα〃

Ｍγ＝｛１，…,γＭ－１｝６ｙ花pJac伽Ｇ(s)切肋Ｇ･#-,(s)α"。Ｇ/(s)⑩伽

(3.2.21),⑩ﾉｗｅ

Gai(s)＝Goi-,(s)＋剛s）

Gao(s)＝Ｇ(s）

１Ｍﾉier,i''eass池me伽咽(s)arechose脇soastosat伽

７Ｍ－１

１恥(jO)|＞Ｚｌｌ０ｊｋ/d錐(jO)|,ＡＥＭ
ｊ＝１

(3.2.51a）

(3.2.5lb）

(3.2.52）

T伽,伽qu9mentedp伽ｔＧα(S)＝GaYM-,(S)Sα"蛾ｅｓＣｏｎ伽o”3.1(Ｃｌ),(c2)＊

and(c3)．
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Figure3､３Augmentedplantincludingmulti-parallelfeedfbrwardcompensator

3.2.3AugmentedControlSystem

Asshownintheprecedingsubsections，ｗｅｃａｎｍａｋｅｎｏｎ－ＡＳＰＲｐｌａｎｔｓｖｉｒ‐

tuallyASPRusingaparallelfeedfbrwardcompensator，Ｔｈａｔis,ｔｈｅＳＡＣｃａｎｂｅ

ａｐｐｌｉｅｄｔｏｔｈｅＡＳＰＲａｕｇmentedplantwiththePFCinsteadofthenon-ASPR

originaJplant・ThisissummarizedasfbⅡＣＷＳ：

LettheminimumrealizationsoftheｐｌａｎｔａｎｄｔｈｅＰＦＣｂｅ(A,Ｂ,Ｃ)ａｎｄ

(A/,Ｂﾉ,Ｃ/),respectively､TheaugmentedplantwithPFC,whichismadeASPR，
isexpressedasfbllows：

where

血｡(t)＝Ａ､錘｡(t)＋Ｂａ皿(t）

yα(ｔ)＝cb錘｡(t）

錘｡(t)＝[錘(t)T,錘ﾉ(t)T1T

2８

(3.2.53a）

(3.253b）

(3.2.54）



Ｋｕ(t）

一

Ｋx(t）

（3.2.55）

ＰＦＣａｎｄｇａ(t)istheHere,錘(t)ａｎｄａＷ)arestatevectoⅢsoftheplantandthe

outputoftheaugmentedplant・

Denotingtheaugmentederrorsignale｡(t)aｓ

e･勤(t)＝ｙ･(t） ym(t） (3.2.56）

wehavethefbllowingcontrolinputaccordingto(2.3.8)-(2.3 ●

、
、
ｕ
■
■
″
〃

屯
日
日
《

勺
０
０
《

皿(t)＝Ｋ･(t)z･(t） (3.2.57）

z･(t)＝[e､,(t)T,妃m(t)r,皿､(ｔ)TｌＴ

牒難野川 (3.2.58）

ｒＩα＝1,K〉0,ｒＰ‘＝r＄｡〉o,｡｡,,。｡2〉O

Figure3､４illustratestheoverallblock-diagramoftheaugmentedSACsystem．

Model

峠|州Ｊｏ
Ｃｂ＝[C,CIﾉ］

Xm(t）

畑(t）m(0ｕ ym(Oeay(t） y(t）

＋

Plantaｎ
e(t）

＋

F(s）

Figure34Theoverallblock-diagramoftheaugmentedSACsystem

2９



3.2.4NumericalSimulations

TheefYectivenessoftheproposedmethodsinthissection(thedesignmethods

ofthePFCs)willbeconfirmedthroughnumericalsimulations．

i)SimulationresultsfbrSISOplants

Ｃａｓｅｌ：ＲＯＡ応’ｅｚａｍｐﾉe

lnthissimulation，theeHectivenessofthePFCfbrtheSISOplantwithpar‐

asiticsisshownbyusingRohrs'example(Rohrsetα/、1982)．Thesimulations

waeexecutedusinganominallyfirst-orderplantGo(s)＝2/(s＋l)withapairof

complexunmodelledpoles，describedby

G(s)＝Ｇｏ(s)G,(s),Ｇ,(s)＝229/(s2＋30s＋229） (3.2.59）

andareferencemodel

Gm(s)＝3/(s＋3）（3.2.60）

Accordingtotheliterature(Rohrsetα1.1982),thecommandinputandthesensor
noisearechosensuchthat

um(t)＝0.3＋1.85sin16.1t,。(t)＝5.59×10~6sin16.1ｔ

lntheplant(3.259),therelativedegree')'i,isthree・Butinthissimulationan

overestimatedvalueγ*＝５isused・Then,fromTheorem31,ｔｈｅＰＦＣＦ(s)is
chosensuchthat

｜八潮難fﾂ篭
Adaptationparametersin(3.258)aregivenasfbllows：

rIa＝diagI2×108,10,10},1,p･＝diag{3×107,1,11

ぴα1＝１，ぴａ２＝0.3,Ｋ．(0)＝０

3０

(3.2.61）



０．８

０
llllllllllllllllll

(■ecl

－０．２

lWWWWWWWWWWWlIgecl

Figure3､５Rohrs'example：ｔｈｅｕｓｅｏｆｔｈｅＳＡＣａｌｇｏｒｉｔｈｍｗｉｔｈａＰＦＣ

０．８

０

－０．２

６

０

－６

||,|,|,'''''''''''''''''''''''''''''''１'''''’
1sec）

lWllWlWllIlWWWIWWW(8ecl

Figure3,６Rohrs'example：ｔｈｅｕｓｅｏｆｔｈｅグーmodificationalgorithm
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ＴｈｅsimulationresultisshowninFigurｅ3.5．Comparedwiththesimulation

resulｔｓｈｏｗｎｉｎＦｉｇｕｒｅ３､６whichwasobtainedusingtheグーmodificationmethod

(IoannouandTsakalisl986Litisapparentthatthefbrmergivesabettertracking

perfbrmance．

Ｃａｓｅ２：StresstestejrampJe

Theproposedmethodisappliedtothestresstestingexamplegivenasa

showcaseexamplebyMastenandCohen(1990).Thefimdamentalstatementsof

theexampleareasfbllows：

Nominalandmodelplant：

Ｇ･(s)＝Ｇｍ(s)＝l/(s2＋1.4s＋l）

Unmodelleddynamlcs：

腿(s)似(s)＝1/(0.33s＋1）

Unmodelledzeros：

0.3ｓ＋１

Sensornoise”(ｵ)：

Zero-meanwithalOHzband-limitedgaussiandistributionandaspec‐

ifiedRMSvalue(RMS=0.2）

Commandinputanddisturbance：

ThesearedefinedinFigure3､７ａｎｄspecifiedfbr20secondsinduratio､．

Here“(s)istheactualcontrolsignaland伽#(s)istheidealsignalgeneratedby

theadaptivecontroller・Notethattheabove-statedconditionscorrespondtothe

mostseverelevel-3caseintheshowcaseexample・Inthissimulation,weassumed

thattheactualplanthadthefbllowingfbrm：

G(s)＝3/(s2-0.6s－１）

Theupperboundofrelativedegreeγ＊ｗａｓａｓｓｕｍｅｄｔｏｂｅｔｈｒｅｅａｎｄ，basedon

Theorem3､１，ＰＦＣｓｗｅｒｅｇｉｖｅｎａｓ

Ｆ１(s)＝0.8/(s＋10)2,Ｆh(S)＝0.016/(s＋１０）

Thedesignparametersintheadjustinglaws(3.258)areasfbllows：

ｒＩ｡＝ｒｐα＝diagIlO8,1031J,恥,＝0.01,ぴｃ２＝0.001,Ｋ､(O)＝０

3２



２ ２

０ ０

１sec） (Ｂｅｃｌ

－２ －２

Figure3,７Commandinputanddisturbancewaﾊﾉefbrms．

Thetypicaloutputandcontrolinpuｔｒｅsponseswithoutunmodelledzerosand

sensornoiseareshowninFigure3､8．Figure3､９showstheresultswhenwetake

alltheconstraintsintoconsideration・ＩｎＦｉｇｕｒｅ３､10,thesimulationresultisgiven

fbrcasewhereGm(s)＝１/(s＋1).TheseresultssuggestthepracticaleHiciency

oftheproposedmethod．

1．５

０

－１．５

２０

０

－２０

(B､c）

IWw-可lIlww-ヨﾄ'…一宗 (ＳｅｃＩ

Figure3､８Stresstestexample：timeresponsewithoutunmodelledzerosand
●

ｓｅｎｓｏｒｎｏ１ｓｅ．
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１．５

０
／

－１．５

５０

(）

－５０

Figure39Stresstestexample：

1．５

０

－１．５

５０

(）

－５０

、
Ｋ

(Bec）

{ＳＣＣ）

thecasewherealltheconstraintsaretakeninto

consideration．

〔
(secj

(事⑬Ｃｌ

Figure3・lOStresstestexample：frst-orderreferencemodel．
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ii）SimulationresultsfbrMIMOplants

TheeffectivenessoftheproposedmethodfbrMIMOplantsisconfirmedby

using2-inputand2-outputnon-ASPRbutminimum-phaseplantmodels．

Theplantstobecontrolledaregivenasfbllows．

ＣｔｚｓｅＺ：

Cuse2

金(t)＝

ｇ(t)＝

g(t)＝

州ﾙ|割
{;:1斗(‘）

ii灘Ｉ

"(t)＋ｇ(t）

金(ｫ)＝ u(t)＋ｇ(ｔ）

Ｗ)＝

g(t)＝

Thetransferfimctionmatricesoftｈｅｓｅｐｌａｎｔｓａｒｅｇｉｖｅｎａｓ

ＣａｓｅＩ：

G(s)＝
１

(s2-3s＋3)(s2-3s＋1） Ｉ
2s２－６ｓ＋５２s２－６ｓ＋７

ｓ２－３ｓ＋４３s２－９ｓ＋８

3５

Ｉ

(3.2.62a）

(3.2.62b）

(3.2.62c）

(3.2.63a）

(3.263b）

(3.2.63c）

(3.2.64）



Ｃｔｚｓｅ２：

叶匡否器１，Ⅷ
ＩｎＣａｓｅｌ，therelativedegreedbetweenpoleandzeropolynomialsis4andthe

sumoftherelativedegreesofdiagonalelementsdois4(γ,,＝γ22＝２),and,in

Case2,。＝４anddo＝５(γ,,＝3,γ22＝2)．

Thereferencemodelthattheaboveplantsarerequiredtofbllowischoseｎｔｏ

Gm(s)＝diagI1/(s＋l),l/(s＋l)］

um(t)＝Ium,(ｔ),um2(t)ｌｒ

(3:2.66a）

(3.2.66b）

“m,(t)：arectangularwaveofamplitudel

“m2(t)：arectangularwaveofamplitude2

Boｔｈｔｈｅｐｌａｎｔｓａｒｅｎｏｎ－ＡＳＰＲ・Ｓｏ,accordingtothedesignmethodproposed

inprevioussections，wehavetoconstructtheparallelfeedfbrwardcompensators
asfbllows・

ＣｔｚｓｅＩ：

Ｆ(s)＝diag{0.08/(S＋5),0.08/(S＋5)]（3.267）

Ｃｔｚｓｅ２：

Ｆ(s)＝Fh(s)＋易(s）

E,(s)＝diagI0､1/(s＋20)2,0.01/(s＋20)｝

＆(s)＝diagI0,01/(s＋20),0１

Thedesignparametersoftheadaptivelaw(3.2.58)aregivenas
･

ｒＩα＝diagI108ら,１０３１J,ｒｐα＝diagIlO6ら,1021Ｊ

(3.2.68a）

(3.2.68b）

(3.2.68c）

ぴａ１＝0.01,ヶ｡2＝0.05,Ｋ(O)＝O

Simulationresultsareshowni、Figures3.11-3.14．Figures３.llandal3are

thesimulationresultsfbrCasesland2,respectively,whendisturbanceg(ｵ)isset
tozero,andFigures3・ｌ２ａｎｄ３・l4aretheresultsundertheeffectofdisturbances･

Inbothcases,goodtrackingperfbrmancesha刃ebeenobtained．
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Next,weassumethattherelativedegreesγjjofdiagonalelementsofplantsare

unknownbuttheupperbounds浦(γf,＝γ;2＝３fbrCaselandγf,＝4,嘘＝３

fbrCase2)ａｒｅknown・Inthiscase,theparanelfeedfbrwardcompensatorsare
chosenasfOllows・

ＣｔｚｓｅＺ：

Ｃｔｚｓｅ２：

Ｆ(s)＝Ｆ１(s)＋Fh(s）

Ｆ１,(s)＝diag10.8/(s＋5)2,0.8/(s＋5)２１

脇(s)＝diagI0､０８/(s＋5),0.08/(s＋5)Ｉ

Ｆ(s)＝Ｆ１(s)＋脇(s)＋尾(s）

届(s)＝diag[1/(s＋20)3,0.1/(s＋20)２１

局(S)＝diag[0.1/(S＋20)2,0.01/(S＋20)｝

Fb(§)＝diag{0.01/(s＋20),0１

(3.2.69a）

(3.2.69b）

(3.2.69c）

(3.2.70a）

(3.270b）

(3.2.70c）

(3.2.70.）

Figures３．１５ａｎｄ３.l6showthesimulationresultsfbrCasesland2without

disturbances,respectively・Ascomparedwiththeresultsgiveni、Figures３．１１ａｎｄ

3.13,offLsetsoftrackingerrorsaremadetoappearbyuseofanextracompensator，

whichmustbeaddedbecausethetruevaluesofγjjareunknown．
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２．５

０

）

－２．５

(a)plantoutputsandmodeloutputs

５０

に

）'一一r--f>一一=十‐言寿０

－５０

(b)controlinputs

FigureallSimulationresultsfbrCaselwithoutdisturbance(relativedegreeγ蕊

isexactlyknown）
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２．

ｓ）

－２．

(a)plantoutputsandmodeloutputs

３

く三 ここ≧
后ラ こう ｓ）

－３

(b)controlinputs

Figure3・l2SimulationresultsfbrCase2withoutdisturbance(relativedegreeγ魂

isexactlyknown）
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２．５

０

－２．５

５０

-５０

、

(a)plantoutputsandmodeloutputs

≦詮一拾今

(b)controlinputs

－■

一

）

）

Figure3,l3SimulationresultsfbrCaselwithdisturbance(relativedegreeγiiis

exactlyknown）
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２．５

０

－２．５

3００

０ 二三二

－３００

(a)plantoutputsandmodeloutputs

ge》 ト３
ｅ午

(b)controlinputs

ｒ１

Ｌ』

）

(ｓ）

Figure3・l4SimulationresultsfbrCase2withdisturbance(relativedegreeγiiis

exactlyknown）
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２．５

０

－２．５

５０

０

－５０

(a)plantoutputsandmodeloutputs

rl

h｣

－ －

＝=弓=令－－=司匡※==＝＝三ｐ=＝＝

(b)controlinputs

）

）

Figure315SimulationresultsfbrCaselwithoutdisturbance(upperboundγ鳥
ofrelativedegreeγ髄isknown）
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２．５

－２．５

３００

０

－３００

(a)plantoutputsandmodeloutputs

＜ﾐヨ唇ラヨヒー＞＜k＝＝

(b)controlinputs

｢’

L』

）

）

Figureal6SimulationresultsfbrCase2withoutdisturbance(upperboundγ偽

ofrelativedegreeγjjisknown）
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３．３ ＣｏｍｐｅｎｓａｔｉｏｎｆｂｒＰｌａｎｔｓｗｉｔｈＵｎｍｏｄｅｌｌｅｄＤｙｎａｍ－
●

1Ｃｓ

Asshownintheprecedingsection,iftheplantisminimumphasethenwecan

systematicallydesignthePFCwhichmakesnon-ASPRplantsASPR・However，

therearemanyplantsfbrwhichitisnotclearwhethertheyareminimumphase

ornot・Ｉｎｆａｃｔ，ｔｈｅｐｌａｎｔｍａｙｂｅｎｏｎ－ｍｉｎｉｍｕｍｐｈａｓｅｅvenifthemodelledplant

isminimumphasebecauseoftheexistenceofunmodelleddynamics・

Inthissection,wedealwiththefbllowingSISOplantswithunmodelleddy‐
ｎａＩｎｌＣＳ．

y(t)＝Ｇ(s恥(ｵ)ｌ

Ｇ(s)＝ＧＯ(s)(１＋△(s)）

(3.3.1a）

(3.3.1b）

whereGo(s)denotesthemodelledpart(dominantplant)oftheplantand△(s）

denotesthemultiplicativeuncertainty(unmodelleddynamics)oftheplant,The

notationG(s巾(t)ldenotestheoutputofasystemattimetwithtransferfimction

G(s)andinput“(t).Newdesignschemesofcompensators,whichmakenon-ASPR

plantswithunmodelleddynamicstobevirtuallyASＰＲ,aresuggested．

3.3.1AlmostStrictlyPositiveRealCondｉｔｉｏｎｆｂｒＰｌａｎｔｓｗｉｔｈＵｎｍｏｄ－

ｅｌｌｅｄＤｙｎａｍｉｃｓ

Inpreparationfbrinvestigatingthedesignschemeofcompensators,wefirst

discusstheASPRconditionfbrplantswithunmodelleddynamicｓｄ

ＷｉｔｈｒｅｇａｒｄｔｏｔｈｅＡＳＰＲ－ｎｅｓｓｏｆｔｈeplantwithunmodelleddynamlcs，we

givethefbllowinglemma．

Ｌｅｍｍａ３､4：Ｓ似”ose伽t△(s)ERHboα"dll△(s)|'｡｡＜１．剛e鯛,tAesZ/ｓｔｅｍ

(1＋△(s))jsSPRα"dlmper．

ProofHomtheassumptionson△(s),itisappaEentthat(1＋△(s))isstable
andproper・

Ｌｅｔｕｓｄｅｎｏｔｅ

△(〃)＝α(")＋j叩）

Sincell△(s)I｡｡＜１，fbra山,ｗｅhave

α(")2＋地)２ ＜１
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(3.3.2）

(3.3.3）



9ｆ

：S仏ＯｌｌＱＪＳＥｎｅＡ１８Ｓ１Ｕ８ＩＳｅＰＯａｄｅ叩ＪＯ

ａｌｄｐｕＩﾕｄ８ｕ１ｐｍ８Ｐ‘8･Ｃｕｏ卿dumssVuloH・so皿ＰｕppellepoumnAAelle叩ｅｑｏ１

（s)Ｈ＋’＝(9)｡▽ (８．８．８）
（s)▽

エeP1SuOOPuP

‘(1ucIdp99ueux3n噂a叩ｴ叩匝噂Idpellepoul)1ucIdpellepouxpe1ueuI8n惣叩ｅｑｏ９

(ＬⅦ）（Ｗ＋(9)0ｏ＝(s)０．，

(9.8.8）

(９．８．c）（

（sﾙJ1_(9)ＣＯ＝(s)Ｈ

(｡{号ヂ+１１(Ｍ(’１．，)＝
（s)凹十(s)Ｏ＝(9)｡０

JeP1suoD‘AAoN

：s“ollOJs℃pesseﾕdx9s11u℃Idp91uem8nP8u卿Inseユ

aⅧ．(I側)1u℃Ｉｄ叩Ｃｌ(ＷＯ皿叩JoUomnpo叩叩ｴap1suoosnle'１

虹o”sueduIoOpjIEAAﾕQJpaⅧＩａＩＩ唖ＥｄＪｏパＢａ鞭叫Ｓｕ８ＩｓｅｑｏＩｓ'9Ｈｚ･８．８

・1omoHdSVs1Iz｡｡||(s)▽||伽脚aoun叩“

川ｄｅ叩J叩e恥e3Pn1oⅧnlWaq他uI11‘ｴeAe"ｏＨ・PIO叩ouseoP‘(Z)８．８

uondumssVパ11℃Ioeds9‘８．８ｕｏｎｄｕｍｓｓＶＪｍｅＡｅｓ１ｕＰＩｄＨｄＳＶ１ｓＩｘ９ｅｴe叩ｇｏ印ゼユd

ll1〈s１１町Ｌ･ＨｄＳＶｅｑｏ”ｍ２１ｄｅ叩ｴOJuo側puo31uep田ｎｓＰｓ１Ｃ･ＣｕｏＷｄｍｎｓｓＶ

I＞･･||(s)▽''１，ｕＤ｡｡朋ヲ(s)▽”

９血解sods’叩β，…6aりり伽3Ｗｂ”ｓ３ｗＰｐｕり

,/b33u卿9凪卿…ｐＷ９‘as叩叫…岬迦４s！(｡(9)o馴叫dp3仰Cu』3Ⅷ〃ノ

：ｇ･guo14dumssV

．su叩dumss酒３u1仏ollQJe叩IePImHdSV

s1(9)肌u壇1.11℃ｴgAo叩$叩エゼ３１，sⅧ‘cumIeIPauo11uem-eAoq壇叩ｍｏＨ

□

(γ8.8）

、Pau側qos11InsalPeｴ1ｓｅＰｇ叩Pu℃

0＜(､)Ｄ＋Ｉ＝[(､')▽＋I}aＨ

。仰e“‘snxIL･叩噌ｴOJI＞|(両)｡｜$叩(8.8.8)ｍ叫s"ollOJ11



GuidingprincipleofdesigningF(s)：

(IノＦ(s)jssta6Ie．

〃ｔﾉｶeα秘9mentedmode"edP伽ｔＧ､o(s)jsASPR

側△｡(s)ERHboα"dll△｡(s)|'｡｡＜１

IfwecandesignthePFCsoastosatisfytheabove-mentionedconditions,then

theaugmentedplantbecomesASPReveniftheoriginalplantwithunmodeued

dynamicsisnon-minimumphase．

3.3.3PracticalDesignofParallelRedfbrwardCompensator

Inpractice,wecannotutilize△(s)todesignthePFCbecause△(s)isun‐

known・Withthisinmind,hereweshowapracticaldesignschemeofthePFO

Nowweimposethefbllowingassumptionsontheplant(3.3.1)．

Assumption3,４：

(IノASS秘m”o”3.3（１）ＭｄS(Go(s)jsASPR1

②△(s)ＥＲＨｂｏａＭｔﾉbe”ezjstsa伽⑩”ｍｔｊｏｎａﾉん"ctjonr(S)ＥＲＨｂｏｓ秘ｃＡ
ｔＡａｔ

ｌ△(")|≦|r(”)｜，Ｖｕ’ （3.3.9）

Underthisassumption，wehavethefbllowingtheoremwithregardtothe

PFCdesign． ■

Theorem3､３：ＵＭｅｒＡｓｓｕｍ”ｏｎ３．４，ｵﾉｂｅα剛9mentedP伽ｔＧａ(s）⑩肋the

PFGF(s)des帆edacco㎡卿totﾉbe〃IC切畑des柳CO､伽ｏｎsα"城esAss勉”‐
〃０，３．３．

DesignconditionofF(s)：

(IノＦ(s)jssta6jeandstrjc均pmller

仰り(l＋Ｈ(s))jspmper,伽ひeMys州eα"〃s伽Me9ue卿c”αj”jsPos緬砂e・

〃

’'1+岩(‘)『(．)I｡｡<１ （3.3.10）

⑩here
Ｈ(S)＝Ｇｏ(s)-'F(s）（3.3.11）
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Proｏｆ：ImplementingF(s)ontheplant,theaugmentedplantGα(s）canbe

expressedas

Ｇα(s)＝Ｇ(s)十Ｆ(s）

＝(･｡(｡'+州+1全景｡)’
＝州Ｍ川+1器１１（3川）

Here

Goo(S)＝Ｇｏ(S)(l＋Ｈ(S)）（3.3.13）

istheaugmentedmodelledplantand

△｡(‘)=!+差(職)△(蟻）（川4）
istheaugmentedunmodelleddynamics､Homthedesigncondition(2)i)ofＦ(s）

andAssumption34(1),itisapparentthattheaugmentedmodelledplantG｡o(s）

satisfiesAssumption3､3(1).Next,sincel△(池)|≦｜『(池)|,itfbllowsthat

|△α(")|≦|『｡(")｜，Ⅶ

ｗｈｅｒｅ
ｌ

ｒａ(s)＝，＋Ｈ(s)r(s）
hther,fromthedesigncondition(2)ii),ｗｅhave

ｌｌｒａ(s)|'｡｡＜l

Thus,Assumption33(2)isalsosatisfied．

3.3.4UseofaPre-compensator

(3.3.15）

(3.3.16）

(3.3.17）

□

Assumption3､４isalsonotnecessarilysatisfiedonmanypracticalplants・We

therefbreshowthatAssumptioll３．４canberelaxedbyusingapre-compensator・

Letusintroducethepre-compensatorQ(s)asshowninFigure3､１７.Defining

州=潟
theaugmentedplantG､(s)canberepresentedasfbllows．

G･(s)＝Ｇ(s)Q(s）

＝‘｡(州(=tT+諾）
＝Ｇａｏ(s)(1＋△α(s)）

4７
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ｕ

where

0一一一ー一一ーーーー‐ーーー ｰー 一ー一一一一一一一一ーーー ‐一一＝一－一－一一一‐一一一一ーーーーーーー ‐－－ーーーー

Figure3・l7Augmentedplantwithpre-compensator

Gao(s)＝Ｇｏ(s)9,(s）

△鯉(息'=志+鍔-！
一

Thenwehavethefbllowingtheorem．

(3.3.19a）

(3.3.19b）

Theorem3,４：Ｗｅ抑osethe/b"｡…9assum”o”ｓｏ”thepﾉα"t(3.3.1)．

Ａｓｓｕｍｐｔｉｏｎ３､５：

(IノＴｿbemode"ｅｄｐ伽Ｇｏ(s）ｉｓｍ”m秘ｍ1,Aαｓｅａ"。〃sre肋０ｅ胸,℃ｅｊｓ７
（≧２）

〃△(s）jssta6ﾉeα"dtAereezistsル”oummtjo"αＩんnctjomr(s)ｓａｔ蜘伽ｔｈｅ

／b"Cu’畑ｱeﾉα"O"Ｓ

ホパ'１e朋一
｜△(”)|≦|r(”)｜α72．

ノｂｒａｎＺ/HUrU,jtzpoﾉZ/nomjaI9o(S)ｑ/Wder沌9．

UMerAssum”ｏｎ3.5,”e”etﾉbeP花-compe"satoras/b"omus．

鮒=諾
4８



9,(s)：

92(s)：

(γ－１)tho7vjersta6Iepo伽ｏｍｊａＩ

ｍａｚ{(γ－１)，,29}ｔｈｏ㎡ersta6jePo伽Omiαノ

The7ztheau9me刀ｔｅｄｐﾉα刀ｔ

Ｇ・(s)＝Ｇ(s)Q(s)＝Ｇａｏ(s)(1＋△｡(s)）

Satja/6ｅｓＡＳｓｕｍ”Cl’３．４．

Proof：Ｈｏｍ(3.3.19a),Ｇｃｏ(s)＝Ｇｏ(s)9,(s).SinceGo(s)isminimumphaseand

hasrelativedegreeγand9,(s)isａ(γ－１)thoEdeⅢstablepolynomial,itisapparent

thatGao(s)satisfiesAssumption34(1).Next,using(3.3.19b),ｗｅhave

'△｡(ﾙ)'≦'志-!'＋
一

言'赤-1'＋

△(ル）

92(池）

γ(”）

92(池）
(3.3.20）

Since92(s)ismax{(γ－１),､,}thorderstablepolynomial,itfbllowsfromAssump‐

tion3,5(2)thatthereexists7､(s)ERH6osuchthat

'赤-1'十'淵'≦'編｡(ﾙ)’ (3.3.21）

fbrall四.Hence,Assumption34(2)alsoholds． □

Theabovetheoremshowsapossibilitythatwecanconstructtheaugmented

plantfbrplantswithminimumphasemodelledpartbyimplementingthｅｐｒｅ‐

compensator､Ifllテ｡(s)|'｡｡＜lholdsfbrf｡(s),satisfyingrelation(3.3.21),then

wecandirectlyapplytheSACmethodtotheaugmentedplantGc(s)withpre‐

compensator・Ｉｎｔｈｉｓｃａｓｅ,ｗｅｈａｖｅｎｏｎｅｅｄｔｏｉｍｐｌｅｍｅｎｔｔｈｅａｕｇｍentedreference

modelwhichwillbediscussedinthefbllowingsubsection・Ｏｎｔｈｅｏｔｈｅｒｈａｎｄ，

inthecaseofll屍(s)llo･どl,wehavetointroducethePFCinadditioｎｔｏｐｒｅ‐

compensator．

３．３．５１mprovementofnackingPerfbrmance

AsderivedinTheorem3､４，iftheplanthasminimumphasemodelledpart

andstableunmodelleddynamics,thenwecandesignanewcontrolledplantwhich

satisfiesAssumption３．４byusingapre-compensator、Rlrther,ｉｍｐｌｅｍｅｎｔｉｎｇｔｈｅ

ＰＦＣｔｏｔｈｅｐｌａｎｔｗｈichsatisfiesAssumption3,４，ｗｅｈａｖｅｔｈｅａｕｇｍｅｎｔｅｄplant

satisfyingAssumption3,３asshowninTheorem3､3．AsdiscussedinBar-Kana

(1987),Bar-KanaandKaufman(1988)andintheprecedingsectionshowever,if

theinfluenceofthePFCF(s)isＩα'ye,thentheexactoutputtrackingbetween
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theoriginalplantandtheoriginalreferencemodelisnotattainedevenifitis

attainedfbrtheaugmentedｐｌａｎｔｗｉｔｈｔｈｅＰＦＣ､Thisissummarizedasfbllows・

Letusconsiderthereferencemodelrepresentedby

ｚ/m(t)＝Ｇｍ(s形､(t)l

Theactualcontrolobjectiveistoachieve

(3.3.22）

ｅ,(t)＝Ｇ(s){ｕ(t)１－Ｇm(s巾､(t)l=Ｏ （3.3.23）

However,denotingtheoutputerrorsignalbetweentheaugmentedplantandthe
referencemodelas

ｅα,(t)＝yα(t)－３/m(t），ｙα(t)＝Ｇα(sル(t)l

theactualtrackingerrorisexpressedfrom(3.2.1)and(3.3.22)ａｓ

(3.3.24）

ｅ卿(t)＝－F(sル(t)l＋e@9(t）（3.3.25）

Thus,whenea,(t)＝Oisachieved,theactualtrackingerrorsubstantiallydepends

onthe"order"ofthesignalF(s地(t)１.Thatis,iftheinfluenceofF(s)isﾉan9e，

thentheactualcontrolobjectiveisnotattainedevenifeog(ｔ)＝Oisachieved

Homthispointofview，inthefbllowing，weproposeanewconstructionof

theSACsystemｗｉｔｈｔｈｅＰＦＣ・

RecallthatwecanconstructanaugmentedplantwiththePFCwhichsatisfies

Assumption３．３byconsideringGoo(s)＝Ｇｏ(s)(l＋Ｈ(s))asthenewmodelled

plant・Thus,themodelledplantoftheaugmentedplantwithPFCisexpressedby

Go(s)(1＋Ｈ(s))．Takingthisintoaccount,wenowintroducethefbllowingnew

referencemodelwhichtheaugmentedplantisrequiredtofbllow：

ｙａｍ(t)＝Ｇｍ(s)(l＋Ｈ(s)ル､(t)Ｉ（3.3.26）

Ｉｎｔｈｉｓｃａｓｅ,denotingtheoutputtrackingerrorsignalbetweentheaugmented

plantoutputandtheoutputoftheaugmentedreferencemodelas

Ｅα,(t)＝〃｡(#)－yam(t）

wehavefrom(3.3.12),(3.3.26)ａｎｄ(3.3.27)that

G･(‘)(Ｍ(綴))('+］+岩(s)△(‘肌(t)’
＝Ｇｍ(S)(1＋Ｈ(S肌､(t)]＋百・,(t）

5０

(3.3.27）

(3.328）



Thus，ｗｅｇｅｔ

Consideringthat

G･(．)('+1+差(霞)△(‘))川
＝G銅(‘Ｍ'+叶差(菖)Ｍ’

ｅ,(t)＝ＧＯ(S)(l＋△(S)池(t)１－Ｇm(S恥､(t)l

itfbllowsthattheactualplantcaｎｂｅｅｘｐｒｅｓｓｅｄａｓ

(3.3.29）

(3.3.30）

e血)＝Ｆ(s）,+差(｡)△(州+再+7面Ｍ１ （3.3.31）

Thus,ifEog(t)＝Oisachievedfbrtheaugmentedsystem,thentheactuaJtracking

errordependsonthe‘‘order"ofthesignal器ｱ△(s){秘(t)I
Eromtheabove-mentionedfact,takingintoaccountthatwegivethePFCso

astosatisfy

’叶会(ﾙ)△(ﾙ)'<ＬＷ
ｗｅｃａｎｃｏｎｃｌｕｄｅｔｈａｔｔｈｅｕｓｅｏｆｔheaugmentedreferencemodelontheaugmented

plantmakestheinHuenceoftheparallelfeedfbrwardcompensatorsmallerthan

theuseoftheoriginalreferencemodel、R1rther,ｉｆ

’Ⅲ+会(ﾙ)△(ﾙ)K1
holdsfbranyfrequencyrange“０≦妙≦い,，thentheinfluenceoftheparallel

feedfOrwardcompensatormaybeneglectedonthefrequencyrange“０≦“≦“,、

Asdiscussedabove,introducingtheaugmentedreferencemodel,ｗｅｃａｎｃｏｎ‐

structanewcontrolsystemwhichislessinHuencedfromthePFC、However，ｉｎ

ｔｈｅＳＡＣｓｙｓｔｅｍ,increaseintheorderofthereferencemodelleadsincreaseinthe

orderoftheadaptivecontroller・Therefbre,ｉｎpractice,insteadofintroducingthe

augmentedreferencemodel,ｗｅgivetheaugmentedreferenceinput：

ｕ･加(t)＝(1＋Ｈ(s)池､(t)l

Thusthenewreferencemodelisgiveｎｂｙ

y＠m(t)＝Ｇｍ(s巾｡m(t)］

5１

(3.3.32）

(3.3.33）



withtheoriginalreferencemodeltransferfunctionandtheaugmentedreference

inputuam(t)asnewreferenceinput・

Ｒｅｍａｒｋ３,4：Itshouldbenotedthattheaugmentedreferenceinputucm(t）

hastosatisfyAssumption22(4)inordertoconstructtheabove-mentionedSAC

system､Itisclearthatuam(t)satisfiesAssumption22(4)if(l＋Ｈ(s))isstable

andproperandAssumption2.2(4)holdsontheoriginalreferenceinput拠､(t)．

Ｒｅｍａｒｋ３､５：Inthecasewheretheaugmentedreferencemodelisused,theSAC

controllerhasthesamefbrmasgivenin(3.2.57)and(3.2.58),onlyreplacingza(ｔ）

with三､(t)＝ｒａｙ(t),錘､(t)T,U@m(t)lT．

3.3.6NumericalSimulations

Inthissubsection,theeffectivenessoftheSACdesignmethodfbrplantswith

unmodelleddynamicsisconfirmedthroughnumericalsimulationsfbrtwotypesof

plants;ｃａｓｅｌ：non-minimumphaseplantwithnon-ASPRmodenedplantandcase

2：timedelaysystemwithunmodelleddynamics、Ｗｅｕｓｅｔｈｅｆｂｌｌｏｗingreference
modelinallsimulations．

Ｇｍ(s）

ｕｍ(t)：

１

ｓ＋l

rectangularwavewithamplitudel

(3.3.34）

Ｉｔｉｓｎｏｔｅｄｔｈａｔｔｈｅｍａｉｎｓｉｍｕｌａｔｉｏｎresultsshownbelowaretheresults

implementingtheaugmentedreferencemodel．

Ｃａｓｅｌ:仏”"catjontothe”ｏｎ－ｍｍｊｍｕｍｐﾉｉａｓｅｐＩａｎｔｕ’肋”o"-ASPRmode"ed

pIα"tノ

Inthissimulation,weusethesimulationexamplebasedｏｎＴｈｏａｎｄｌｏａｎｎｏｕ

(1991).Theplanttobecontrolledisgivenasfbllows．

G(s)＝Ｇｏ(s)(1＋△(s)）

ｗｈｅｒｅ

ｌ-0.1s2-4s＋２

Ｇｏ(s)＝(ｓ２－ｓ－３)，△(s)＝似 ｓ＋３

Thetotalplantistherefbreexpressｅｄａｓ

(ｓ２－ｓ－３)(s＋3）

-0.1"s2＋(l-4似)s＋３＋2〃
G(s)＝

5２

(3.3.35）

(3.3.36）

(3.3.37）



Thus，thisplantisnon-minimumphasefbrall“＞０．Ｗｅｇｉｖｅ似＝０．０３here・It

isassumedthatGo(s)isknownand△(s)isunknownbutarationalfimctionr(s）

suchthatl△(池)|≦|『(池)｜isknown.『(s)issettobe

ｒ(s)＝0.02s2＋0.1s＋０．０４ （3.3.38）
ｓ＋１．８

asillustratedinFigure3,１８.SincethemodelledplantGo(s)isnon-ASpRandits

relativedegrｅｅｉｓｔｗｏ,wegivethepre-compensatoras

｡(．)=0鵠 （3.3.39）

ａｎｄｗｅｓｅｔ

耐(．)=0篭二等 （3.3.40）

soastosatisfy(3.3.21)(Figure3､19).hrther,sincellF｡(s)|'｡｡＞1,wedesignthe
PFCasfbllows．

ｓ＋３

Ｆ(s)＝s2＋5s＋１５
Thedesignparametersin(3.2.58)証egivenas

(3.3.41）

rI｡＝diagIlO7,10,101,ｒｐ｡＝diagI105,10,101,ぴ｡,＝0,ぴ.2＝0．０３

Figures３．２０ａｎｄ３．２１showsimulationresults・Inspiteofthefactthattheplant

wasnon-minimumphase,ｇｏｏｄtrackingperfbrmancewasobtained、Onthecon-

trary,inthecasewheretheaugmentedreferencemodelwasnotused，ａｓｓｈｏｗｎ

ｉｎＦｉｇｕｒｅ３､22,ｔｈｅcontrolperfbrmancebecameworse．
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Case2:(A”"cα"o”ｔｏ〃medeIaysystemノ

Considerthefbllowingplantwithtｉｍｅｄｅｌａｙ勉．

Ｇ(s）

Go(s）

△(s）

＝Ｇｏ(s)(1＋△(s))e-丁ｄs，な＝0.1
ｓ＋２

ｓ２＋ｌ８ｓ－６

－ｓ＋０．２

ｓ＋１

(3.3.42）

WesupposethatGo(s)isknownbut△(s)andthetimedelayなisunknown、

Rlrther,supposethattherationalfimction：

r(s)＝
1ｓ＋０．５

1.12ｓ＋０．１１

suchｔｈａｔ

le-な四'＋△(池)e~…－１１≦|γ(池)l

isknown(Figure323).、『omllr(s)|'｡｡＞１，thePFCissettobe

ｓ＋２
Ｆ(s)＝

ｓ２＋１００ｓ＋l50

Thedesignparametersin(3.2.58)aregivenas

rI｡＝diagI106,10,101,ｒｐ｡＝diagIlO2,10,10],。.,＝0,ぴａ２＝0.3

(3.3.43）

(3.3.44）

(3.3.45）

Figures３．２４ａｎｄ３．２５showthesimulationresults・Wecanobtaingoodtrack‐

ingperfbrmanceinspiteofthepresenceoftimedelaybyusingareasonaｂｌｅＰＦＣ、

Inthissimulation,Consideringthatthetimedelaypartcanbeapproximatedwith

astablerationaltransferfimction，fbrthatapproximatedsystem，ｗｅｃａｎｇｕａｒ‐

anteethestability･Ｉｎｆａｃｔ，fbrexample，usingthePad6approximation，wecan

approximatethetimedelaypartwithastableproperrationaltransferfUnction・

However，asshowninthissimulation,ｉｎpractice,itisnotsoimportantandnot

necessarytofindouttherationalfilnctionwithwhichtheplantuncertaintiescan

beexactlyapproximated・Ｗｅａｒｅｒｅｑｕｉｒｅｄｔｏｈａｖｅｏｎｌｙｔｈｅｉｎｆｂrmationabout

r(s)whichsatisfiesrelation(4.13)．
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３．４Ｃｏｎｃｌｕｓｉｏｎｓ

ＴｈｅＳＡＣｍｅｔｈｏｄｉｓｂａｓｅｄｏｎｔｈｅＡＳＰＲ－ｎessofthecontrolledplant・Ｔｈｉｓｉｓ

ａｗｅａｋｐｏｉｎｔｏｆｔｈｅｍｅｔｈｏｄｉｎｔhepracticalapplicationbecausemostrealplants

donotsatisfythisASPRcondition・Inthischapter,itwasprovedthatthein‐

troductionofcompensatorsmakesitpossibletoapplySACalgorithmstｏｇeneral

non-ASPRplantssubjecttoassumptionswhicharenecessaryfbrtheconstruction

ofregularrobustadaptivecontrolsystemsand/ornobustcontrolsystems・First

ofall,ｔｈｅｕｓｅｏｆｔｈｅＰＦＣｗａｓｃｏｎｓｉｄｅｒｅｄａｓａpracticalSACdesignoption，Ａｓｙｓ‐

tematicandconcretedesignapproacｈｏｆｔｈｅＰＦＣｗｈｉｃhmakesnon-ASPRplants

virtuallyASPRwasproposedundertheassumptionthattheplantisminimum

phase・Secondly，theASPRconditionfbrtheplantwithunmodelleddynamics

wasderivedand，usingthiscondition,ｔｈｅｄｅｓｉｇｎｓｃｈｅｍｅｏｆｔｈｅＰＦＣｗａｓｓｈｏｗn．

Furthermore,iｔｗａｓｓｈｏｗｎｔｈａｔｔｈｅｕｓｅｏｆａｐｒｅ－ｃｏｍpensatorexpandedtheappli‐

ｃａｂｌｅｃｌａｓｓｏｆｔｈｅＳＡＣ・TheeHectivenessoftheproposedmethodswasconfirmed

throughseveraltypesofnumericalsimulations．

３．５Ａｐｐｅｎｄｉｘ

Ａｐｐｅｎｄｉｘ３・Ａ

Ｌｅｔの,(s),の2(s),…,の､(s）bethecolumnsofの(s)．Then,usingtheunit

vectorse,,e2,…,em,from(3.2.27),ｗｅｈａｖｅ

の｡(s)＝{β1ハ(s)P(s)el＋の1(S)Pﾉ(s)'/,2.&(s)P(s)e2＋の2(s)P/(s)，

…,β､.脆(s)p(s)ｅｍ＋の､(s)pﾉ(s)）（3.A.'）

Itfbllowsthatthedeterminantof｡α(s)canbeexpressedasfbllowsbyusingthe
basictransfbrmationofadeterminant：

det①｡(s)＝detIβ1ハ(s)P(s)e１，β2ん(s)P(s)e2＋の2(s)P/(s)，

…,β,"ん(s)p(s)ｅｍ＋の､(s)p/(s)ｌ

ｄｅｔＩの,(s)P/(s),β2九(s)p(s)e2＋の2(s)Pﾉ(s)，

…,βmん(s)p(s)ｅｍ＋の､(s)p/(s)｝（3.Ａ２）

Repeatingthistransfbrmation2mtimesfbrallcolumns,wecanobtain(3.2.28)．

Ａｐｐｅｎｄｉｘ３,Ｂ

ｍｏｍ(3.229),ｗｅget

deg9h(s)＝ｄｅｇい(息州帆刈｝
6２
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lｆｗｅｓｅｔ

鱈胤妻卜償い州1．伽州Ｍ１
訓鴫い…州桝…州｜

（3.B､6）

thenweobtainfrom(3.B､5)and(3.Ｂ６）

(3.83)－(3.Ｂ,4）

…卜伽州|州…恥ルー"１
伽{…墓…州loI…-州｜
≦‘伽州１．川…J州|…
-蛇|い…州１．伽北M…'｜

＝、一γｋｒｋｒ－(､ノーγkrkr＋1)＝冗一冗ﾉ＋１ （3Ｂ､7）

Therefbre,from(3Ｂ､2),itfbllowsthat

deg9h(s)－deg9h-,(s)ど一l

andthedesiredresultisobtained．、

6４

(3.Ｂ８）



４RobustSimpleAdaptiveControl

４．１１ntroduction

Asshownintheprecedingchapter,SACisrobustwithregardtodisturbances，

parasiticsandsoon、Suchpropertieshavealsobeenconfirmedthroughseveral

typesofnumericalsimulationsandpracticalexperimentsbymanyresearchers

(Bar-Kanal987b,Bar-KanaandKaufmanl988,Ｉｈｅｔａ！.1987,Bar-KanaetaJ．

1983,MeldrumandBalasl986,Kaufmanetaj.l984andKawasakieM､1994)．
ThisrobustperfbrmanceoftheSACcontrollerisduetotheSAC'sabilitytomake

ahighgainadaptivefeedbackcontrolsystemsubjecttotheASPR-nessofthe

controlledplant，However,inthecasewhereja7yeexternaldisturbancesand/or

state-dependentdisturbancesarepresent,ｏｆcourse,thecontrolperfbrmancemight
becomeworse、

Inthischapter,thesuppressionofdisturbancesintheSACsystemisdiscussed

anditwillbeshownthattheuseofanadditionalrobustadaptivecontrollerinthe

SACalgorithmsignificantlyimposestherobustnessofthecontrolsystemwhen
externaldisturbancesexist．

4.2RobustSimpleAdaptiveControlfbrSingle-Input

Single-OutputPlants

lnthissection，wewilldiscussthedesignproblemoftheSACsystemwith

anadditionaladaptivecontrollerfbrreducingtheinfluenceofdisturbances．

4.2.1ProblemSetup

ConsiderthefbllowingSISOplantwithexternaldisturbance．

鮒)＝Ａ⑳(t)＋6秘(t)＋6,9(t,錘(t)）

y(t)＝cT錘(t）

6５

(4.2.1a）

(4.2.1b）



where９(t,錘(t))isanunknowndisturbancewhichdependsonameasurablestate

vector・Theasymptoticallystablereferencemodelwhichtheplantoutputisre‐

quiredtofbllowisgivenasfbllows：

血､(t)＝Ａｍ錘､(t)＋6mum(t）

y"(t)＝c:"m(t）

(4.2.2a）

(4.2.2b）

Hereweimposethefbllowingassumptionsontheplant(4.2.1)andreferencemodel

(4.22)．

Assumption4､１：

(IノＴﾉｉｅ伽”ｐａｒｔｑ/tﾉｶｅｐ伽t(4.2.1）ａｎｄｔｈｅ球'wzcemodeI(4.2.2)ｓａｔ幼

ＡＳＳⅧmptjo7z2､２．

〃The,､eezjstpos茄加ｅＭｕ伽o””constantsβ0α"。β,ａｎｄｍｅａｓｔ‘ｍ６ﾉestate

ひectorす(ｔ)ｓ秘cＭｉａｔ

'9(t,妃(t))|≦β0＋β,||可(t)|’

す(t)＝Ｈ犯(t）

(4.2.3）

(4.2.4）

Theobjectiveistodesignacontrollersoastobeabletoadaptivelyreduce
theinHuenceofdisturbances．

４．２．２ControlAlgorithm

TheSACcontrouerwiththerobustadaptivecontroltermisgivenasfbllows：

秘(t)＝Ａ(t)Tz(ｔ)＋秘『(t）（4.2.5）

wherethefirsttermoftherighthanｄｓｉｄｅｉｓａｒｅｇｕｌａｒＳＡＣｉｎｐｕｔａｎｄｔｈｅｓecond

term秘γ(ｵ)isarobustadaptivecontrolterm・

Theparametervectork(t)isadjustedby

傑識；
グバォルI(ｔ）

(4.26）
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where

rI＝I,？〉0,1,p＝r;〉０，〃,,｡2〉O

Theaboveparameteradjustinglawhasbeendefinedby(23.11)asthefbrm

givenintheMIMOcase､R1rther,wegivetherobustadaptivecontrolinputⅧr(t）
asfbllows：

拠濡(t)＝｛
_β(ｔ)TZβ(t)sgne,(t)，ｉｆlβ(t)Tzβ(t)e，(t)|＞ご
_{β(ｵ)Tzβ(t)}2e,(ｔ)/９，ｉｆlβ(t)Tzβ(t)ey(ｔ)|≦９

(4.2.7）

where

β(t)＝{β･(#),β,(ｔ)]T，ｚβ(t)＝{1,|'す(ｔ)IlT，ｇ＞O

andtheparametervectorβ(ｔ)isadjustedbythefbllowingparameteradjusting
law．

where

’
β(ｔ)＝βI(t)＋βP(t）

βI(t)＝ｒβIzβ(ｔ)|e,(t)|－ヶβ(ｔ)β,(ｔ）

βP(ｔ)＝I,βPzβ(t)|e,(t)｜

q‘(t)＝恥示;瑞冨+｡β，

rβI＝'､蚤〉0,rβP＝r詮〉0,｡β,,q62〉０

4.2.3StabilityoftheControlSystem

(41.8）

ThestabilityanalysisoftheSACsystemwiththerobustadaptivecontroller

fbllowsthestabilityanalysｉｓｏｆｔｈｅｒｅｇｕｌａｒSACsystemdiscussedinsubsection
2.3.3．

Wehavethefbllowingerrorsystembetweentheidealsystem(2.3.12)ｗｉｔｈ

9(t,”(t))三Oandtheplant(4.2.1)withcontrolinput(4.2.5)．

と錘(ｔ)＝Ace霊(t)＋伽c(t)＋6'9(t,⑫(t)）

ｅｇ(t)＝cTe蓮(t）

(4.2.9a）

(4.2.9b）

ｗｈｅｒｅ

Ａｃ＝Ａ十A*6ＣＴ

秘c(ｵ)＝(胞(t)一〃)TZ(t)一s23(t)＋Uγ(t）

AccordingtoAssumption41(1),thelinearpartof(4.29)isSPR,Itfbllowsfrom

Kalman-YakubovichlemmathatthereexistpositivesymmetricmatricesPand

Qsatisfying：
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AFP＋PAC＝一Ｑ
Ｐ６＝ｃ

Setapositivedefinitefunctionas

(4.2.10）

２

Ｖ(t)＝e雪(t)TPe垂(t)＋Ｚ〈＃(t)rr汀'〈＃(t）（4.2.11）
ｊ＝１

where

〈,(t)＝んI(t)一隊，く2(t)＝βI(t)一β＊

β*＝{βO＋S;31β11T，鰯3＝叩ZlS23(t)｜
ｒ,Ｉ＝ｒＩ，ｒ２Ｉ＝ｒβI

Differentiating(4.2.11)alongthetrajectory(4.2.9)andtakingintoaccountrela‐

tion(4.2.10)yields

｡v(t）
－

ｄｔ
－e錘(t)TQe錘(t)＋2uc(t)ey(t)＋29(t,麺(t))eg(t）

２

+29(ｔ,麺(t))(6,-6)TPe露(ｔ)＋2Ｅ〈;(t)Tr5'く#(ｔ）
ｉ＝１

B『omtheparameteradjustinglaws(4.2.6)and(4.2.8),weha八'ｅ

(4.2.12）

２

Ｅ<《(ｔ)Tr両'〈i(t）
ｉ＝１

２

≦一Ｅｏｉ(t)〈《(t)Tr5'〈ｉ(t)－。,(t)〈,(t)r'､認胞・
ｊ＝１

－ク2(ｔ)〈2(t)Tr認β準一'ん(t)－隊lrz(t)ey(ｔ）

＋{β(t)－β準lTzβ(ｔ)|e,(ｔ)｜ （4.2.13）

whereぴ,(t)＝ぴI(t)ａｎｄぴ2(t)＝叩(t)Ｂｒｏｍ(4.2.12)ａｎｄ(42.13),weobtain

２

￥≦-e重仙eⅢ2別刷ｗ)+2泌儒(州
ｊ＝１

－２ヶ,(t)〈,(t)Tr批聡－２｡2(t)〈2(t)Tr卵＊

＋2β難Tzβ(t)|e,(ｔ)|＋2[β(t)－β噸lrzβ(t)|e,(ｔ)｜

＋29(t,⑳(ｔ))(6,-6)TPe蓮(t）（4.2.14）

From(4.2.7),iflβ(t)Tzβ(t)e,(t)|＞6,then,秘γ(t)＝－β(ｔ)rzβ(t)sgne,(t).Substi‐
tutingthisinto(4.2.14)leadsto
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２

芋≦-e雲仙eル2E,州)諏洲）
ｊ＝１

－２ぴ,(t)‘,(ｔ)Tr祇蕊－２°2(t)〈2(t)Tr祁・

＋29(t,⑳(ｔ))(6,-6)TPe諺(t）

＝Ｖｉ(t）

Iflβ(t)Tzβ(t)eg(t)|≦e,then

等州十2‘
holds､Moreover,from(4.2.4)wehaﾊﾉｅ

(4.2.15）

(4.2.16）

１１可(ｔ)||≦||Hlllle錘(t)||＋||Ｈ錘率(ｔ)||≦,'311e露(ｔ)||＋β４ （4.2.17）

wherep3＝||Hllandjo4＝叩zllH⑳*(ｔ)||・ItfbllowsfromAssumption4.'(b)and
(4.2.17)that

９(t,錘(t))(６，－６)TPe諺(t)≦'9(t,錘(t))'''6,-611入…[Pllle垂(t)|｜

≦入…IPlll6,-611(β0＋β,''７(t)||)lle錘(t)|｜

≦βAlle錘(t)''2＋pBlle霊(t)|’（4.2.18）

wherepA＝入…[P}''6,-611β,β3andβＢ＝入…ＩＰｌ''6,-611(βo＋β,β4)．Hence，

from(4.2.16)and(4.2.18)wecanobtain

￥≦-Ｍ９'-2"肥(‘)'''+2,,'Ｍ川
２

－２ヱグi(t鵬i"{r湖}||〈i(t)''2＋2.,(t)入…{r,Jlll〃||||〈,(t)ｌｌ
ｉ＝１

＋2グ2(t)入…{r2Il||β率lll|〈2(t)||＋2ｅ （4.2.19）

sinceぴi(t）＞０，if入mi"[Ｑｌ－２ｐＡ＞Oholds,thendV(t)/dtbecomesnegative

definitefbrlargevaluesofe錘(t)and〈i(t),j＝1,2.Thatis,e露(t)and〈#(t),j＝1,2

areunifbrmlyultimatelybounded(CorlessandLeitmanl981andChenl989).It

caneasilybeverifiedfromthisconclusionthatallthesignalsintheclosed-loop

systemarealsounifbrmlyultimatelybounded．

Romtheabove-mentionedfact，wehavethefbllowingtheoremwithregard

tothestabilityoftherobustＳＡＣｓｙｓｔｅｍ．

Theorem4､1：Ｓｕ”ose伽Mssum”o”４．１jSsatj城ed、凡ｒｔｈｅｒｓｕ”ose伽ｔ

肋eree鍾紬αpos伽escaIare,sucMbatll6,-611≦e,＜Ami"ＩＱ１/(2β,llHllA…IPl)．

Zｿie",α〃thes柳aZs伽ｈｅｃｏｎ州system(4.21）”"Mieco"州岬ut(4.2.5）

α'℃ｕ､加rmIyuI伽ateJy伽冗ded．
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4.3RobustSimpleAdaptiveControlfbrＭｕｌｔｉ－Ｉｎｐｕｔ

Ｍｕｌｔｉ－ＯｕｔｐｕｔＰｌａｎｔｓ

ｌntheprecedingsection,ｗｅｈａｖｅｓｈｏｗｎｔｈｅｄｅｓｉｇｎｓｃｈｅｍｅｏｆａｒobustSAC

systemfbrSISOplantswithasortofstate-dependentdisturbance，Inthissection，

themethodwillbeexpandedtotheonefbrMIMOplants．

4.3.1ProblemSetup

ConsiderthefbllowingMIMOplantwithastate-dependentdisturbance．

鈍)＝Ａ〃(t)＋Ｂ皿(t)＋Ｂ,g(t,す）

Ｗ)＝Ｃ錘(t）

す(ｔ)＝Ｈ⑯(t）

(4.3.1a）

(4.3.1b）

(4.3.1c）

ｗｈｅｒｅａＢＥＲ”，ｙＥＲｍａｎｄｕＥＲｍｄｅｎｏｔｅｓｔａｔｅｖｅｃｔor，outputvectorand

controlinputvector,respectively.ｇ(t,可)ERmisanunknowndisturbancewhich

dependsonthemeasurablestatevectorす(t)．

Furtherconsiderthefbllowingasy、ptoticallystablereferencemodel．

企､(ｔ)＝Ａｍ錘､(t)＋Ｂｍｕｍ(t）

ｇｍ(t)＝ｃm錘､(t）

(4.3.2a）

(4.3.2b）

Thecontrolobjectiveistohavetheplantoutputy(ｔ)trackthereference

modeloutputy､(t)．

Herewemakethefbllowingassumptionsontheplant(4.3.1)andreference

model(4.3.2)．

Assumption4､２：

(IノＴﾉｊｅ伽arpartq/Ｗｔｅｐ伽t(4.3.1）α"ｄ伽球形ncemodej(4.3.2)ｓａｔ幼
Assum””2.2.

側 Denotjn9

g(t,す)＝{9,(t,す),…,9m(t,可)ｌ

ｔｈｅ７､ｅｅ”tpOsj伽ｅｕ〃ｋ〃o凹冗ＣＯ〃stantspojα”。β1ｉｓｕｃｈｔｈａｔ

l9i(t,す)|≦βα＋β,ill可(t)||，ｊ＝1,…,、

7０
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4.3.2ControlAlgorithm

TheSACcontrollerwiththerobustadaptivecontroltermfbrMIMOplants

isgivenasfbllows：

皿(t)＝Ｋ(t)z(ｔ)＋ｕＲ(t）（4.3.4）

TheparametermatrixK(t)isadjustedbythefbllowingparameteradjusting

lawwhichwasgivenin(23.11)．

where

’
Ｋ(t)＝ＫＪ(ｔ)＋ＫＰ(t）

ＫＩ(t)＝－e’(t)z(t)TrI-ぴz(Ｍ１(t）
帥(ｔ)＝－e,(ｔ)z(t)TrP

ぴ,(t)＝｡,r裳維(岩+･，

rI＝ｒ７〉0,ｒＰ＝r;〉0,.,,ヶ2〉０

hther,denotinguR(ｔ)＝{勉R,(t),…,uRm(ｔ)ｌＴａｎｄｅｙ(t)＝ｙ(t）

Iey,(t),…,e’2(t)]T,therobustadaptivecontrolinput皿R(t)isgivenas

uRi(t)＝

where

｛
β《(t)Tzβ(t)sgne,i(t)，ｉｆlβi(t)rzβ(t)e卿#(t)|＞ｇｊ
{βi(t)Tzβ(t)}2e,i(t)/ei，ｉｆlβi(ｔ)Tzβ(t)eyi(ｔ)|≦gｉ

βj(t)＝[β･#(t),β,i(t)１２，，ｚβ(t)＝{1,|'す(t)|llr，ｅｉ＞０

(4.3.5）

ym(t)＝

(4.3.6）

Theparametervectorsβi(t),j＝１，

parameteradjustinglaws．

,mareadaptivelyadjustedbythefbllowing

’
where

βi(t)＝β"(t)＋βPi(ｔ）

β庇(ｵ)＝ｒβIizβ(t)|e,i(t)'一

βPj(t)＝ｒβPizβ(t)|e,i(t)｜

q‘‘(‘)＝q‘雌r暑窒湯冨十｡”

ぴβi(t)β鷹(t）

rβ鷹＝r蚤,〉0,rβP#＝rふ〉０，ぴβ,#,ぴβ2ｉ〉０

4.3.3StabilityoftheControlSystem

(4.3.7）

Thestabilityofthecontrolsystemｃａｎｂｅｖｅｒｉｆｉｅｄｉｎｔｈｅｓａｍｅｍａｎｎｅｒａｓ

intheSISOcase､Ｂｒｏｍ(2.3.12)ａｎｄ(4.3.1),wehavethefbllowingerrorsystem

betweentheidealsystemwithg(t,可)三Oandthecontrolledplantwithcontrol

input(4.3.4)．
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色露(t)＝Ace錘(t)＋Ｂｕｃ(ｔ)＋Ｂ,g(t,す）

ey(ｔ)＝Ｃｅ麺(t）

(4.3.8a）

(4.3.8b）

ｗｈｅｒｅ

Ａｃ＝Ａ＋ＢＫ*Ｃ

ｕｃ(t)＝(△Ｋ(t)－Ｋ率)TZ(ｔ)－s23(ｔ)＋“R(t）
△Ｋ(ｔ)＝Ｋ(t)－Ｋ＊

AccordingtoAssumption4､1(1),thelinearpartof(4.3.7)isSPR・Itfbllowsfirom

Kalman-YakubovichlemmathatthereexistpositivesymmetricmatricesPand

Qsatisfying：

Setapositivedefinitefimction

AFP＋PAC＝一Ｑ
ＰＢ＝ＣＩＴ

(4.3.9）

７７Ｌ

Ｖ(ｔ)＝e錘(t)rPe露(t)＋tr{Ｍｒ(ｔ)r7'Ｍ１(t)T}＋Ｅ〈β歴(ｔ)r聯〈βI‘(t)(4.3.10）
i＝１

where

△Kz(t)＝ＫＩ(t)－Ｋ熊,〈β"(t)＝β"(t)－β：

β:＝Ｉｐｏｉ十s#,β,JT,ｓ#＝叩zlsi(ｫ)｜
ｓ23(t)＝{s,(t),…,Sm(t)ｌＴ

Ｂｒｏｍ(4.3.8)～(4.3.10),ｗｅhave

ｇＵ型＝－e諺(ｵ)TQe懇(ｔ)＋2也c(ｔ)Te‘(ｔ)＋２９(ｔ,す)Ｔｅ,(ｔ）
ｄｔ

＋29(t,す)T(Ｂ１－Ｂ)TPe錘(t）

＋tr{Ｍ,(t)ｒ７１Ｍ,(t)r+Ｍ,(t)ｒ７１Ｍ,(#)r｝
772

+2Z〈βIi(ｔ)Tr永β,i(ｔ)
ｊ＝１

ItfOllowsfrom(4.3.5)that

極{Ｍ,(t)ｒ７１ＭＩ(#)T+Ｍ,(t)r7M,(t)r｝
≦-2e勘(＃)ｚＭ(#)z(t)-2｡'(#)位{Ｍ'(t)ｒ７１Ｍ,(‘)T｝
-2の(＃)tr{Ｍ１(＃)r7Wr｝

7２
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等州十心
７７１

ｆ＝１

holds､Moreover,from(4.3.1c)ｗｅｈａｖｅ

１１可(t)||≦|lHIlle諺(t)||＋||Ｈ懇窯(t)||≦p311e雪(t)||＋β４

whereβ3＝|lHllandp4＝叩zllH錘*(ｔ)||､ItfbllowsfromAssumption
(4.3.18)that

where

9(t’７)T(B,一Ｂ)TPe懇(t）

≦''9(ｔ,両)|lllB,一Blu…{Pllle雪(t)|｜

≦入…IPl''β1-,''{き(’･汁,雌''州｝
≦pAIe難(t)''2＋βBlle垂(t)|’

||e諺(t)Ｉ

,OA＝入…[PlllB,一Ｂ||β3Ｅβ,ｉ

,‘=人…''1ｌＢ１－Ｂｌｌ(茎,．Ｍ妻,唖）
Finally,from(4.3.17)ａｎｄ(4.3.19)wecanobtain

￥≦-ＭQ'-2,小(‘川'+2小(‘)Ｉ

‐2,(‘ＭＴ７１ｌ{茎''△Ⅷ｝
伽鵬.川{茎'川M,州｝
－２ヱグβi(t脈"[r副||<β蝿(ｔ)''2〈βi(t）

ｊ＝１

＋2Ｅ人…{聯]｡βi(t)||β洲|||〈βIｉ(t)|｜
ｉ＝１

＋Ｅｇｉ
ｉ＝１

(4.3.17）

（4.3.18）

4.2(b)and

(4.3.19）

(4.3.20）

wherevectors△んIi(t）ａｎｄ礎denotethejthrowofmatrices△ＫＩ(t)ａｎｄＫ率，

respectively､Thus,ifAmi"{Ｑｌ－２βＡ＞Oholds,thenallthesignalsinthecontrol

systemareunifbrmlyultimatelybounded．
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Homtheaboveconclusion,wehavethefbllowingtheoremwithregardtothe

stabilityoftheMIMOrobustSAOsystem．

Theorem4､2:Su”osethatAssum”0,4.2hoJds・凡rtﾉiersu”osetﾉbatｵﾉbe

/b"o⑩畑'℃Iatjo沌jssatj城ed・

人mi泥ＩＱｌ＞IB,－Ｂ|｜

，人…I''(言")'川
The",αﾉ肋es伽ajs伽ﾉieco祁州sZﾉstem(4.3.1）ⅧMieco"州如”(4.3.4）
α花t､批rmjy伽ｍａｔｅｊｙ伽冗ded．

4.4NumericalSimnllations

Inthissectiontheeffectivenessoftheproposedmethodswithrobustadaptive

controltermisconfirmedthroughnumericalsimulations．

4.4.1SimulationResultsfbrSingle-InputSingle-OutputPlants

Thesimulationsweregeneratedusingasecond-ordernon-ASPRplantwith

astatedependentdisturbance,describedby

,(り=G(‘ﾙ(‘)+９Ｍ,G(．)=＊
9(t,y)＝20y(ｵ)sinlO，『t＋lOsin{5y(t)}＋5sin20行t＋１

andafirst-ordermodel：

(4.4.1a）

(4.4.lb）

２

ｙｍ(t)＝Ｇ､(sル､(t)１，Ｇm(s)＝言〒す （4.4.2）

Ｉ、(4.4.1a),Ｇ(s)isnon-ASPRwithrelativedegreeof2.Therefbreweused

thefbllowingPFC．

恥)=鈴（州）
Designparametersofadaptivecontrollaws(4.2.6)～(4.2.8)weresettobe

rI＝ｒｐ＝ｒβI＝ｒβｐ＝103必，ぴ,＝叩,＝０．０１

ぴ2＝ぴβ2＝0.001,6＝0.01,帥)＝０，β(0)＝０

ThesimulationresultusingaregularSACalgorithmisshowninFigure4.1．In

thiscase,ａｓｓｈｏｗｎｉｎＦｉｇｕｒｅ４､2,theintroductionoftherobustadaptivecontrol

termur(t)significantlyimprovedthetrackingperfbrmance．
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(4.4.4b）

’糾仙｜
当制州
川１｡(り

|帥剛…州
１
０
０
０
１
１
１
１

４
１
４
０

’

１
０
８
１

一
一企(t）

１
１

ｇ(t）

4.4.2SimulationResultsfbrMulti-InputMulti-Outputplants

Letusconsiderthefbllowing4thorder2input-outputASPRplant．

す(t） (4.4.4c）

Thereferencemodelwhichtheplantisrequiredtofbllowwasgivenby

ym(ｔ)＝Ｇｍ(t血､(t)ｌ

Ｇ"(｡)=di昭{市,市}
(4.4.5）

ｕｍ(t)＝{腿､,(t)，um2(t)ｌ

ｕｍ,(t)：arectangularwaveofamplitudel

um2(t)：arectangularwaveofamplitude2

Further,thedesignparametersoftheadaptiveadjustinglaws(4.3.5)～(4.3.7）
ｗｅｒｅｓｅｔｔｏｂｅ

rI＝diag{105ら,１０３ﾑ１，ｒｐ＝diag(104ら,lO2IJ

rβ鷹＝diag{450,4501,ｒβpi＝diag[20,201,ｊ＝１，２

ぴ１＝０．１，ぴ２＝０．０５，q81i＝２．０，ぴβ2i＝０．８，９i＝０．１，ｊ＝１，２

ＳｉｍｕlationresultsareshowninFigures４．３ａｎｄ4.4．Figure4､３ｉｓｔｈｅｒｅｓｕｌｔ

ｗｉｔｈｔｈｅｒｅｇｕｌａｒＳＡＣａｌgorithmandFigure4,４istheresultwiththerobustSAC

algorithm・ItisapparentthattheuseofrobustSACalgorithmeffectivelyreduced
theinfluenceofthedisturbance．
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4.5Ｃｏｎｃｌｕｓｉｏｎｓ

ＴｈｅＳＡＣｈａｓａｇｒｅａｔｒｏｂｕｓｔｎｅｓｓｗｉｔｈｒegardtodisturbancesandparasitics

asshownintheprecedingsection・However，ｉｎｔｈｅｃａｓｅｗｈｅｒｅノa7yeexternal

disturbancesand/orstate-dependentdisturbancesarepresent,theinfluenceof
disturbancesisevident・

Inthischapter，arobustSACalgorithmwithrobustadaptivecontrolterm

whichisaimedatpositivelyeliminatingtheinfluenceofdisturbanceswasＣＯ､‐

sideredfbrbothSISOandMIMOplantswithstate-dependentdisturbances・If

theorderofthedisturbancecanbeevaluatedbyameasurablestatevector,ｔｈｅｎ

theinHuenceofthedisturbancecanbereducedeffectivelybyusingtheproposed

methodwithestimatedvaluesoftheupperboundsofdisturbances・Theeffec-

tivenessoftheproposedmethodwasconfirmedthroughnumericalsimulationsfbr

bothSISOandMIMOplants．
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５DecentralizedSimpleAdaptiveControl

5.1Introduction

Ａｓｗｅｈａｖｅｓｈｏｗｎｉｎｔｈｅｐｒｅｖｉｏｕｓｓｅｃｔions，ｔｈｅＳＡＣｓｃｈｅｍｅｃａｎｅａｓｉｌｙｂｅ

ａｐｐｌｉｅｄｔｏＭＩＭＯｐｌａｎｔｓ、However，controllingthelarge-scalesystemmightbe

difficultduetoaninterconnectionofsubsystemswithunknownparameters,non‐

linearitiesanddisturbances,Decentralizedcontrolmethods(SandelletαＩ.1978,

Huseyinetaﾉ.1982,Ikedaetaj.1983,Chenetall988,1991),especiallydecen‐

tralizedadaptivecontrolmethods，areaneffectivewaytohandlethelarge-scale

system・

Theproblemofdesigningdecentralizedadaptivecontrolsystemsfbrlarge-

scalesystemshasbeenconsideredbymanyresearchersinthelastfewyears,includ‐

ingHmamedandRadouane(1983),Ioannou(1986)andGa八′elandSiljak(1989)．

HmamedandRadouanehavediscussedadaptivefeedbackstabilizationoflarge‐

scaleinterconnectedsystems・Ioannoudevelopeddecentralizedadaptivecontrol

systemsfbraclassoflarge-scalesystemsfbrmedfromarbitraryinterconnections

ofsubsystemswithunknownparameters,nonlinearitiesandboundeddisturbances

andprovedthestabilityofthecontrolsystembyusingtheM-matrjzcondition・

Ｇａ八'elandSiljakhaveproposedadecentralizedadaptivecontrolmethodprovided

thatcertainstructuralconstraintscalledthe7wz9eco冗航jo7zaresatisfied，The

satisfactionofeithertheM-matrixconditionortherangeconditionsｅｅｍｓｔｏｐｌａｙ

ａｆｍｄａｍｅｎｔａｌｒｏｌｅｗｈｅｎｗeconsiderthestabilityofthedecentralizedadaptive

controlsystem・

Inthischapter,thedecentralizedSACmethodwillbeconsidered・Itisverified

thatif〃eachsubsystemsatisfieseithertheM-matrixconditionortherange

conditionand御thefimdamentallinearpartofeachsubsystemsajisfiesregular

designconditionsoftheSAC,thenthedesignprocedureoftheSACcanbeapplied

toeachsubsystem・R1rther,itisshownthattheimplementationoftherobustSAC

controllersignificantlyimprovesthecontrolperfbrmanceofdecentralizedSAC

systemswhentheinterconnectionoutputsamongeachsubsystemareavailableas

measurementsignals・

YbusefeM.（1989)discussedasimilardecentralizedadaptivecontrolmethod

whichwiubepresentedinthissection，However,theirapproachisvalidonlyfbr

8０



ASPRplants．

5.2DecentralizedSimpleAdaptiveControl

Wefirstconsiderthecasewherethelarge-scalesystemcanbedividedinto

SISOsubsystemswitharbitraryinterconnectionsfromeachsubsystem．

5.2.1ProblemSetup

ConsideraninterconnectedLTIsystemcomposedofjVsubsystemsdescribed

by

Si：金#(t)＝Ａ“(t)＋恥(t)＋恥‘(t)＋gｉ(ｔ）

ｙｉ(t)＝c?懇#(t）

ｕ'i(t)＝Ｑ織(t)，ｊＥｊｖ,jv＝{１，…,jv｝

(5.2.1a）

(5.2.lb）

(5.2.1c）

where錘ｆＥＲ”j，ｕｊＥＲ’ａｎｄ鮎ＥＲ’arethestate，thecontrolinputandthe

outputofthesubsystemSi,respectively,ａｎｄｕｉＥＲｍ‘,nufERIiaretheintercon‐

nectioninputandoutputvectorsassociatedwith＆,respectively6Furthermore，

g#ＥＲ"iisaboundeddisturbancesuchthat119#(t)||≦鰯,where卯sanunknown

butpositiveconstant・Ａｊ,6j,ci,RandQjaEematricesandvectorswhichhaﾊﾉe

appropriatedimensions・Itisassumedthatthepair(A#’6#)iscontrollableand

thepair(A#,cj)isobservable､R1rther,weassumethatinteZconnectioninputsUi

satisfythefbllowingrelations．

Ｕｉ(t)＝je4(t,⑩）

”(t)＝[",(t)T,…,mUjv(t)TlT
N

llf＃(t,､‘')||≦Ｅ&巾j(ｔ)ｌｌ
ｊ＝１

(5.2.2a）

(5.2.2b）

where駒areunknownbutpositiveconstants・TheoverallsystemS,whichis
composedofsubsystemsSj，ｃａｎｔｈｅｎｂｅｅｘｐｒｅｓｓｅｄａｓ

ｓ：鈍)＝Ａ錘(t)＋助(t)＋Ｐ沙(t)＋g(ｔ）

り(t)＝ｃ躯(ｔ）

”(t)＝Ｑ諺(t）

(5.2.3a）

(5.2.3b）

(5.2.3c）

where”＝[露F,…,"冊]T,ｙ＝[Z/,,…,ｙＮ１Ｔ,ｕ＝[",,…,叫jvlT,｡＝[妙?,…,u冊ｌＴ
ａｎｄｇ＝{9?,…,９%lTandA＝diagIAJ,Ｂ＝diagI6jl,Ｃ＝diagIc?],Ｐ＝diag間
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andＱ＝diagIQJaretheconstantblockdiagonalmatriceswithappropriatedi‐
mensions・

ThestablereferencemodelsSMifbreachsubsystemSi錘eｇｉｖｅｎｂｙ

sMi：企mi(t)＝Amj⑩mi(t)＋6miumj(t）

ymi(t)＝c熟錘､＃(t）

(5.2.4a）

(5.2.4b）

where⑳ｍｉＥＲｎｍｊ，ｕｍｉＥＲ１ａｎｄｙｍｉＥＲ１・

ThecontrolobjectiveistohavetheoutputofeachsubsystemSitrackthe

outputofeachreferencemodelSMj．

5.2.2BasicDesignofControlSystem

SupposethatthesubsystemSiandthereferencemodelSMisatisfy､thefbl‐

lowingassumptions：

Assumption5､１：

(IノＴﾉｂｅ伽arpartq/eacAsu6syStem＆,ｊＥﾉVjsASPR.Ｚｿbatjs,tﾉｶeree灘ists
aco"stα〃ｔ９ａｍ姥ｓｕｃＭｂａ州e加測歌rん抑c"o〃：

Ｇｃｉ(S)＝CT(SI-Aci)-'bi

jSSPR,伽γｅＡｃｆ＝Ａｉ＋聯iC?．

〃ThematrjzR,ｊＥＬ,LdVcIzn6e/tmcto稲eｄａｓ

(5.2.5）

御

Ｒ＝6ip？，ｊＥＬ (5.2.6）

/bｧSOmeCO"Stα"tUeCtOｧＰｊＥＲｍｊ．ＴｿiatiS,Su6SZﾉStemSSi,jEL6eIOn9tOa

sta6jﾉjza6ﾉｅｃﾉａｓｓ伽ｔｈｅｄｅｃｅ汎ｔｍ"zedsystem⑩hosecoup伽９ｐａｍｍｅｔｅ応α7℃

⑩伽冗伽,wz9eq/tﾉiecontmﾉj””．

Eachs秘6system＆α"｡〃s球'､e”cemodeﾉSMisat帆ASS腿､”o"2.2(3)，

(4)．Ｔｿjatjs,伽泌ssardlsmodeIo秘ｔ”伽o伽９co"伽o”jssatj城edか

eachsu6system．

Undertheaboveassumptions，thelocalcontrollawsfbreachsubsystemare

givenbythefbrmoftheSISOSACasfbllows：

uj(t)＝雌(t)Tzj(t） (5.2.7）
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Supposethatdisturbancesandtheinter-connectionsdonotexistinthｅｐｌａｎｔ

(5.2.1).Then,underAssumption5､1(3),theperfectoutputfbllowingisattained
fbreachsubsystem・Ｔｈａｔis,ｗｅｈａｖｅ

TheparametervectorsA8j(ｵ)areadjustedby

一
一
一
一
一
一
一
一

、
、
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０
日
”
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、
ｎ
画
□
■
口
″
夕
込
。
。
。
■
■
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″
〃

○
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》
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ｕ
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△
″
”
ロ
■
■
Ｕ
ｎ
、

恥
・
恥
紬
唖

・
〃
・
一
口
ロ
ロ
ロ
ロ
ロ
ロ
●
．
．
。
．
．
．
。
〃
“
蓮
ロ
ロ
■
ロ
ロ
■
ロ
ロ
ロ
Ｄ
●
．
．
．
．
巳
廼
、

A8Ij(ｔ)＋鹿Pi(ｔ）

-rIizi(t)e,§(ｔ)・

一rPizi(ｔ)e,j(t）

・賑緋+・”

ぴi(t)んIi(#）
(5.2.8）

where

r脱＝rK〉０，rpi＝rFi〉０,＠,i,o2j〉０

5.2.3StabilityoftheControlSystem

zｵ)＝[e,j(t),”m§(t)T,勉mi(t)lＴ
ｅ,i(t)＝眺(t)一ymi(t）

んi(t)＝{んei(t),胞諺i(t)T,ﾙ趣#(t)lＴ

鍬t)＝Ａ癖:(ｔ)＋6鱒(t）

y『(ｔ)＝ymi(t)＝c?錘:(t）

鱒(t)＝８，#錘mi(ｔ)＋S2iumi(t)＋s3j(t)，ｊＥⅣ

(5.2.9a）

(5.2.9b）

(5.2.9c）

where錘『,ｙ：anduraretheoptimalstate,theoptimaloutputandtheoptimal

controlinput,respectively・Sji,ｊ＝１，２aretheappropriatedimensionalvector

andscalar,respectively,and島i(t)isaboundedscalarfunction(SeeSection2､２

or2.3).Defineerrorsignalsbetweentherealstatesandtheidealstatesby

色麺i(t)＝錘‘(t)－記沖）

e,i(t)＝zﾉi(ｔ)－y;(t)＝肱(ｔ)－ymj(t）

(5.2.10a）

(5.2.10b）

Brom(5.2.1)ａｎｄ(5.2.9),wehavethefbllowingerrorsystem：

と垂i(t)＝Acje垂j(t)＋6i<i(t)Zi(t)－Mbi＋ＲＵｉ(ｔ)＋gi(t）

e,i(t)＝c?e魂(t）

(5.2.11a）

(5.2.1lb）
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Ｈｏｍ(5.2.11)and(5.2.13),weha八'ｅ

〈i(t)＝雌(t)一A:，“＝{雌,s1j,s2ilT

Here,fromAssumption5､1(1),thereexistpositivede6

GjsatisfyingtheKalman-YakubovichLemma：

賎,s1j,s2Jr （5.2.12）

positivedefinitematrices品ａｎｄ

Ａ３迅十fMcj＝一G＃
凪6i＝cj

Letusconsiderthefbllowingpositivedefinitefunction：

(5.2.13）

Ⅳ

＝ＥＭ(t）
ｉ＝１

＝ｖｉｉ(t)＋1/hi(t）

＝ｅ麺i(t)T品e錘j(t)，ｊＥⅣ

={(‘洲淵‘:(;季云紬
＝ん鷹(t)一膝,γ＝{1,0,…,０１r,β＞０

(5.214a）

(5.2.14b）

(5.214c）

１
１
１
１

ｔ
ｔ
ｔ
ｔ

ｌ
Ｉ
Ｉ
Ｉ

Ｖ
聴
叱
脇 (5.2.14.）

〈Ii(t）

where

dvW）
－

ｄｔ
－e鯵f(t)TGie露i(t)＋2〈f(t)Tzi(t)e邸§(t）

+2｡i(t)呼昨雪i(t）

+2(-6#島j(t)＋gi(t))THjezi(t） (5.215）

R1rthermore,fromtheparameteradjustinglaw(5.2.8),ｉｆｊＥＫ,thenwe
obtain

等≦-2州‘)'ｗｔ)-2．鱗‘服(州
－２帥)Tzi(ｔ)evi(t） (5.216）

ａｎｄｉｆｊＥＬ,ｗｅｏｂｔａｉｎ

￥≦-2.,‘‘,帆'〈＃2州‘)噸
－２〈i(t)Tzi(t)e,#(t)－２β,ｉ(t)２

－２ヶ2jβγTr丙'〈庇(t)－２ケ2iβγTr丙'“
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Ｂｒｏｍ(5.2.20)and(5.2.24),wecanobtain

where入が＝入…”?ｌａｎｄ
(5.2.23),ｆｂｒｊＥＬ,ｗｅhave

ノＶ

等≦-入…iGﾙ霊川十;,-1入諏咽'９川
ｊ＝１

＋2116i＆i(t)－９j(t)|||lHjlllle懇i(t)|｜
Ⅳ

＋,０－'入piA駁EllQjll211麺;(t)lllle態j(ｔ)|｜
ｊ＝１

Ｎ

＋;,-Ｍ《E''９j'''1州'，
ｊ＝１

－ぴ2#入､#"{r両'111〈Ii(t)＋βγ''２

＋ぴ2i入…{1,万'１|侭一βγ|’

e錘j(t)''２

(5.2.24）

2Ｕ＃(t)Tpie郡(t）

＝－２(伽(‘)-;M;)-wpi)，+告,-Ｗ"剛
Ⅳ

≦;”,‘入駁三ｌＱ,'''(Ie識(t)''2+2''錘;(#)''''e感(#)''+''趣;(‘)''，）
（5223）

ｌ減＝入…[PP?land人駁＝Ama錘{雛?１.Thus,fromAssumption5.l(2)and

州
一
伽

Ｎ
Ｅ
画

〃(t）
－

ｄｔ

ノＶ

≦－Ｅ入…IGillle魂(t)ｌｌ２
ｊ＝１

Ⅳ

＋2ＥＥ凡jlle鐙i(t)||||e露j(ｔ)ｌｌ
ｊＥＫｊ＝１

Ｎ

＋2ＥＥＲ＃jll鯵;(t)||||e錘(t)|｜
ｊＥＫｊ＝１

Ｎ

＋2Ｚ||賊#(t)－９#(t)llll川||e“(ｔ)|｜
ｊ＝１

Ｎ

＋;畳'一'入,‘Ⅷ'Q仲鋤(‘)１，ｊ＝１

Ｎ

+Ｅβ-1入p＃入儀EllQjll211錘;(ｔ)||||e錘j(t)|｜
ｊＥＬ ｊ＝１
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Ｎ

+;蓬'－１人,I咽'Q’''21刺'，ｊ＝１

-2Eo2jAm‘"[r丙'１１に座(t)ｌｌ２
ｊＥＫ

－Ｅ｡"入､；泥{r丙'111〈鷹(t)＋βγｌｌ２
ｊＥＬ

+2ヱグ"入､＠忽{r両']||A:||||〈鷹(t)|｜
ｊＥＫ

+Ｚ｡"入…[r両'１|侭一βγlｌ２
ｊＥＬ

(5.2.25）

LetusdefinethematrixM＝[mijlasfbllows：

where

Then，

stantssuch

that

where

恥=｛
人mi"[GJ-2Rij，ｊ＝ｊＥｊＶ

－(Rfj＋Rji)，ｊ≠j,j,ｊＥｊｖ
(5.2.26）

Ｒｉｊ＝|岡'''品||釧Qjll，ｊＥＫ,ｊＥｊｖ
（5.2.27）

Rjj＝０，ｊＥＬ,jEjV

supposingthatM＞Oandtakingintoaccountthatthereexistcon‐

thatll諺:(t)||≦z:,lS3il≦亀iandllgi(t)||≦卯wehavefrom(5.2.25）

￥≦-人…ＭＥＩ'e刈'，

抑-縁"八潮)僻川含Ｍｒ
＋ERBille錬(ｔ)|｜

ｊ＝１

－２ヱグ溌人､#"[r両']||〈歴(t)|ｌ２
ｊＥＫ

－Ｅグ"入､i漉Ｉｒ向']||〈歴(t)＋βγｌｌ２
ｉＥＬ

＋2雲｡諏人…{r訓侭''''〈蝋(‘)'’
＋９

8７
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and

RBj＝

Ⅳ

2ＥＲ桝十Ｅ'一'入,j入§jllQ‘''2麺；
ｊ＝１ｊＥＬ

＋2(''6＃||s;'＋刺lHjll，ｊＥＫ

Ｅβ-'入,j)wllQill2錘；
ｊＥＬ

＋2(|l6jll懸十9＃)||H;||，ｊＥＬ

Ⅳ

，=+;p-1碁鼎徽吾''Qjl遡鍾;，
＋Ｅぴ顔入…[r両']|侭一βγ|l２

ｉＥＬ

Takingtheparameterβｉｎ(5.2.28)ａｓ

'>悪入"j1噸''QI'''ＭＭｌ,
wecanfinallyobtain

where

Ⅳ

芋茎-咽'・域(‘)I，
ｉ＝１

１Ｖ

＋ERB#lle域(t)|｜
ｊ＝１

－２Ｚ｡遜入…{r両')||〈蝿(t)|ｌ２
ｊＥＫ

－エグ2,入､‘"[r丙']|に庇(ｔ)＋βγｌｌ２
ｆＥＬ

＋2Ｅぴ瑛入､｡』:[r両'111剛||〈恥(t)|｜
ｊＥＫ

＋９

入、＝入､#"Ｍ－β-’(琴１W)卿''９ﾙ，

(5.2.29）

、

(5.2.30）

(5.2.31）

(5.2.32）

(5.2.33）

Homtheaboveinequality,wecanconcludethatdWdtbecomesnegative

definitefbrlargevaluesoflle錘i(t)|landll〈脱(ｔ)||,ｊＥｊＶ，Thus,itisapparent

thate錘ｵ）ａｎｄ<Ii(ｔ)areunifbrmlyultimatelybounded,anditcaneasilybe

verifiedfromthisresultthatallthesignalsinthecontrolsystemarealsounifOrmly

ultimatelybounded．
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(5.2.35）

Theorem5,1：Ｓｕ”ose伽Msswnptjo”５．１Ｍ.sα脇。伽ｍａｔｒｉｚＭ＝[ｍｉｊ］

d飯鰯ｅｄ６ｚ/(5.2.26）α”ｄ(5.2.27）jspos伽ede伽te，ｍｅ",伽泌seqftﾉbeJocaI

岬泌ｔｓ(52.7)９秘αｍ"tees伽泌"i/brm伽ｍａｔｅ伽"｡e伽SSOα〃伽s柳aJsm

theco7zt7℃ノsystem．

Remark5､1：AsufficientconditionfbrtheM-matrixdefinedby(5.2.26)ａｎｄ

(5227)tobepositivedefiniteisgivenby

入…岡〉Ｅ
ｊＥＮ

入､＃"1GJ〉Ｅ
ｊＥＫ

R#j＋ERj#，ｊＥＫ
ｊＥＫ

Ｒｊｊ，ｊＥＬ’ (5.2.34）

ゆ

Ｌ
Ｅ
Ｏ
■
８
Ｊ
〃

《
年
恥
叩
〉

〈
哩
琶
（
壷
）

《
叩
〕
》

卓
０
日
《ｕＯｎａＯ

》
■
■
■
冬

〃
″
０
’
６
口
、

5.2.4ControlSystemwiththeParallel氏edfbrwardCompensator

ＩｎＴｈｅｏｒｅｍ５.'，weassumethatallthesubsystemsarｅＡＳＰＲ､However，as

mentionedintheprecedingsection,ｔｈｅＡＳＰＲｃｏｎｄｉｔｉｏｎｍａｙｂｅａｓｅｖｅｒｅｒｅstric-

tion・Asacountermeasuretothisproblem,wewillintroducePFCsfbrnon-ASPR

subsystems・

LetthelinearpartGi(s）ofsubsystemSi,ｊＥＪ,ＪＣｊＶｂｅｎｏｎ－ＡＳPR．

ConsidertheaugmentedtransferfiｍｃｔｉｏｎｗｉｔｈａＰＦＣ：

Theaboveconclusionleadstothefbllowingtheoremwithregardtothebasic

stabilityofthedecentralizeｄＳＡＣｓｙｓｔｅｍ．

Gai(s)＝Ｇｉ(s)＋Ｅｉ(s）

ｒ＝ー＝＝ーー一一＝＝＝ｰ＝ー＝＝ー＝輔一一戸一一一一一一一一画一一一一一一一口ローーーーーーーーー一一一句

ｕｉ

Gai(s）
Ｑ‐- ＝＝－■

Figure5・lAugmentedplantwithPFC
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asshowninFigure5､１．剛s)ischosensothattheresultingaugmentedtransfer

functionGai(s)isASPR・SupposethattheabovestatedPFCR(s)isgiveninthe
fbrmofthestateequation：

軸(t)＝Ａ/抑(t)＋6脚(t）

卯(t)＝c浄ﾉi(#）

ThentheresultingaugmentedASPRsubsystemisexpressedby

where

豆：壷(t)＝乃弱(t)＋恥(t)＋戸i晩(t)＋風(t）
－

魂(t)＝肱(ｔ)＋卵(ｔ)＋で為(#)，ｊＥＪ

弱(ｔ)＝{錘j(ｔ)T,錘/#(t)T1T,風(t)＝Igi(t)T,OlT，

Ａｉ＝伽9IAi,Aﾉj１，風＝{6?,卿T，

画＝IC?,c殉r,瓦＝{坪,Olr．

(5.2.36a）

(5.2.36b）

(5.2.37a）

(5.2.37b）

ItshouldbenotedthattheaugmentedsubsystemSjdoesnotsatisfytherange

conditioneveniftheoriginalsubsystemSjsatisfiestherangeconditionbecause

Pjisfactoredasfbllows：

瓦雲珊-|緋雰剛
Then，underAssumption5,lwithnon-ASPRsubsystemSj,ｊＥＪ,thechar‐

acteristicsoftheoverallcontrolｌｅｄｐｌａｎｔｗｉｔｈＰＦＣｓａｒｅａｓｆｂｌｌｏｗｓ：

S秘6systemSf,ｊＥＬ－ＬｎＪ:ＡＳＰＲａれｄｓａｔ峨如ｔｈｅ７ｗ０９ｅｃｏ況伽0凡．

S池6sZ/ｓｔｅｍＳｉ,jEZ,ｎＪ:ＡＳＰＲ切肋ＰＦＣ伽9伽Ｉｓ秘6systemSisatj城ｅｓ

伽、”9eco"伽onﾉ．

S"6sZ/stemSi,ｊＥＫ－ＫｎＪ:ASPＲａ"。”otsatjw加伽、”9ecO冗伽on，

帥systemSi,ｊＥＫｎＪ:ＡＳＰＲ⑩肋ＰＦＣ(or柳αﾉs勉6systemSidoesnot

sat峨伽、"9eco"伽o'３ﾉ．
一

ｈther,fbrtheaugmentedsubsystemS‘＃,ｊＥＪ,thereexistsaconstant意
suchthatthetransferfimction：

一

Gci＝画(ＳＩ－７Ｌ)-'屍

9０
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wie7℃

謹瓦十瓦認＝一己
（5.240）

Hj6j＝でi

Consideringtheabovementionedcharacteristicsoftheaugmentedplａｎｔｗｉｔｈ

ｔｈｅＰＦＣ，wehavethefbllowingtheoremwithregardtostabilityofthecontrol

system．

Theorem5,2:Appﾉytﾉiecolz州如”(5.2.7)toｵﾉiesu6sZ/stemSiα"。α”jythe

co"ｔｍ伽””Ｉｑｃ畑egj(t)⑩肋百,i(t)＝函(ｔ)－ym(ｔ)tothesu6systemSi・The"，

｡飯伽9αｍａｔ両ｚＭ＝[mijlto6e：

ｌ｜
｜◇

３
．
』

、

Ami"[Gil-2Rfj，ｊ＝ｊＥﾉＶ－Ｊ

入､伽[豆l-2Rij，ｊ＝ｊＥＪ
－(烏j＋Ｒｊｉ)，峠j,ｊ,ｊＥｊｖ

(5.2.41）

isASPR,wheEe恥＝盃＝応で?,andthusthereexistpositivedefinitematrices
瓦and園satisfyingtheKalman-YakubovichLemma：

凡j＝llRillllH;||釧Qjll，ｊＥＫ－ＫｎＪ,ｊＥﾉｖ

凡j＝||BllllH#||&jllQjll，ｊＥＫＭｊＥﾉｖ
（5.2.42）

Rij＝''6〃?'|||瓦ll6jllQjll，ｊＥＬｎＪ,ｊｇｖ
Ｒｆｊ＝ｏ，ｊＥＬ－ＬｎＪｳﾉＥｊｖ

伽拠'０１１/brm伽ｍａｔｅ伽冗dedneSsq/α〃伽Ｓ柳ａｊＳ如伽ｏりera〃ＣＯ”tmoﾉSZﾉStem

js9秘α'ｗｚｔｅｅｄＰｍ”jded伽t伽matrj"MjSpoSj加ｅｄｅｊＭｅ．

ProofTakingintoaccountthatthematrixMgivenby(5.2.41)ispositivedefL

inite，ｔｈｅｐｒｏｏｆｉｓｅｘｅｃｕｔｅｄｉｎｔｈｅｓａｍｅｍａｎnerusedintheproofofTheorem

5.'．

Ｒｅｍａｒｋ５､2：Inthecasewhereallthesubsystemssatisfytherangecondition

fbrinputpart,ifnon-ASPRsubsystemssatisfytherangeconditionQi＝qici

fbroutputpart,thenM-matrixconditiondefinedinTheorem5､２(matrixMis

positivedefinite)isnecessarilysatisfiedbychoosiｎｇ６/jsuHicientlｙsmall・Ａｓ

ｓｈｏｗｎｉｎｓｅｃｔｉｏｎ３，ｉｆｔｈｅｐｌａｎｔｉｓｍｉｎｉｍｕｍｐｈａｓｅ，ｔｈｅｎｗｅｃａｎｅａｓｉｌｙｄｅｓｉｇｎａ

ＰＦＣｗｉｔｈｓmall6ﾉ．

5.2.5ＵｓｅｏｆｔｈｅＲｏｂｕｓｔＳｉｍｐｌｅＡｄａｐｔｉｖｅＣｏntrol

lntheprecedingsubsectionthestabilityofthedecentralizedＳＡＣschemefbr

plantswithinterconnectioninputssatisfyinginequality(5.2.2b)hasbeenshown

underthatM-matrixcondition・Further,fromTheorem5､１，ｉｔｉｓａｐｐａｒｅｎｔｔｈａｔ

9１



thedecentralizedSACsystemisstableprovidedthatallthesubsystemssatisfy

therangeconditiongivenｂｙ(5.2.6)evenifthecontrolledplantdoesnotsatisfy
M-matrixcondition・However，theinfluenceofinterconnectionsbetweeneach

subsystemmustremain・Here,weintroducearobustSACschemegiveninchapter
４toalleviatetheinHuenceofinterconnectionsfbrthecasewhereinterconnection

inputsareavailablefbrmeasurementsignal・

MakethefOllowingassumptions：

Assumption5､２：

(Iノ肋p伽t(521)αＭｔﾉbe敵『e"cemodej(52.2)sａｔ鯛ASS剛､”on5.1（１）
伽(3)．

側ｍａｔ両cesR,ｊｇＶｊ"(5.2.1)cα”6e/tmcto剛ａｓ

Ｒ＝6ip?，ｊＥⅣ (5.2.43）

/brsomeconstα”tUectorPjERmi．Ｔｿiatjs,α〃su6systemsSj,jEjVsatjsiAノ

ォｈｅｍｎ９ｅｃｏｎ〃jo泥．

仰Ａ〃伽te'℃o"卿ectjo”ｏ池t”s2Ui(t),jEjwsmeas泌州e，

Then,fbreachsubsystemSj,ｊＥｊＶ,wegivethecontrolinputwitharobust

adaptivecontroltermasfbllows：

“＃(t)＝秘銀(t)＋秘『ｉ(t）（5.2.44）

where“sｵ)istheoriginalSACinputgivenin(5.2.7)ａｎｄ秘,.#(ｵ)istherobust

adaptivecontrolterm・Byconsideringinterconnectionstobedisturbancesand

2pi(t)tobemeasurablesignalswithregardtodisturbances,therobustcontrol

term“ri(t)isgivenasfbllows：

ｕγi(ｔ)＝｛
where

_β＃(t)Tzβ‘(t)sgne,#(ｔ)，ｉｆlβi(t)TZβj(t)e,#(t)|＞ei'ｅ#＞０
－{βi(ｔ)Tzβi(t)}2e,i(t)/e#，ｉｆlβi(ｔ)Tzβｉ(t)e,i(t)|≦eｉ

(5.2.45）

β(t)＝{β#｡(t),βh(t),…,βw(t)lT，ｚβi(t)＝11,|kU,(t)||,…,||⑩ｊｖ(t)||)Ｔ

andtheparametervectorsβi(ｔ)areadjustedbythefbllowingparameteradjusting
law：

9２



｜雛蝋｢癖州
ｒβ鷹＝r詮〉0,rβp‘＝r恥〉0,ケβ,〉O

Thenwehavethefbllowingtheoremconcerningstability．

(5.246）

Theorem5､3：ZMerAsS秘m”o”5.2,α〃ｔｈｅ吻沌ajS如伽ColztmIsZ/ｓｔｅｍ切肋

theco”t､伽”(5.2.44)ａｒｅ叫､I/brmJy伽､α抑6o伽ed．

Proof:Consideringtherobustadaptivecontroltermuri(t)intheerrorsystem

derivedin(5.2.11),weobtaintheerrorsystem

色麺i(t)＝Acfe鋤i(ｔ)＋6i〈#(t)Zi(t)＋6ｉＵｒｉ(t）

一bis3i＋Ｒ妙i(t)＋ｇｉ(t）

el＃(t)＝c?e塗＃(t）

Ｎｏｗ,letusconsiderthefbllowingpositivedefinitefunction：

(5.2.47a）

(5.2.47b）

Ｎ

Ｖ(t)＝EVXt）（5.2.48a）
ｉ＝１

Ｖ;(ｔ)＝e諺＃(ｔ)THIe露ｆ(ｔ)＋〈血(ｔ)rrx'〈庇(t)＋〈β血(ｔ)rr水β庇(#）
（5.248b）

〈β鷹(t)＝βIi(t)一β:,β#＝(砿,β#,,…,βwlT,伽＝||pill&〕

Takingintoaccountthatitfbllowsfrom(5.2.2)that

Ⅳｊ Ｖ

ｌＵ#(t)p＃|≦Ellp＃|Ｍ⑩j(t)||＝Ｅβボルj(t)||，
ｊ＝１ｊ＝１

from(5.2.8),(5.2.13),(5.243)and(5.2.46),ｗｅhave

dvXt）
－

ｄｔ
－e”(t)TGie簿i(t)＋2池γi(t)e,i(t）

+2β:rzβ１t)|e9i(t)’

－２ぴ2蝿(t)TI,丙'〈庇(t)－２ぴ2#<庇(t)1,両'礎

9３
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-2.βi〈β歴(t)Tr氷β庇(t)-2恥〈β庇(t)r万縦

十21βi(t)一閃T〈β#(ｔ)leyi(t)｜

＋29＃(t)THbe魂(t)．（5.2.50）

Finally,usingthesamemannershowninChapter4(stabilityanalysisofthe

robustSAC),weobtain

Ｎ Ｎ

響≦－，…IG伽‘(＃)''2+2E,川Ｍ)'’
ｊ＝１ ｊ＝１

Ｎ

－２画◎"入…[r両1111〈歴(t)''２
ｊ＝１

Ｎ

－２Ｅ恥入､＃"{r訓〈β腕(t)''２
ｊ＝１

＋2Ｅぴ鰯入…[I,訓側|||〈歴(t)|｜
ｉ＝１

＋2Ｅぴ伍入…[聯]||β:lll|〈β雁(ｵ)ｌｌ
ｉ＝１

Ｎ

＋2Ｅｅ‘ （5.2.51）
ｉ＝１

Then,ｉｔｃａｎｂｅｃｏｎｃｌｕｄｅｄｔｈａｔａｊｌｔｈｅｓｉgnalsinthecontrolsysteInareunifbrmly

ultimatelybounded．

Ｒｅｍａｒｋ５､３：ＩｆｓｏｍｅｓｕｂｓｙｓｔｅｍｓａｒｅｎｏｔＡＳＰＲｉｎＴｈeorem5､３，ｔｈｅｎｗｅｈａﾊﾉｅ

ｔｏｉｎｔｒｏｄｕｃｅｔｈｅＰＦＣｓｔｏｎｏｎ－ＡＳＰＲｓubsystems・Inaddition，thesatisfaction

ofM-matrixconditionasinTheorem５．２isnecessarytoguaranteethestability・

However,asmentionedinRemark5､2,M-matrixconditionholdswithsmal１６/j，

ａｎｄａｓｓｈｏｗｎｉｎＳｅｃｔｉｏｎ４，theinHuenceofinterconnectionscanbealleviatedif

6ﾉｊｉｓｓｍα"．

5.3MultivariableDecentralizedSimplｅＡｄａｐｔｉｖｅＣｏｎ－

ｔｒｏｌ

5.3.1ＰｒｏｂｌｅｍＳｅｔｕｐ

Ｉnthecasewherethelarge-scalesystemisdividedintoMIMOsubsystems，

eachsubsystemSjwillbeexpressedａｓ：

＆ 企j(ｔ)＝Ａ“(t)＋＆"i(t)＋恥i(ｔ） （5.3.1a）

眺(ｔ)＝Ｑ錘i(t） （5.3.lb）

ひi＝ｆｉ(t,U)),”i(ｔ)＝Ｑ#錘i(t)，ｊＥⅣ,/V＝{1,…,Ⅳ｝(5.3.1c）

9４



SubsystemShisanmi-output/mi-inputsystem､Where⑩ｉＥＲ泥i,“§ＥＲｍ‘ａｎｄ

ｙｊＥＲ流ｉａｒｅｔｈｅｓｔａｔｅ，ｔｈｅｃｏｎｔｒｏｌｉｎｐｕｔａｎｄｔｈｅｏｕｔｐｕｔｏｆｔhesubsystemSi，

respectively，ａｎｄｕｊＥＲ９ｊ，”jERIiaretheinterconnectioninputandoutput

vectorsassociatedwithSi,respectively・hther,wedefinemp＝岡,…,”冊]T・
ThereferencemodelsSMjwhichtheoutputsofeachsubsystemSjarerequired

tofOllowaregivenasfbllows：

sMi：企､#(t)＝Ａｍ癖､#(ｔ)＋ａ"jum#(ｔ）

ymj(ｔ)＝伽諺mj(ｔ）

(5.3.2a）

(5.3.2b）

where錘ｍｊＥＲ"mj，ｚＬｍｉＥＲｍ‘ａｎｄＵｍｊＥＲｍ'・

Thefbllowingassumptionsaremadeontheoverallsystemwithsubsystems

SiandeachreferencemodelSMj．

Assumption5､３：

(IノＴＭ伽arpartqfeacﾉis秘6sZ/stem＆,jEjVjsASPR・

倒捌ｅｍａ伽Ｒ,ｊＥＬ,ＬｄＶｃα”6eんcto剛ａｓ

御

〃

Ｂ＝BiPbj，ｊＥＬ (5.3.3）

/brSOmeCOnSta兜ｔｍａｔ伽凡iERmix9i・ThatjS,SU6S”emSSi,ｊＥＬ６ｅＩＯｎ９

ｔｏａｓｔａＭｊｚｑ６ＩｅｃＪａｓｓ伽thedecentm"zedsZ/stem⑩hosecoup伽ｇｐａ７ｗ７ｚｅｔｅ密

α'℃⑩赫伽ｔｈｅ７ｗｚ９ｅｑ/ｔｈｅｃｏ兜tmJ伽”．

Eacﾉｶsu6systemSjα"〃s雌花〃cemodeISMisat鋤Assum”o塊2.2(3)，

(4)．Ｔﾉiatjs,Ｂ､秘sSa州modeIo岬勉t/Mom'伽CO"伽o”jssatj城edか

eachsu6system・

De"･伽伽j-tMe…姉eqf""(#)ａｓ"製(t),“M1(t),ｊ＝0,…,岬ｓ
岬沈rmノリ伽冗伽．

御Thereezjstsaco"stα"輪＞０s秘cＭｂａｔ

||f(t,”)||≦Efijllu'j11．
ｊＥｊＶ

(5.3.4）

Inthefbllowingsubsection,applicationsofSACmethodstoeachsubsystem
寺

onsideredandweanalyzethestabilityoftheoverallcontrolsystem．areconsideredandweanalyzethestability

9５



5.3.2ＤｅｓｉｇｎｏｆＣｏｎｔｒｏｌＳｙｓｔｅｍａｎｄｌｔｓＳｔａbility

Firstofall，let'ｓｃｏｎｓｉｄｅｒｔｈｅｕｓｅｏｆｇｅｎｅｒａｌＳＡＣａｌｇorithms，Thusフthe
controllerfbreaChsubsystemiｓｇｉｖｅｎｂｙ

必(t)＝Ｋｉ(ｔ)zi(t）

ｚ#(t)＝Ieyi(t)T,⑳ｍｊ(t)T,umi(t)Ｔ１Ｔ
ｅ,i(t)＝眺(t)－ﾘ､＃(t）
Ｋｉ(t)＝{Kbj(t),Ｋ錘i(t)T,Ｋ唾(t)］

｜皇職僻窪川
ｒ,i＝rX〉0,rPi＝r農〉0,。＃

Thefbllowingtheoremgivesthestabilityresult．

(5.3.5）

(5.3.6）

Theorem5､3:UMerAssum”oれ5.3,α〃thes柳αﾉs伽ｔｈｅｏＵｅｒα〃ＣＯ沌tmJsZﾉstem

⑩肋j"”s(5.3.5)α花迦施沈rmJy秘！t畑地伽､伽p７℃州ed伽州ematrizM＝

Imijld賊ned6y

州={栂蹴偏り鯛,乱（剛’
Rij＝||RllllHjllfjjllQjll，ｊＥＫ－ﾉＶ－Ｌ'ｊＥＮ（5.3.8）
Ｒｉｊ＝０， ｊＥＬ,ｊＥﾉv

jsposj抑ｅｄ６Ｉ/Ｍｅｍａ姉．W7ie7℃,品α"ｄＧｆα7℃Pos伽ｅｄＧ/$”ｅｍａ伽es伽cﾉb

satjwtﾉｉｅＫα/ma7z-ytzAu6oUjcMemma：

uﾉﾉjｅｒｅ

A：Hi＋jMci＝一Gi

B?Hi＝ｃｉ

Acj＝Ａｊ＋ＢｊＫ鼠Cj，

K勘：Ａ９ａ伽matrjz/brmaA伽伽ｐ伽tＳＰＲ

(5.3.9）

Proof：Denotetheidealstatevectorandcontrolinputinthecasewherethe

perfectoutputfbllowingisachievedfbreachsubsystemwithoutinterconnections

fromothersubsystemsas”;(t)and“(t),respectively・Sincetheidealinputu抑）

ｉｓｇｉｖｅｎｂｙ

ｕ７(t)＝S1i⑳mi(t)＋＆iumi(t)＋S3i(t）（5.3.10）

S3i(t)：aboundedvectorfimctionoft

9６



underAssumption5､3(3)ａｎｄ(4),wehavethefOllowingerrorsystem：

where

色鯵ｵ)＝Acie鯵i(t)＋Ｂｉ(△K;(t)Zi(ｔ)－３３i(t))＋恥j(ｔ）

e , i ( ｔ ) ＝ Ｑｅ認i(t）ｰ

ｅ鰯i(t)＝鰯(t)－趣:(t）

△Ki(t)＝Ｋ＃(t)一Ｋ閲騨＝{蝿,８，#,S2jT

(5.3.11a）

(5.3.11b）

(5.3.12）

(5.3.13）

Then,choosingthepositivedefinitefunｃｔｉｏｎａｓ

Ｎ

ｖ(ｔ)＝ＥｖＸｔ） （5.3.14a）
ｆ＝１

恥)＝ｖＷ)＋脇(t） （5.3.14b）

ＶＷ)＝ｅ露#(t)ZHe錘ｉ(t)，ｊＥｊＶ （53.14c）

馴雲{徳{(蝋綜‘蛎識脇(庶雌‘
（5.3.14.）

△K庇(t)＝Ｋ庇(ｔ)一Ｋ;‘,1,0#＝IIh‘i,０，…,Olr,β＞0．

theboundednessofallthesignalsintheoverallcontrolsystemcanbeeasilyshown

usingthesamemannerasinthecasewhereeachsubsystemisexpressedtobean

SISOsystem(Subsection523)．

ＡｓｓｈｏｗｎｉｎＳｕｂｓｅｃｔｉｏｎ５､2.5,wecanintroducetherobustSACschemeto

alleviatetheinfluenceofinterconnectionsfbrplantswithsubsystemssatisfying

therangeconditionifinterconnectioninputsareavailable．

Assumption5､4：

(IノＡ〃ｓ剛6s!/stemsSj,ｉＥﾉＶｓａｔ幼tﾉｉｅｍｍ９ｅｃｏ"伽o”Z1hatjs,ｍ伽ces

Ri,ｊＥｊＶｃａ脇be九ctoγeｄａｓ

Ｒ＝BiPbi，ｊＥｊＶ

ノbrSOmeCO抑Ｓｔａｎｔｍａ伽ＰｂｊＥＲｍ§x9j・

御Ａ〃”te1℃o""ectjo測如”s2｡を(ｔ),jEjV,α泥ｍｅαS勉m6Je．

9７

(5.3.15）



側Let6e

Fbifi(ｔ,”)＝[ﾊ,,ハ2,…,ハｍＪＴ

Ｔｈｅ伽,t肺eezjstco泥Stants靴s仙伽ｔ

’ん(t,⑩)|≦Ｅ&jルル||・
AＥＮ

(5.3.16）

(5.3.17）

Undertheaboveassumption，ｔｈｅcontrolinputwitharobustadaptivecontrol

termisgivenasfbllows：

砥(t)＝皿i(t)＋uRi(t）（5.3.18）

wheretherobustcontrolinputuRi(t)isgivenby

"R#(ｔ)＝ＩｕＲｉ,(t),ｕＲｆ２(ｔ),…,"Rimi(t)]Ｔ (5.3.19）

州={二鮒:郷::州'嚇噛獅閣>，
（5.3.20）

where

egi(ｔ)＝[e錘(t),ei2(ｔ),…,eimi(t)]T，ｚβ(t)＝[1,||”,(ｔ)||,…,||”jv(t)lllT

andtheparametervectorsβヵ(t)ＥＲＮ+'areadjustedbythefbllowingpaJameter
adjustinglaw．

｜臓蝋r恥州剛！
ｒβ脱,＝rgIjj〉０，rβPij＝rふj〉0,｡“〉O

Thestabilityinthiscasecanalsｏｂｅｓｈｏｗｎｉｎｔｈｅｓａｍｅｍａｎｎｅｒａｓｔｈｅｐｒoof

ofTheorem5､3．

５．４NumericalSimUlations

Here，theeffectivenessofproposeddecentralizedSACmethodisconfirmed

throughnumericalsimulationsfbrtheexamplegivenbyGavelandSiljak(1989)．
Theproblemstatementinthissimulationisasfbllows：

Considertwoinvertedpendulumswhichareconnectedtoeachotherbya

spring(seeFigure52).Denoting

錘'(ｔ)＝Iゆ'(t),ゆ,(t)],錘2(t)＝Ｉｊ２(ｔ),ゆ2(t)１，

9８



Figure521nvertedpendulums

wehavethefbllowingstatespacerepresentationfbrtheinvertedpendulum．

血,(t）

3t2(t）

僧

籍｜
{＃

帯’

;l州閑
掌:l州
小刈側
掌:l州

“,(t)＋

u2(t)＋

１－寡:’

'一寡:１

妃,(ｔ）

⑳2(t）

(5.4.1a）

(5.4.lb）

Here,weset9/I＝１，１/mI2＝ｌａｎｄル/ｍ＝２.Theuncertaintyoftheintercon‐

nectionsappeaMromthepositionofthespringasα(t)/ＩＥＩ0,11．Inthiscase，

thecorrespondingsystemparametersto(5.2.1)are

Ａｊ＝ 11;い=R書冊 c?＝Ｑボー[１，０１，j＝1,2

9９



andtheinterconnectioninputis

．(り='伽)=2判-{小(り
Thereferencemodelswhichtheoutputsofeachsubsystemshouldfblllowaregiven
asfbllows：

企､#(t）

ymi(t）

um,(t）

"m2(t）

1-1_非犀川{１Ｍ
[1,01⑱mi(t)，ｊ＝１，２

sin20t＋ｓｉｎ５ｔ＋ｓｉｎｔ

ｓｉｎｌＯｔ＋ｓｉｎ２ｔ＋ｓｉｎ0.5ｔ

(5.4.2a）

(5.4.2b）

(5.4.2c）

(5.4.2.）

BecauseeachsubsystemSi(A§’6i,ci),ｊ＝1,2,oftheplant（5.4.1）ｉｓｎｏｔ
ＡＳＰＲ,ｗｅｉｍｐｌｅｍｅｎｔＰＦＣｓｔｏｅａｃｈｓｕｂｓｙｓｔｅｍ，PFCsweredesignedaccordingto

thedesignschemegiveninSection3.2．asfbllows：
６ｊ

（5.43）Ｒ(s)＝雨;,αｉ＝20,6i＝005,ｊ＝1,2
R1rther,wesetthedesignparametersin(5.2.8)ａｓ

ｒＩｊ＝diag{1051021021021,ｒｐ#＝diag[104101010}，

ぴ,ｊ＝０．１，ヶ2ｉ＝0.05,ｊ＝１，２

andthedesignparametersin(5.2.46)ａｓ

ｒβ庇＝103ム，ｒβpj＝１０２１３

ヶβ亜＝０．１，q62j＝０．０５，ｅ＝0.01,ｊ＝１，２

Figures５．３～５．６illustratesimulationresults・Figure5､３isaresultwhich

showsthecomparisonbetweentheproposedmethod(decentralizedSAC)andthe

methodgivenbyGavelandSiljak（1989)．Thetrackingerroramplitudewith

decentralizedSACisreducedbylOpercentcomparedwithGavel'smethodFig‐

ure54showstheoriginaltrackingerrorbetweentheoriginalplantandreference

modeloutputsandtheaugmentedtrackingerrorbetweentheaugmentedplant

withPFCs(5.4.3)andthereferencemodeloutputs・Inaddition,theresultswith

therobustdecentralizedSACareshowninFigure5.5．Wecanseefromthesetwo

figuresthatalthoughtherobustdecentralizedSACsignificantlyaffectsaugmented

systems,thereisnoimprovementfbrtheoriginalｓｙｓｔｅｍｄｕｅｔｏｂｉａｓａｆｆｅｃｔｓｈｏｍ

ＰＦＣｓ・Ａｓａcountermeasuretothisproblem,ｗｅｒｅdesignedparametersfOrPFCs

by6i＝0.005,ｊ＝１，２．Ｔｈａｔis,ｗｅｅｍｐｌｏｙｅｄｔｈｅＰＦＣｗｉｔｈｌｏｗｅｒｇａｉｎ・Theresult

withrobustdecentralizｅｄＳＡＣｉｓｓｈｏｗｎｉｎＦｉｇｕｒｅ５､6．Itisseenthatthetracking

perfOrmancewassigificantlyimproved．
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5.5Ｃｏｎｃｌｕｓｉｏｎｓ

Inthischapter，weconsideredtheapplicationsofSＡＣｍｅｔｈｏｄａｎｄｒｏｂｕｓｔ

ＳＡＣｍｅｔｈｏｄｔｏｄｅcentralizedcontrolsystems・Thestabilityoftheobtainedde‐

centralizedSACsystemisguaranteedbythesatisfactionofM-matrixconditionor

therangeconditionfbreachsubsystem・Theeffectivenessoftheproposedmeth‐

odswereconfirmedthroughanumericalsimulationfbllowingtheexamplegiven

byGavelandSiljak(1989).TheproposeddecentralizedSACschemehassignif

icantrobustnesswithregardtouncertaininterconnectionsinlarge-scalesystems

similartotheresultsobtainedfbrdisturbancesintheprecedingsections．
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６SimpleAdaptiveControlwithDerivative

Control五℃r、

６．１Introduction

ＷｅｃａｎａｐｐｌｙｔｈｅＳＡＣｍｅｔｈｏｄｔｏｔｈｅＡＳＰＲａｕｇｍｅｎｔｅｄｐｌａｎｔｗｉｔｈａＰＦＣ

ｅｖｅｎｉｆｔｈｅｏｒｉｇｉｎａｌｐｌａｎｔｉｓｎｏｔＡＳＰＲ・Ｉｎｔｈｉｓｃａｓｅ，ｉｆｗｅｄｅｓｉｇｎａＰＦＣｗｈｉｃｈ

ｈａｓａｍｕｃｈｓｍａllergainthanthatoftheoriginalplant,thecontrolobjectivefbr

theoriginalplantcanbeapproximatelyattaineｄｂｙａｐｐｌｙｉｎｇｔｈｅＳＡＣｍｅｔｈｏｄ

ｔｏｔｈｅａｕgmentedplantinsteadoftheoriginalplant・However,ａｓｓｈｏｗｎｂｙＢａｒ‐

Kana(1991),choosingasmallergainPFCleadstotheincreaseofthefeedback

gainwhichisadaptivelyadjustedintheaugmentedcontrolsystembecausethe

leadingcoefficientoftheaugmentedplantdependsontheleadingcoefIicientof

thePFC、Inthissituation，theamplitudeofthecontrolinputoftenincreasesat

thetransientstate・Inthischapter,itisshownthattheabovementionedproblem

isimprovedbyaddingaderivativeactiontermtotheoriginalSACinput．

６．２SimpleAdaptiveControlwithDerivativeControl

Ⅵ℃rｍ

6.2.1ControlAlgorithm

Considerthefbllowingnorderm-input/outputplant：

鈍)＝Ａ犯(ｔ)＋Ｂ皿(t）

Ｗ)＝Ｃ鯵(t）

and”morderm-input/outputreferencemodel：

金､(t)＝Ａｍ錘､(ｔ)＋Ｂｍｕｍ(t）

ym(t)＝ｃ､鯵､(t）

(6.2.1a）

(6.21b）

(6.2.2a）

(6.2.2b）

Supposethattheplant(6.21）andthereferencemodel(6.2.2)satisfyAs‐
sumptio、2.2．Ｔｈａｔis,fbrtheseplantandrehencemodel,ｗｅｃａｎｄｅｓｉｇｎａＳＡＣ
ｓｙｓｔｅｍ・Underthiscondition，themodifiedSACinputwithderivativetermis
givenasfbllows：

皿(t)＝Ｋ(t)z(t)＋Ｋ‘も,(t）

１０４

(6.23）



where

z(ｔ)＝{e,(t)T,妃m(ｔ)T,z‘m(t)Tlr

e,(t)＝ｙ(ｵ)－ず(t)＝zﾉ(t)－ｙｍ(t）

K(t)＝IKe(ｔ),鴎(t),脇(ｔ)１，Kひ＝好く０

andthegainmatrixＫ(t)isadaptivelyadjustedbythefOllowingparameterad
justinglaw

1義f灘藍川Ⅲ
rI＝rF〉0ルーr沼〉O,。,,。2〉０

6.2.2StabilityoftheControlSystem

(6.2.4）

ＴｈｅstabilityisanaJyzedonlyfbrthecasewherethereferenceinputisco､‐

stant・Ｉｔｗｉｌｌｓｉｍｉｌａｒｌｙｂｅｓｈｏｗｎｆｂｒｔｈｅｃａsewherethereferenceinputisany

fmctionoftsatisfyingAssumption2,2(4)．

Supposethattheperfectmodeloutputfbllowing：ｅ州）三Oisattained

Denotingtheidealstate,inputandoutputas勿率(#),ｕ*(ｔ)andｇ*(ｵ),respectively，
ｗｅｈａｖｅ

企*(t)＝Ａ錘*(ｔ)＋Ｂ皿*(t）

ず(ｫ)＝ｃ錘*(ｔ)＝ｇｍ(ｔ）

皿*(ｔ)＝島,記､(t)＋s22um(t）

(6.25a）

(6.2.5b）

(6.25c）

Now,defininge麺(ｔ)＝妃(t)－⑳率(ｵ)ａｎｄｅ,(t)＝ｇ(t)－り*(t)＝Zﾉ(t)－ｇｍ(t)，

wehavefrom(6.2.1),(6.2.3)and(6.2.5)that

where

(I-BKuC)も錘(t)＝Ace参(t)＋Ｂ△皿(t）

ｅ，(t)＝Ｃｅ鯵(t）

△u(t)＝Ｍ(t)z(t）

(6.2.6a）

(6.2.6b）

(6.2.6c）

ＡＣ＝Ａ＋Ｂｋ:Ｃ(K:：againwhichmakestheclosedloopASPR）

△Ｋ(t)＝Ｋ(t)－Ｋ難'Ｋ率＝[K:,S211S221T

１０５



２
－
鎮
３
－
段

２
｜
鰻
１
一
段

(6.2.9a）

(6.2.9b）

色錘(t)＝Ace露(t)＋Ｂ△U(t）

eg(t)＝Ｃｅ諺(t）

where

Ac＝(Ｉ－ＢＫひC)-'AC,Ｂ＝(Ｉ－ＢＫ沙C)-'B

hthersettingP,＝Ｐ(Ｉ－ＢＫⅧC),sinceK沙＝Ｋ3,〈Oandfrom(6.2.7),it
fbllowsthatR,＝ＲＦ〉OBromthisresultand(6.2.7),ｗｅhave

斑E,＋PlAc＝一Q,ETP,＝C’ （6.2.10）

ThisimpliesthattheKalman-YakubovichLemmaholdsinerrorsystem(6.2.9)．

Ｎｏｗ,considerthefbllowingpositivedefnitefimction：

Ｖ(t)＝e“(ｔ)TR1e慾(t)＋tr{△KI(t)r7'△KJ(t)T｝（6.2.11）

where

△ＫＩ(t)＝ＫＩ(t)－Ｋ＊

Theultimateunifbrmboundednessofallthesignalsinthecontrolsystｅｍ

ｃａｎｅａｓｉｌｙｂｅｐｒｏｖｅｄｂｙｕｓｉｎｇｔｈｅｓamemannershowninSection23・Finally,we

havethefbllowingtheoremconcerningthestabilityofthecontrolsystem．

Theorem6､1:Ａ〃thes柳αＩＳｉ"tﾉieco加州system⑩肋CO"州如”(6.2.3)”ｅ
伽ｍａｔｅノリf‘､加ｒｍｊｚ/伽､｡e伽冗derAssumpt伽２２．

6.3NumericalSimulations

Wesetthefbllowing2-input/outputnon-ASPRplantasacontrolledplant．

Here,fromtheASPR-nessoftheplant(6.2.1),thereexistpositivedefinite

matricesPandQsuchthat

A?Ｐ＋PAC＝－Q,ＢＴＰ＝Ｃ （6.27）

SinceKびく０，itfOllowsfrom(6.2.7)that

det(Ｉ－ＢＫ,C)＝detKm,det(Ｋ『'一ＣＢ）

＝detKUdet(K5'一BTCB)≠０ （6.2.8）

Thus,weobtainthefbllowingerrorsystemfrom(6.2.6)and(6.2.8)．

G(s)＝ (6.3.1）

１０６



Thereferencemodelisgivenby

鮒=地|南南｝
皿､(t)＝[0.3＋1.85sinlOt,0.3＋1.85coslOtlT

Sincetheplant(6.3.1)isnotASPR,wedesignthePFCasfbllows：

F③=｡i昭|市制，>,

(6.3.2）

(6.3.3）

Fbranyβ＞０，theaugmentedplantG｡(s)＝Ｇ(s)＋Ｆ(s)isASPR

Figure6・lshowstherelationbetweenβandtheupperboundUoo伽such

that2011ogl91,(池)/9.,,(〃)||≦３fbr(1,1)elementsofG(s)ａｎｄＧ｡(s)．Itis

seenthatasmallerβmakestheupperboundLJobigger・Thismeansthatthe

smallerβexpandsanapplicablerangeoftheSACmethodinthesensethatthe

frequencyrangewhichsatisfiesl9,,(池)|＝'9.,,(池)|becomeswider・Contramy，

asshowninnble61,theadaptivelyadjustedgainKc(t)strikinglyincreasesfbr

asmallerβ、However,asshowninFigure6､2,themaximumvalueofKe(t)is

suppressedandreducedbyaddingaderivativecontroltermtotheoriginalSAC

input・Figure6､３ａｎｄ６．４showsimulationresultwithKtノーＯａｎｄＫｔノー-5.01,

respectively,fbrβ＝０．００５ｉｎ(6.3.3)．Itisapparentthatwecanobtainbetter

controlperfbrmancebyusingthemodifiedSACinputwithderivativetermthan

usingtheoriginalSACinput．

1０３ 一戸ｒ司一ｒＴＴＶ－庁

】０４

1０３

胃００２

１０１

１００

1０．２1０４
0０．１ QE-qO-Q＝Q■ＱｑＱＱｐ２

1０．３ IOC1０．３ 10.0

ｂｅ麹

Figure6,lCutofTfrequencyL‘ﾉovs､feedfbrwardcompensatorgainβ

107



回一

daptivegainKe(ｔ)fbrderivativefeedbackgainKi,and

fbedfbrwardcompensatorgainβ

０

108

一一一一９．．－－－－．－

Table61AdaptivegainKe(t)fbrfeedfbrwardcompensatorgainβ

Figure6､２MaximumadaptivegainKe

I‘一一…一.１

○β=0‘ｌ
△β=0001

□β=0.05

×β=0.005

“

（
一
一
。
》
一
一
淫
幻
二

＆全全面全ムムム－星一一三~.一･ニーーーー＝－－－‐＝

llKvll
１２３４５６７８９１［

－－⑨

β 0.1 0．０５ 0.01 0.005

llKeO
一
一 200)|’ 58.9 137.5 262.5 592.8

maxllKe(t)Ｉ 88.5 637.9 833.3 2139.1



凸｡

{：
Ｕ

ｌｉｍｅ

(a)'Iifackingerrors

一
コ
色
屋

（b)Controlinputs

Figure6､３SimulationresultsfbroriginalＳＡＣ

ｌｉｍｅ

109



400

0.4

0.3

0.2

0.1

ｰ

ｇ
Ｕ

０

-0.1

-0.2

-０３

-0.4
００．５１１．５２２．５３３．５４４．５s

１ｉｍｃ

(a)nackingerrors

110

-100

300

200

100

一
ヨ
ロ
屋
『■

０

-200

-300

-400

００５１１．５z Ｚ ５ ３ ３ ． ５ ４ ４ ． ５ Ｓ

１ｉｍｅ

(b)Controlinputs

Figure6､４SimulationresultsfbrSACwithderivativecontrolterm



６．４Ｃｏｎｃｌｕｓｉｏｎｓ

lnthischapter,amodifiedSACalgorithmwithderivativecontroltermwas

proposed・ＴｈｅＳＡＣｉｓｇｅｎｅｒａｌｌｙａｐｐｌｉｅｄｔｏａｎａｕｇｍｅｎｔｅｄｐｌａｎｔｗｉｔｈＰＦＣｉｎ

ｔｈｅｃａｓｅｗｈeretheoriginalplantisnotASPR・Ｉｎｔｈｉｓｃａｓｅ，toobtainabetter

trackingperfbrmancefbrtheoriginalplantoutput,ｗｅｈａｖｅｔｏｄｅｓｉｇｎａＰＦＣｗｉｔｈ

smallergain・Contrarily,ｓｅｔｔｉｎｇｔｈｅＰＦＣｇａｉｎｓｍａｌｌｌｅａｄｓｔｏａnincreaseinthe

adaptivefeedbackgainsothatthetrackingperfbrmanceinthetransientstate

mightbecomeworse、TheproposedmodifiedSACmethodsignificantlyaffects
thissituation．

1１１



７Ｃｏｎｃｌｕｓｉｏｎｓ

Adaptivecontrolisadirectaggregationofacontrolmethodologywithsome

fOrmrecursivesystemidentification・Itadjustscontrollerparametersautomati‐

callysoastoobtaingoodcontrolperfOrmanceduringthewholeoperationinthe

presenceofuncertaintiesandparameterchanges、However，ｉｎgeneral，assump‐

tionsontheadaptivecontrolstoguaranteethestabilityofthecontrolsystem

areseldomvaliedonpracticalplants・Withthispointinmind，therobustnessof

theadaptivecontrolsystemwasdiscussedduringthelatel980's・Manymodified

adaptivecontrolschemesaimedatimprovingtherobustnessofthecontrolsystems

wereproposed，Unfbrtunately,mostofthesemodificationscausedcomplications

oftheadaptivecontrollerstructure・Forpracticingengineers，thesimplicityof

controllerstructureisextremelyfascinatingbecausetheycaneasilyimplement

thecontrolmethods・Withthesepointsasbackground，ａｎｅｗｓｔｒａｔｅｇｙｔｏｄｉ‐

rectmodelreferenceadaptivecontrol,so-calledS抑ﾉｅＭα”ひｅＣｂ"州(SAC)，

ｗａｓproposed・Themethodmakesitpossibletoconstructtheadaptivecontrol

systemregardlessoftheplantorder・Thebasicideaofthisadaptivemethｏｄｉｓ

ｔｏｅｎｓｕｒｅｔｈｅｓｔａｂｉｌｉｔｙｏｆｔｈｅｃontrolsystembyusingtheoutputfeedbackunder

theaﾉmoststrjc地pos池ひereaﾉ(ASPR)conditionontheplantandtoattainthe

modeloutputfbllowingbyfOrwardcompensationbasedontheCｂｍｍａｎｄＧｅ７ｚｅ‐

tatｏｒ伽cAer(CGT）theory・TheSACisrobustwithregardtodisturbances，

unmodelleddynamics,andnon-linearities、Theserobustperfbrmanceshavebeen

confirmedthroughseveralnumericalsimulationsandpracticalexperiments，Ｈｏｗ‐

ever，thereweresomesevereconstraintstoimplementthemethod，ｓｕｃｈａｓｔｈｅ

ｒｅｑｕｉｒｅｍｅｎｔｏｆｔｈｅＡＳＰＲ－nessoftheplant・Thus，somewhatseriousproblems

haveremainedwithregardtotheapplicabilｉｔｙｏｆｔｈｅＳＡＣｔｏｔｈｅｗｉｄｅｒｃｌａｓｓｏｆ

ｔｈecontrolledplant・

Inthisresearch，problemｓｆｂｒｄｅｓｉｇｎｏｆＳＡＣｓｙｓｔｅｍｓｗｅｒｅｃｏｎｓideredtoex‐

pandtheapplicableclassofthecontrolledplantoftheSACschemes・

ＩｎＣｈａｐｔｅｒ２，abasicconceptofSACfbl･ASPRplantswasreviewedfbrthe

sakeofbrevityofdiscussionsinthefbllowingchapters・ＴｈｅＣＧＴｔｈｅｏｒｙａｎｄ
ｔｈｅＡＳＰＲ－ｎｅｓｓｏｆｔheplantwerediscussed、AbasicalgorithmoftheSACand
stabilityofthecontrolsystemwerealsogiveninthischapter・

ToexpandtheapplicabilityoftheSACtoplantsnotsatisfyingASPRcon-
dition,designschemesofcompensator(whichmakenon-ASPRplantsASPRin
thesensethattheresultingaugmentedplantwithcompensatorsisASPR)were
presentedinChapter3，Systematicdesignschemesfbraparallelfeedfbrward

compensator(PFC)weregiveninthischapterfbrbothsingle-input/single-output
andmulti-input/multi-outputminimumphaseplantswithunknownordersbut

knownrelativedegrees・Robustdesignschemesofcompensators(PFCandpre‐
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compensator)usingfrequencydomainanalysiswerealsopresentedfbrplantswith

multiplicativeplantuncertaintieswhichmightbenon-minimumphaseinthis

chapter・

Chapter4presentedarobustSACalgorithmfbrplantswithstate-dependent

disturbances・SACisgenerallyrobustwithregardｔｏｄisturbances、Ｔｈｉｓｒｏ‐

ｂｕｓｔｎｅｓｓｏｆｔｈｅＳＡＣｉｓｄｕｅｔｏｔｈｅＳＡＣ，sabilitytomakeahighgajnadaptive

outputfeedbackcontrolsystemsubjecttotheASPR-nessofthecontrolledplant・

However,inthecasewhere伽eextemaldisturbancesand/orstate-dependent

disturbancesarepresent,ｏｆcourse,thecontrolperfbrmancemightbecomeworse，

ByaddingarobustadaptivecontroltermtotheoriginalSACalgorithm，ｔｈｅ

controlperfOrmanceoftheSACsystemcanbesignificantlyimproved、

Controllingthelarge-scalesystemisdifIicultduetounknowninterconnection

ofeachsubsystem・ThedecentralizedadaptivecontrolmethodsareanefYective

waytohandlethelarge-scalesystem・InChapter5,decentralizedSACschemesfbr

large-scalesystemswithunknowninterconnectionswerepresented、Thestability

conditionsofthecontrolsystemcorrespondingto／Ｍｍａｔ７､jzconditionandren9e

conditionｗｅｒｅｃｌａｒｉｆｉｅｄｌｔｗａｓａｌｓｏｓｈｏｗｎｔｈａｔｔｈｅｕｓｅｏｆｒｏｂｕｓｔＳＡＣｓｃｈｅｍｅ

ｇｉｖｅｎｉｎＣhapter4indecentralizedSACalgorithmwaseffectiveineliminating
theaffectsofinterconnections・

ＩｎＣｈａｐｔｅｒ６,amodifiedSACalgorithmwithaderivativecontroltermaimed

atrobustperfbrmanceintransientstatewaspresented・ＴｈｅＳＡＣｉｓｇｅｎｅｒａｌｌｙ

ａｐｐｌｉｅｄｔｏａｎａｕgmentedplantwithPFCs･Ｉｎｔｈｅｃａｓｅ,toobtainabettertracking

perfbrmancefbrtheoriginalplantoutput,ｗｅｈａｖｅｔｏｄｅｓｉｇｎａＰＦＣｗｉｔｈｓｍａｌｌｅｒ

gain・Contrarily,settingthePFCgainsmallleadstoanincreaseintheadaptive

feedbackgainsothatthetrackingperfbrmanceinthetransientstatesometimes

becomesworse・TheprOposedmethodsignificantlyaffectedthissituation・

Ineachchapter,theeffectivenessofproposalswereconfirmedthroughseveral

typesofnumericalsimulations・

TheproposalsinthisthesisexpandtheapplicabilityoftheSACschemetoa

widerclassofcontrolledplantsincludingbothminimumandnon-minimumphase

non-ASPRplantswithunmodelleddynamics，large-scalesystems，plantswith

unknowndisturbances，ａｎｄｓｏｏｎ・TheobtainedschemesfbrSACsystemdesign

willbeveryusefulandpowerMfbrpracticalplantswithseveraluncertainties．
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