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ABSTRACT

Basedon theprevious researchon theproduction lineautomation, thispapercarriesout further
researchandfurtherdesignanddevelopmentonthebasisoftheoriginalproductionlineautomation
equipment.Inthispaper,theoveralldesignoftheautomaticproductionlineiscarriedout,andthe
varioussystemsintheautomaticproductionlineareoptimized,andthebackwardinstrumentsare
eliminated,andthensomemoreadvancedandconvenientinstrumentsareapplied.Then,thehardware
andsoftwareof theautomaticproduction lineare studied respectively,and thehuman-computer
interactionmoduleandreal-timemaincontrolcircuitmoduleareredeveloped,andtheelectricshaft
isappliedtotheautomaticproductionline.Finally,thefuzzyPIDcontrollerofthesteppingmotoris
designed.TheexperimentshowsthatthefuzzyPIDcontrolschemeisbetterthanthetraditionalPID
controlscheme.Aftertherationalizationofthesystem,thequalityrobustnessofproactiveplanning
isimproved.Then,thetemperatureofmotorizedspindlewastested.
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1. INTRoDUCTIoN

IntheUnitedStates,JapanandGermanyandotherdevelopedcountries,theirmanufacturingindustry
hasanabsoluteadvantageintheglobalstructure,suchastheDemagGroupandtheMazakGroup
(Grubljesicetal.,2019).Theirfive-axisequipmentisverypopularinourcountry.Atpresent,these
developedcountriesregardmachinetooltransformationasanewgoldindustrytopromoteeconomic
growth,whichisaforcethatcannotbeignoredtopromoteGPDbedtransformationintherapid
developmentperiod.Duetotherapiddevelopmentofmachinetoolmanufacturingtechnology,alarge
numberofhigh-techmachinetoolmanufacturing,machinetoolsareconstantlyupdated,machine
toolshavebecomeaproblemthatneedscontinuousinnovation,researchandsolution,withtherise
and fall of the machinery industry, continuous development (Ahmed & Shusen, 2019; Meziane
&Taghezout, 2018).After self-transformation,CNCmachine tools andproduction lines canbe
improvedandmarketdemandishighandisgraduallyforminganewindustry.IntheUnitedStates,
thefamousrecyclingcompaniesincludeBelcherEngineering,DebaoServiceGroup,theAmerican
equipmentcompany,etc.USoildepotcompanyestablishedacompanyinChinatocarryoutbusiness
developmentrelatedtomachinetooltransformation(Li,Cao,Yangetal,2018).Germany’smachine
tooltransformationhasalsomadegratifyingachievements.Moreandmoreenterprisesseethisbig
cakeandwanttoshareit.InGermany,therearepersonalworkshopsandmachinerymanufacturing
enterprisesengagedinmachinetooltransformation.Ontheotherhand,inordertofullytransform
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scientificresearchstrengthintoproductivity,someuniversitiesandscientificresearchinstitutions
alsoparticipateinthiswork(Zhang,Li,Wuetal,2018).Theseeffortshavereceivedstrongpolicy
andeconomicsupportfromthegovernment,aswellasspecialassistancefromthefederalandstate
governments.Thequalityandefficiencyofoldmachinetoolshasimprovedsignificantlysincethe
transformation,suchastheregenerationofNirvana,whichcanmeetalltypesofproductionneeds;and
thepriceisveryattractive.Inaddition,thesecond-handmachinetoolsalesserviceisalsoveryperfect.

Sixtyyearsago,manipulatorswerefirstdevelopedandmanufacturedintheUnitedStates(Kono
etal.,2019).Itismainlyusedinvariousfieldsofautomaticproduction,anditsultimategoalisto
achievedriverlessproduction.Industrialrobotisatypicalrobot(Jiangetal.,2017).Itcanbeusedin
allkindsofoccasions,withpowerfulfunctions,andcanmeettherequirementsofpeople’sintelligence
andadaptability.Becausethemanipulatorhasmanyadvantages,therearetwooutstandingadvantages.
Oneistheaccuracyandaccuracyofthework.Thesecondisefficiency.Thesecondistheability
tofinishthework.Inrecentyears,theautomationindustryhassprunguplikemushrooms,andthe
developmentofmanipulatorhasbeengreatlyimproved.Theapplicationoftheoperatormayimprove
theworkingconditionsofworkersinvolvedinengineeringandconstruction,solvetheproblemof
theshortageofjobsincountrieswithasmallpopulationandcanbeusedtobuildsmart,unmanned
laboratories(Hamidi&Jahanshahifard,2018).Therearefourtypesofmanipulatordrive:hydraulic
drive, pneumatic drive, electrical drive and mechanical drive (Golovin et al., 2018). Hydraulic
transmissionaheavymanipulatorusedtodrivealargehead.Itcannotonlyrealizelinearmotion
throughhydrauliccylinder,motorandgearrack,butalsorotatethroughrotarycylinder,motor,reducer
andgear.Pneumatictransmissioncomponentsincludepneumaticcylinder,piston,aircompressor,
etc.Itsadvantagesareeasyaccesstoair,goodmaintenanceandlowprice.Thedisadvantageissmall
clampingforceandlargevolume.Atpresent,electricdrivehasnotbeenwidelyused(Zhang,Wang,
&Zhang,2018).Theadvantagesofelectricdrive:simplepowersupply,convenientmaintenance,
largeclampingforce,suitableforheavymanipulator.Mechanicaltransmissionismainlyusedinsome
specialoccasions,belongingtothecategoryofspecialaircraft.Mechanicaltransmissiongenerally
usesacamconnectionmechanism,throughthismechanicalstructure,toperformtheplannedaction.
Mechanicaltransmissionhasmanyadvantages,inparticular:stable,safeandreliable,fastspeedof
action,lowprice,highcostefficiency,thedisadvantageisnoteasytoadaptandadapt.

Therearemanychoicesinthecorecontroller.Suchassinglechipmicrocomputer,industrial
computer, HLC and so on (Zheng et al., 2018). In recent years, computer control system has
producednewideas.Inaddition,withtheoptimizationofcontrolalgorithm,manynewdirection
controlhardware,suchasmotioncontrolcardandlogiccontroller,haveappeared(Lakshmanaprabu
etal.,2019).Thesingle-chipmicrocomputercontrolmanipulator ismainlyused in thesituation
ofnottoohighrequirements,generallyrequirescommunicationpowersupplymodule.Thereare
stillmanydeficiencies,mainlyinthedevelopmentanddesignworkload,poorloadoutputcapacity,
poorstabilityandsoon.Itsadvantagesarestrongenvironmentaladaptabilityandlowcost.PLC
controlmanipulatorcanachievecomplexcontrolaccordingtothedesignneeds,canmeetmostof
thecontrolneeds,andhasbeenwidelyused(Liuetal.,2018).PLCcontrolhasmanyadvantages,
whichcanbesummarisedasfollows:theworkloadofsoftwareandmaterialdevelopmentissmall
andtheconstructionofthecontrolsystemcanbecompletedwithoutspendingtoomuchenergyin
thedevelopmentprocess(Naeem,2021).Ithasthecharacteristicsofstrongoutputloadcapacity,
safety,stability,reliability,simplemaintenance,convenientadjustmentanduse,strongadaptability
totheenvironment.Thedisadvantageisthatthehardwarecostisrelativelyhigh.Industrialcontrol
computercanbeusedformanipulatorcontrol,withrichfunctions,strongpracticabilityandexcellent
performance.Industrialcontrolcomputerhastheadvantagesofhighspeed,strongenvironmental
adaptabilityandhighreliability.Thedisadvantagesareheavyworkloadandhighcost.

ThedevelopmentofPIDcontrollerhasexperienced70years.Ithastheadvantagesofstableand
reliableoperation,convenientparameteradjustment,simplesystemcombinationandgoodstability.At
present,PIDcontrolhasbecomeoneoftheindispensablemaintechnologiesinindustrialproduction
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practicecontrol(Tianetal.,2018).Afterdecadesofcontinuousinnovation,PIDcontroltechnologyhas
completeditsownbutterflytransformation,formingalargenumberofimprovedalgorithms(Singhet
al.,2019).PIDalgorithmisthemostwidelyusedalgorithmintheproductionprocess.Thealgorithm
issimple,easytounderstand,lessadjustmentparametersandconvenientcontrol.Variousimproved
algorithmscanbederived.Especiallyintheindustrialprocesscontrol,sometimesthesituationis
complexandcomplex,itisdifficulttofindoutthetemperofthecontrolobject,itisdifficulttoget
themathematicalmodelaccurately,whichleadstothedifficultytodeterminethesystemparameters.
Thetraditionalcontroltheorycannotachievethedesiredeffect.Fuzzycontrolandtraditionalcontrol
learnfromeachother,seekadvantagesandavoiddisadvantages,formingthisexcellentalgorithm
(Agarwaletal.,2018).Fuzzycontroldependsontheexperienceaccumulatedbyexpertsandengineers
whohaveparticipatedinthecontrolprocessforalongtime.Thesecontrolexperiencesarewritten
intotherules(Biswasetal.,2018).Whenencounteringsimilarcontrolsituation,wecanrefertothe
realizationtoachievethedesiredcontroleffect.

Thispaperputsforwardtheideaofapplyingindustrialmotorizedspindletoautomaticproduction
lineandcarriesoutexperimentsonit.Basedonthetraditionalautomatedproductionline,thepaper
redesigns,retainstheessenceoftheoriginalautomatedproductionline,andchangesthebackward
partintothelatesttechnology.Andthesegmentoftheautomationmaterialimproves,thetraditional
PIDchangestounclearPIDandfinallytheindustrialaxledriveisaddedtotheautomaticproduction
line.Finally,theexperimentalpartcomparesthetraditionalPIDandfuzzyPIDandfindsthatthe
opaquePIDcontrolsystemisbetterthantheconventionalPIDcontrol.Then,theinfluenceofdifferent
configurationparametersonproactiveschedulingistestedandthetemperatureofmotorizedspindle
ismeasuredandrecorded.Finally,theautomaticproductionlinewithmotorizedspindleiscompared
withthetraditionalautomaticproductionline.Theexperimentalresultsshowthattheproduction
efficiency of the automatic production line with industrial motorized spindle has been greatly
improved,andtheproductqualificationratehasalsobeengreatlyimproved.

2. oVERALL SCHEME DESIGN oF AUToMATIC PRoDUCTIoN LINE

2.1 Automatic Stacking welding System
Therearetwowaystoautomaticallystackcode(Zhang&Yu,2018).Oneistousethesuctionhead
toadsorbthecopperstriponebyoneuntilitmeetstheprocessrequirements.Thisstackingmethod
needstomatchaspecificproducttypeslot.Whenthesuctionheadabsorbsthecopperrod,theinitial
positionofthecopperrodshallbekeptaccurateandtheerrorshallbewithintherequiredrange.This
methodhasawiderangeofapplications.Itcanstackproductsofdifferentshapesandquantities.
However,theaccuracyofgroovesizeisrequiredtobehigher.Aslotneedsmoretimeatatime,and
theworkpiecehasmorelayers.Suchascopperbarautomaticstackingmechanismlimitsthestacking
ofslotsandpneumaticcomponents.Thestowagemechanismshallbelocatedinthecompartmentof
theevacuationdoor.Thecoppercuttingrodfelltothelimitofgravity.Whenthenumberofcopper
stripsreachesagroup,theright-angleshackleconnectedwiththepneumaticpushrodispushedfrom
outsidetoinsideuntiltheloosediecopperstripisfoldedalongthelengthandwidth.

Whenthepinfoiliswelded,thepositioningaccuracyisveryhigh.Thecopperfoilmustbesentto
aspecificpositionandweldedatanangle.Therefore,thesix-axismanipulatorisselectedtotransport
copperfoil,whichreducesthepositionerrorandmeetstherequirementsoftransportingcopperbox
toanyposition.Copperfoiliseasytodeformduetogravityduringtransportation.Inordertomake
thecopperfoilorderly,themechanicalgripperatbothendsofthecopperfoilshouldbeclampedand
fixed,andagapshouldbeopenedatonesideofthelimitgroove.Afterthecopperrodsarestacked,
themanipulatorclampsthecoppersheetsatbothendsofthegaptopreventthecopperrodsfrom
beingclampedbygravity.Whenthecopperrodsarestackedorderlybythepneumaticpushrod,the
manipulatorextendsthroughtheslotsurfaceopeningofthemoldtoclampandfixthecopperrod.
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2.2 Automatic Stamping System
Stampingformingisaflexibleconnectionformingprocessforcopperbarsadaptedtodifferentworking
environments(Li,Yang,Chenetal,2018).Theshearedwasteiscollectedinthewastecollectionbox
underthepunch.Thecontrolsystemofstampingmachineconsistsoftwoparts:logiccontroland
motioncontrol,whichcanbeintegratedintoonecontroller(Lakshmanaprabuetal.,2019).Logic
controlandmotioncontrolcanbedividedintotwokindsofcontrollers.Thetransmissionstructure
adoptssynchronousbeltorscrewdrivenbythesamemotor.Therearetwotypes:manualandautomatic.
Manualloadingandunloadingperformanceishigh,therearehiddenrisksintheoperationprocess.
Withthecontinuousimprovementofelectricalcontroltechnology,stampingautomationtechnology
hasalsobeenrapiddevelopment.Atpresent,themaster-slavecontrolandrapidfeedmechanismof
synchronouspressareusedtogreatlyimprovetheproductionefficiency.Instampingautomation
equipment,multiaxismotioncontrolservotechnologyiswidelyusedbecauseofitshighcontrol
performanceandfastdynamicresponse.

2.3 Automatic Bending System
The bending mechanism can be divided into single stroke bending mechanism and multi-stroke
bendingmechanism(Jietal.,2018).Thetypicalstructureofthesinglestrokebendingmechanism
isthattheupperdieisaV-shapedpressingblockandthelowerdieisaV-shapedgroovestructure.
Theworkpieceisbenttotherequiredstructurethroughthelowerdiethroughthefirstfeedingofthe
pressingblock.Themultistrokebendingmechanismissuitableforworkpieceswithcomplicated
structure.Thebendingprocessofworkpieceiscompletedbybatchstampingstepbystep,whichhas
awiderangeofapplications.

Bendingofplate-shapedworkpiecereferstotheprocessingofchangingtheangleofplateorplate.
Forexample,bendingplatesintoV-shaped,UU-shaped,etc.,thecommonlyusedbendingmachine
canbedividedintotwotypesaccordingtothestructure:oneisdiebending,whichissuitablefor
plate-shapedworkpieceswithcomplexstructure,smallvolumeandlarge-scaleprocessing;theother
isbendingmachinebending,whichisusedtoprocesslarge-scalestructuresorsmallproducts.The
sizeofthecopperbarflexibleconnectionworkpiecestudiedinthisprojectis160*30*2mm,the
bendingmechanismisconcave,theshapeissimple,andthemarketdemandislarge,sosinglestroke
dieisselectedforbending.Afterthestampingprocessofcopperbarsoftconnectioniscompleted,
thesuctiontypesixaxismanipulatorwillabsorbthesoftconnectionfromthestampinggrooveand
transferittothelowerdieofthebendingmachine.Ifthecopperbarisdirectlyplacedinthemodule
andthebendingdieisbenttoperformthisaction,thevibrationoperationinthemediummaychange
thepositionoftheflexibleconnection,resultinginthebendingpartnotmeetingtherequiredstandard.
Therefore,itisnecessarytoplacepositioningdeviceonthemoduletomakethepositionofcopper
rodflexibleconnectionchangelittle(Tan&Gligor,2019).

2.4 Automatic Casing System
The soft connection of power battery copper rod is made of multi-layer anti corona flat thin
copperconductor,andtheouterlayerismadeofextrudedinsulationlayer.Softconnectionhasthe
characteristicsoflowimpedance,anti-interference,goodreliability,spacesaving,simpleandfast
assembly(Leeetal.,2015).Asahigh-powermodularconnectionstructurecomponent,externalsoft
connectionneedsalayerofheatinsulationheatshrinkablepipetoensurethesafetyofpersonnel
duringinstallationandpreventthecorrosionofacid,alkali,saltandotherchemicalsonthebus.The
automaticproductionlineofcopperrodflexibleconnectioncasingprocessneedstouseintelligent
manipulatorinsteadofmanualoperationascasingexecutiveparttorealizegrasping,moving,precise
positioningandcasingexecutionofcopperrodandplasticpipe.

Thereisarelativedisplacementbetweentheplastictubeandthecopperrodduringthetreatment
ofthecopperbarlining.Inordertocarryouttheautomationofthisprocess,twooperatorsareneeded
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tocompletethetreatmentofthehousing.Onemanipulatorisusedtofixandmovetheplasticpipe,
andtheotherisusedtopositionandmovethecopperrod.Whentheplasticpipepassesthroughthe
copperrod,themovementtrackoftheplasticpipeisastraightline,whichcanbeoperatedbyathree-
dimensionalmanipulator.Thecopperrodcanbefixedandmovedeasilybyusingthree-dimensional
manipulator.Domesticmanipulatormainlyfocusesonmanipulatorcontrolcutting,mainlydriven
byelectricandhydraulic.Manipulatorisanindispensablepartoftheautomaticproductionlineof
coppersleeveflexibleconnectiontechnology.

3. HARDwARE DESIGN oF AUToMATIC PRoDUCTIoN LINE

3.1 Human Computer Interaction Module Circuit Design
The human-computer interaction module mainly realizes the communication between human
and computer, including hardware platform, operating systemand application software (Devi&
Easwarakumar,2017).Inordertomakethehuman-computerinteractionmodulemoreapplicable,
which is used as the hardware platform of the human-computer interaction module. The whole
human-computer interactionmodule isdivided into twoparts,one is thecoreboardpart,which
mainlyincludesCPU,memoryandpowersupply,andleadsoutthepinsontheCPU;theotherpart
istheperipheralcircuitpart,whichcanbeaddedtotherequiredmoduleasrequired:

1. Core board circuit:ThecorefunctionmoduleofsmallPCispackagedonsmall-sizedECB
board.Thecoreboardcanbeusednotonlyasanembeddedprocessingboard,butalsowith
otherapplicationprocessingboards,whichisconvenientforscientificresearchanddevelopment.
Comparedwithothercoreboards,thecoreboardalsohascostadvantages.

2. Peripheral module circuit:Peripheralmodulecircuitmainly includesLCDmodulecircuit,
USBinterface,Ethernetinterface,SDcardinterfaceandcanandRS485communicationinterface
circuit.TheselectedLCDpartmainlydisplaysthecurrentstatusandparametersofthewhole
device(Kitounietal.,2018),USBinterfacerealizesdatareplicationandprogramupgrade,and
RS485interfacecommunicateswithman-machinemoduleandreal-timemaincontrolmodule.

3. LCD module circuit:HumancomputerinteractionmoduleLCDscreenhasthecharacteristicsof
ultra-thin,lightweight,smallsize,lowpowerconsumption.LCDmodulehassignaltransmission
circuit,backlightcircuitandpowersupplycircuit.ConsideringthattheLCDmoduleusedin
industrialcontrolfieldneedsto improvetheanti-interferenceability, thesignal transmission
adoptsdifferentiallinetransmission.Thistransmissionmodetakesadvantageoftheadvantagesof
differentialsignal,avoidstheinterferenceinthetransmissionprocess,makesthesignalreceived
byLCDmorecompleteandthedisplayscreenmorestable.

3.2 Design of Real Time Main Control Circuit Module
Thecoreofhardwarearchitectureofreal-timemaincontrolmoduleiscortexm3.144pin,120m
main frequency and internal integrated floating-point operation unit, which can quickly process
correspondingalgorithmsandalargenumberofreal-timedatacalculationtasks.Thereal-timemain
controlmodulealsoincludesservomotormodule,whichisusedtocontroltherotationofstereo
library;theswitchsignaldetectionmodulereceivesexternalsignals,suchasbuttons,sensorsand
alarmsignals(Paradaetal.,2018);RS485buscommunicationmoduleisusedforman-machinedata
transmission;CANbusmoduleisusedfordatacommunicationwithactuatormodule;Thepower
supplymoduleprovidespowerforallfunctionsofthereal-timemaincontrolmoduletoensurenormal
operation; theresetcircuitcanreset theMCU; thedebugging interfacecanbeusedforprogram
recordingandonlinedebugging:
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1. Servo motor differential hardware circuit design:Thereal-timemaincontrolmoduleuses
PWMmoduletogeneratepulsetoadjustthespeedandpositionofservomotor.Inordertoreduce
theinterferenceofexternalsignal(Wei&Ho,2019),thepulsesignalofservomotoradopts
differentialcontrolsignal.Thesepulsesareelectrically isolatedbyhigh-speedoptocouplers.
ThesingleendedsignalPGgeneratedbythedifferentialchipam26ls31cdisconvertedintothe
signalP+,P-tocontrolthespeedoftheservomotor‘.

2. Can communication hardware module design:Themaincontrolmoduleandtheactuator
modulecommunicateinrealtimethroughCANbus(Al-Momanietal.,2018).Thetransmission
speed isusually500Kbaud rate.Each frameofdatahasCRCcheckandother frameerror
measurestoreducetheerrorprobabilityandimprovethestabilityofcommunication.Differential
circuitenhancestheanti-interferenceabilityofthesystem,haspriorityandarbitrationability,
andgreatlyensuresthecorrectnessofdatacommunication.

3. Switch detection module design:Thenumberofswitchesmainlyincludesstart,stop,sensor
andalarm.Whenthestartswitchispressedorasimpleyarnisdetectedbythesensor,theinput
isatlowlevel,thelampinOPLison,andthediodeinOPRison.Atthistime,theopotendis
alsoatalowlevel.Throughthisstate,thecorrespondingjudgmentcanbemade.Theoptical
couplerisusedtojudgethesinglechipmicrocomputer,thesinglechipmicrocomputer,andthe
sensorisisolatedtoavoidthedamageofthelargecurrentoutsidethesystemtothesinglechip
microcomputer.

3.3ApplicationofMotorizedSpindle

1. Works flow of motorized spindle:Thefixedspindlestatorandhigh-speedrotatingspindlerotor
constitutetheelectricenergyrotatingmechanismofthemotorizedspindle.Thestatorofthe
mainshaftconvertsthepotentialenergyprovidedbytheoutsideintoelectromagneticenergyand
drivestherotortomove.Whentherotorcutsoffthemagneticinductionline,theelectromagnetic
energyisconvertedintokineticenergytodrivethespindlerotortorotate.Theairgapdistance
betweenstatorandrotorisveryimportant.Afteractivationofthestator,thevacuumairprovides
anelectromagneticconnectionbetweentherotorandthestatortoensurethefinalpoweroutput.
The distance of air gap determines the performance of motorized spindle. The mechanical
efficiencyofmotorizedspindlemainlydependsonthebearing.Thesynchronousspeednofan
asynchronousmotorisrelatedtothenumberofpolesP.thespeedischangedbychangingthe
frequencyofthecurrentflowingintothespindle.Atthesametime,theangleencoderinsidethe
spindleandthedrivingcontrolequipmentformaclosed-loopstructure.Bychangingtheoutput
frequencyof theoutputdriver, the electrodeless speed regulation functionof themotorized
spindlecanberealized.Thedirectionofthealternatingmagneticfieldiscontrolledbychanging
thephasesequenceofthecurrententeringthestatorofthespindle,soastocontroltherotation
directionofthespindle.Inthewholeworkingprocess,thetraditionalPIDisreplacedbyfuzzy
PID,andaseriesofexperimentsarecarriedout.

2. Temperature characteristic quantity of motorized spindle:Whenthemotorizedspindleis
running,duetotheelectromagneticlossofthemotorwindingandthefrictionofthebearing,a
lotofheatwillbegenerated,whichwillleadtothetemperatureriseofthemotorizedspindle,
andthenaffecttheaccuracyofthebearing.Therefore,thetemperaturerisebalancetemperature
of motorized spindle are important performance indexes of motorized spindle. In addition,
duringtheoperationofmotorizedspindle,itsheatproductionandprocessingconditionswill
alsochange,suchasload,speed,etc.Themotorizedspindlewithdifferentheatconductionand
surfaceheatdissipationelementsisamulti-factorcoupledtemperaturefield.Thetemperature
riseofthespindleisgenerallydefinedasthetemperaturechangeinthetemperaturesensitive
areaofthemotorizedspindlewhentheexternaltemperatureislessthanthespindletemperature.
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Inpracticalengineeringapplications,theouterringofthefrontbearingofthemotorizedspindle
isusuallytakenasthetypicaltemperaturerisemeasurementarea.

Generally speaking, the main shaft sound power does not represent the objective sound power,
includingthespindlesoundpower.

Soundpowerrepresentstheenergygeneratedbysoundinunittime.Thespecificcalculation
methodisasfollows:

W I dS
s

= ∫ ·  (1)

wheresisthecurvedsurfaceareaofsoundpropagation,Isoundintensity,andWisthesoundpower.
Thesoundintensity(I)representstheenergycontainedinthesound,inw/m2.Thecalculation

formulaisasfollows:

I
P

c
=

2

ρ
 (2)

whereCisthesoundvelocity,Pistheeffectivesoundpressure,andPisthedensityofthepropagation
medium.

3.4 Design of Fuzzy PID Controller for Stepping Motor
Fuzzyrulesaremainlycomposedoffuzzylinguisticvariables,membershipfunctionsoflinguistic
variablesandtheestablishmentofrules:

1. InthedesignoffuzzyPIDcontroller,deviationE anddeviationrateEC areusedasinputand
motorcontrolpulseasoutput.K

R
,K

D
,K

I
aretheoutputoffuzzycontroller.Asteppermotor

controlsystemwithpositionfeedbackisconstructed.Aphotoelectricencoderisaddedtothe
steppermotor.TheactualmeasuredvalueC T( )  of the controller adopts thepulsenumber
collectedbythephotoelectricencoder.

2. Accordingtotheneedofcontrol,thedomainofeachinputandoutputvariableisdefinedasE ,
EC domain: − − − }{ 3 2 1 0 1 2 3, , , , , , ,∆KP ,∆KI ,∆KD ,domain: − − −{ }3 2 1 0 1 2 3, , , , , , .A
PIparametersettingalgorithmbasedonfuzzycomprehensivereasoningisused.LettheAAA
samplingtimebeK k K K k

P PO P( ) = + ( )∆ .
3. Somemembershipfunctionsarelinearsomearenonlinear.Therepresentativelinearmembership

functions include trigonometric function and trapezoidal function, while the representative
nonlinearmembershipfunctionsincludeGaussianfunction,normalfunctionandCauchyfunction.
Whetherthemembershipfunctionislinearornotcanbeignored.Themaximummembership
degreeoftheintersectionofadjacentfuzzysubsetsplaysakeyroleinthecontroleffect,thatis,
thesizeofitsinnerproductisthekeytothecontroleffect.Accordingtothecommonmembership
functionforminfuzzycontroltheory,thevariablesE ,EC ,K

R
,K

D
andK

I
aredetermined.
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4. RESULTS AND DISCUSSIoN

4.1 Traditional PID and Fuzzy PID
ShownasFigure1, the fuzzyPIDcontrol schemehas theadvantagesof fast step response, fast
angulardisplacement,smallovershootandnosteady-stateerror.ThecontrolaccuracyofDiagonal
displacementreflectsthecontrolaccuracyofsteppingmotor.Thisshowsthatthecontrolschemecan
maketheclosed-loopsystemwithdisplacementfeedbackhavethecharacteristicsofhighadjustment
accuracy,fastresponsespeedandnegligibleovershoot.ComparedwiththetraditionalPIDcontrol,
thereareoscillationerrorandsteady-stateerror.ThefuzzyPIDcontrolschemeisbetterthanthe
conventionalPIDcontrolscheme.

4.2 Influence of Different Configuration Parameters on Proactive Scheduling
ShowasFigure2,therobustnessofthesolutionisimprovedby8%,2.5%,1,95%respectively,andthe
qualityrobustnessisimprovedby6.7%,10.99%and35%respectivelycomparedwiththeassembly
schemewithdeterministicproblems.Atthesametime,withtheincreaseofresourcepreparation
time,thetotalnumberofcustomertripsandbuffertimeofactiveplanningdecrease.Thisisbecause
underthesamedeadline,underthepremiseofqualityrobustness,theresourcepreparationtimeis
larger,andthebuffertimeofactiveplanningallocationissmaller,whichmakestheimprovementof
robustnessindexless.Inthesameway,withtheincreaseofresourcepreparationtime,thetotaltravel
timebetweencustomersintheactivityplanninggroupisreduced,andtheuncertaintyinterference
isreasonablyprevented.Theworkarrangementoftheassemblygroupistoensurestability,andthe
activityplanandqualityareimproved,andtherobustnessismoreobvious.

4.3 Electric Spindle Temperature Measurement Test
ShownasTable1,itshowsthechangeofvelocitywithtime.

Figure 1. Traditional PID and Fuzzy PID Control of Stepping Motor Control Simulation Curve
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ShowasFigure3,theinitialtemperatureofmotorizedspindleisabout26.5°C.Intheclean
preheatingstage,thetemperatureincreasesevenly,andthemotorizedspindlerunsat205/min.After
that,intheprotectionaccelerationphase,themotorizedspindleincreases205or8-20minutesevery
3minutes/min,whichisconsistentwiththespindletemperaturefluctuationfrom2O5or/min
to1005or/min.Inthe20-26minfastaccelerationstage,theshaftspeedincreasesto505yearsor
every3minutes/min.whenthespeedchanges,thespindletemperaturerisesrapidlyfromioo5or
2005/min/min.Thebalancingtimeofthehotfrontbearingmotorizedspindleisabout39minutes,
theaverageequilibriumtemperatureis44.5°C,andthethermalbalancetimeoftherearbearingis
about44minutes.Theaverageequilibriumtemperatureisabout47.5°C,andthespindleisingood
conditionwithinthistemperaturerange.Thetestplatformisusedtomeasurethebearingtemperature
ofmotorizedspindle.Themeasurementresultscanreflectthetemperaturetrendofthespindlestably
andaccurately.Temperaturesamplingchannelandsamplingfrequencycanbeselectedfortesting.
Thesamplingdatacanbedisplayedinrealtimeinthesoftware.Aftersampling,thetemperature
canbesavedandrecorded.Thetemperatureacquisitionaccuracycanreach0.01°Candmeetthe
designrequirements.

Figure 2. Change ∆D Improvement Trend of Robustness Index

Table 1. Speed times table

Time/min Speed/(r/min) Time/min Speed/(r/min)

0 2050 21 10050

9 2050 24 15050

12 4050 27 20050

15 6050 ...... ......

18 8050 60 20050
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4.4 Effect Comparison Before and After Application of Electric Shaft
ShownasFigure4,afterusingmotorizedspindle, theerrorrateof theproductionlineisgreatly
reduced,theproductqualificationrateissignificantlyimproved,andtheproductionefficiencyis
alsogreatlyimproved.Therefore,theapplicationofelectricshafthasanimportantimpactonthe
developmentofautomaticproductionline.

Figure 3. Temperature rise curve of motorized spindle bearing

Figure 4. After Comparing the Performance of the Production Line before the Application of Electric shaft
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5. CoNCLUSIoN

With thedepartureofGerman industry,made inChinawasborn in2005. In the early stageof
thedevelopmentofChina’smanufacturingindustry,thereareproblemsoflowlevelofindustrial
automationandinsufficientproductivity.Thetraditionalproductionlineismainlymanual,which
greatlyreducestheproductionefficiency.Therefore,thedevelopmentofanautomatedanddigitally
integrated production line is of great importance for improving product efficiency and overall
productionefficiency.InordertoensurethesustainabledevelopmentoftheChineseindustry,the
Chineseindustryisactivelyrespondingtothecallofthestateandupgradingtraditionalautomation
oftheproductionline.

With the continuous progress and high-speed development of electric drive technology, the
motorizedspindlewhichcanrealizezerodriveemergesasthetimesrequire.Duetothestructural
characteristicsofmotorizedspindle,thespeedofspindlehasaqualitativeleap.Thebirthofmotorized
spindlehasagreatinfluenceonthemachiningabilityofCNCmachinetools,especiallyaluminumalloy
machinetools.Thispaperdesignstheoverallschemeoftheautomaticproductionlineandoptimizes
eachsystemintheautomaticproductionline.Thentheautomationandsoftwareoftheproduction
lineareappliedtotheproductionline.Firstly,thetraditionalPIDandfuzzyPIDarecompared.The
fuzzyPIDcontrolschemehastheadvantagesoffaststepresponse,fastangulardisplacement,small
overshootandnosteady-stateerror.ComparedwiththetraditionalPIDcontrol,thereareoscillation
error and steady-state error. The fuzzy PID control scheme is better than the conventional PID
controlscheme.Thebearingtemperatureofmotorizedspindleismeasuredbythetestplatform.The
measurementresultscanreflectthetemperaturetrendofthespindlestablyandaccurately.

Temperaturesamplingchannelandsamplingfrequencycanbeselectedfortesting.Thesampling
datacanbedisplayedinrealtimeinthesoftware.Itcanbesavedandrecordedaftersampling.The
temperatureacquisitionaccuracycanreach0.1°Candmeetthedesignrequirements.Comparedwith
theassemblyplanningunderdeterministicproblems,theproposedactiveplanningcanreasonably
prevent uncertain interference, ensure the stability of assembly team works arrangement, and
significantly improve thequality robustnessofactiveplanning.Through the investigation, itcan
beseenthattheerrorrateoftheproductionlineafterusingtheelectricshaftisgreatlyreduced,the
productqualificationrateisgreatlyimproved,andtheproductionefficiencyisalsogreatlyimproved.
Therefore,theapplicationofelectricshafthasanimportantimpactonthedevelopmentofautomatic
production line. This experiment redesigns the hardware and software system of the automatic
productionline,improvestheautomationdegreeoftheautomaticproductionline,reducesthelabor
degreeoftheworkers,effectivelyimprovestheproductionefficiencyandproductquality,andhas
importantpracticalsignificanceforpromotingtheautomaticproductionline.
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