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ABSTRACT

Thecontrolofcyber-physicalsystems(CPS)isagreatchallengeforresearchersincontroltheory
andengineeringmainlybecauseofdelaysinducedbymergingcomputation,communication,and
controlofphysicalprocesses.Consequently,controlsolutionsfortime-delaysystemscanbeapplied
efficientlyformanyCPSsystemconfigurations.Inthisarticle,afractionalorderPIλandPIλDµcontrol
designisinvestigatedforaclassoffractionalordertime-delaysystems.Theproposedcontroldesign
approachissimpleandefficient.Thecontrollerparameter’sadjustmentisachievedintwosteps:first,
therelayapproachisusedtocomputesatisfactoryclassicalPIDcoefficients,namelykp,TiandTd.
Then,thefractionalordersλandµareoptimizedusingperformancecriteria.Simulationresultsshow
theefficiencyoftheproposeddesigntechniqueanditsabilitytoenhancethePIDcontrolperformance.

KeywORDS
Cyber-Physical System, Fractional Order Control, Fractional PIλ Controller, Fractional PIλDµ Controller, 
Optimization, Parameters Adjustment, Performance, Relay Method, Time-Delay Systems

1. INTRODUCTION

Fractionalcalculus(FC)isanoldmathematicalanalysisconceptwhichisattractinggreatinterest
nowadays(Ladacietal.,2008;LadaciandCharef,2012;Rabahetal.,2017).Initiallyintroduced
puremathematics,recently,FChasinvestedvariousengineeringdomains(LadaciandCharef,2006;
Petráš,2011).Fractionalordermodelshaveproventobetterrepresentmanyphysicalsystems,like
dielectric polarization, semi-infinite transmission lines, viscoelasticity, etc. (Schmidt and Gaul,
2002).Intheautomaticcontrolengineeringfield,animportanteffortisdonetowardsdesignand
developmentandapplicationoffractionalordercontrollerswithvariouscontrolstrategies(Khettab
etal.,2019;Vafaeietal.,2019).

Attheotherhand,timedelaysystems(TDS)arefocusingmanyresearchactionsfortheirmultiple
potentialapplications.Inparticular,cyber-physicalsystems(CPS)aregenerallymodelizedasTDS
becausetheyinvolvecommunicationnetworkdelayswithembeddedcontrolandsignalprocessing
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systems.Usually,thecontrolunitgatherssensordataoveracommunicationnetworkandsendsthe
calculatedcontrolvalue inorder to regulate thephysical system.Suchdistributed regulatorsare
highlysensitivetoinduceddelays.TheproblemofcontrolofTDSsystemforCPSapplicationhas
gatheredmanyresearcheswithvariouscontrolapproaches(Louetal.,2016;Shenetal.,2014;Xiaet
al.,2011).Theoriginalityofthisworkisaddressingtheclassoffractionalordertime-delaysystems
whichgeneralizestheCPScontrolproblemmodelization.

Recently,agreatnumberofresearchersfocusedtheirworkonthestabilityanalysisoffractional
ordertime-delaysystems(Lazarević,2011;Zhangetal.,2016;Lietal.,2014;Heetal.,2018).Finite-
timestabilityhasbeeninvestigatedin(LazarevićandSpasić,2009;Chenetal.,2014;Naifaretal.,
2019),whiledifferentstabilitycriteriaforthisclassofsystemshavebeenproposedinliterature(Hwang
andCheng,2006;Merrikh-BayatandKarimi-Ghartemani,2009;ShiandWang,2011;Fioravanti
etal.,2012;Gao,2014).Stabilityoflinearfractionalordersystemswithdelayshasbeenstudiedin
manypapers(Busłowicz,2008),alsofractional-ordernonlinearsystemswithdelay(Lazarevićand
Debeljković,2008;WangandLi,2014),neutralfractional-delaysystems(BonnetandPartington,
2002;Xuetal.,2016)andfractional-ordertime-varyingdelaysystems(Boukaletal.,2016).

In the fieldof control engineering, the introductionof fractional operators and systemshas
provencertainability forperformanceenhancementLiandChen (2008).Oneof thepioneering
workswasdevelopedbyPodlubnyin1999whohasproposedageneralizedformforPIDcontrollers,
namelyPIλDμcontrollers,usinganintegratoroforderλandadifferentiatoroforderμ(whereλand
μhaverealvalues)(Podlubny,1999).HeshowedthatthefractionalorderPIDcontrolimprovesthe
controlsystemperformanceincomparisonwiththeclassicalPIDcontrollerbecauseoftheextrareal
parametersλandμinvolved.Theimplementationofthisfractionalcontrollerneedsthesenon-integer
operatorstobeapproximated,usingfrequencydomainapproximationssuchasOustaloup’smethod
(Oustaloupetal.,2000)andCharef’smethod(Charefetal.,1992).

However,theproblemofPIDcontrollers’tuningremainsanimportantissue(Rabahetal.,2018;
Bouroubaetal.,2018).Thereexistmanyadjustingtechniquesthatdonotrequireanymodelofthe
planttocontrol.Allthatisneededtoapplysuchrulesistohavetimeresponseoftheplant.Examples
ofsuchsetsofrulesarethoseduetoZieglerandNichols,CohenandCoon,andtheKappa-Taurules
(ValérioandCosta2006).Inparticular,theZiegler-Nicholsmethod(Ziegleretal.,1942)stillremains
popular,particularlyinindustry.Aninterestingsimilarmodernapproachisbasedontherelayauto
tuning(Athertonetal.,2014).

Inthispaper,afractionalorderPIλandPIλDµcontroldesigntechniqueisproposedforaclassof
fractionalorderTime-Delaysystems.Thecontrollerparameter’sadjustmentisachievedintwosteps:
first,therelayapproachisusedtocomputesatisfactoryclassicalPIDcoefficients,namelykp,Ti,and
Td.Then,thefractionalordersλandµareoptimizedusingperformancecriteria.

Thispaperisorganizedasfollows:InSection2,thedesignofbothintegerorderPIandPID
controllerswithrelayfeedbackmethodisgiven.Charef’sapproximationmethodforfractionalorder
systemsisintroducedinSection3,whereastheproposeddesignmethodologyforfractionalorder
PIandPIDcontrollersisgiveninSection4.InSection5,simulationexamplesaboutintegerand
fractionaltimedelaysystemsarepresented.ConcludingremarksaregiveninSection6.

2. DeSIGN OF INTeGeR ORDeR PI AND PID 
CONTROLLeRS FOR TIMe-DeLAy SySTeMS

The transfer function of an integer order PI controller and the integer order system are given
respectivelyby:
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