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ABSTRACTO

Thisiwork (presentsltheldevel opment, Validati on, Wsel@andreducti on(6f O
anlintegratedivehi clelnodel [Bomposed (df theléngine, [drivetrainlandvehicle]
dynamics.C0IntegratedCimodel sCthat (i nclude™al | Cvehi cleCsubsy stemsCarel]
essential (for (nany Calri ving[$cenari os(that [inducelti chlélynami clfesponses.
Thelthodel [isldevel opediwiththeldassumpti on(that(it (wil | beltisedfor@Widel
rangelof [éxcitations,[andtherefore, (&l (hossi blel¢omplexitylislincludedinC]
thelimodel,(e.g., [drivetrai n(flexibilityandlargeltigidCbodyotions.[IThel]
bondOgraphCiformulati oni sOusedf or CJmodel devel opmentCbecausellitC
facilitates thelintegrati on[bf Ccomponent/subsystemimodels,Cprovides thel]
user (Wi th[physi cal [insi ght, [@and(&l | owsléasytnani pul ati onCof (inodel s. (IThed
enginemodel (I sl steady[ktate[ torquelmapgenerated fromCanenginel]
thermodynamicCimodel . [T heldri vetrai nCtonsi stsLof [(thetorqueltonverter, ]
transmi ssionCandCdriveline.[TA Chonlinear Cplanar Cmodel Cof [the[Vehiclelis[]
usedfolpredi cttheldlynamicslinthellongitudinal , (heavelandpitchldegrees’]
of (freedom.[TFor(illustration,the[model (i sCtonfiguredfor[a Class V1,0
Internati onal (4700 seri esCdelivery[truck, [andCimplementedin(the[20SIM O
modeli ngCénd3i mul ati on[énvironment. [T helintegratedWehi clel$imul ation
islvali dated(agai nst(fransi ent[dataltheasured(dn(thelprovingl@round.(]

An(energy-basedinodel [feducti onnethodol ogy is@ppliedlinlorder [fo]
producelproperehi clelfnode slthat[provi delhoreldesi gnlihsi ght@ndidanbe]
moreltomputati onallyC&fficient. (1T hi sCprovides[a $ystemati cLapproachiol]
address{thelimodelinglassumpti ons and[tjeneratel teducedmodel slthat [arel]
validCunderCspecificlCscenari os.[TA [teducedsystemimodel (i sChenerated, ]
whichCproducesresultsCverysimilarXoCthelfull (baseline) Cmodel .[TIn0]
additionfolitslpredictivelduality, Thelutility[of thelieducedinodel [folstudy]
trade-offslinvolvedCinCtedesi gningCtomponentsCandCtontrol Ctrategiesfor(]
improved(performanceldf fhelvehiclelSystemlisidemonstrated. ]

1.OINTRODUCTIONO

VehicleddesignisOa] costlyd processOthatisOinitiatedCwithC all
comprehensivelanalysi sLof [(the[vehi cle[systemlinCorderfoltleterminelthel]
desired(@haracteristicslof [Subsystems. [T hi siprocesslis{fol | owed by [detail ed[]
designlof [3ubsystemslandléomponents,@nd(finallybuil dingland(festinglof ]
prototypes.Devel opment[fi meland(cost[Ganbesignificantlyfeduceduising(]
simulati on-based(desi gn. TA [predi cti vellehi cl elSystem(Simul ation[dan(@ll ow]
thelereati on[andestinglof (EhelVirtual Wehi clelfor [AVari ety [of (¢onditions, [
and(gui deléomponent(desi gn(pri or folbuilding(prototypes.IThelavail ability]
of [@domprehensi velrehi clelsimul ati onwithhi ghfi del ity [Subsystemodel s
al solenablestoncurrentCdesi gn, CwherechangesCi nCone componentCarel]
reflected(On(theldesi gn(of fel ated[GomponentsandSubsystems. h(addition,[]
alpredictivelsimul ati onCtanChssi st nChuantifyi ngCparametersCassoci ated]
with[subjectivel triver[fee CandCoverall Cdriveability[thatCare[difficult[tol]
measurelandyeteryimportantfordustomer(acceptance.l]

PreviousCattemptsCtolmodel CthelentireCvehi clelsystemChavelbeen(]
characterized[byCalvari ety of Capproaches, (differingCinCthelfidelity Cof (1
individual Cmodel sCasOwvel | CastheCmethodol ogi es_used[ tolintegratel thel
variousi3ubsystems.Earlyattemptsiiverelbasedonl¢oll ectionsiof Took-upl]
tablesforthelenginelandldrivetrai n[subsystems,Cand[point[massVehiclel]
dynamicstmodel st{Haley[&tlal ., [1979; [Buck,[1981; [Phili psCand[Assanis,[]
1989)). [T heselsi mulati onsl¢anbelVeryVal uabl efordui ck (Assessmentsiof
vehiclelmobility,CBlthoughltheyack (thelability[tol tapturefastOrehiclel]

transi ents. [T heir[ther (I mitati on(isthelfact that, for(éveryfiewdomponent, ]
new Ibok-upfabl esimeedfolbelgeneratedfhroughlhardwarefesti ng, (thakingCl
them(impractical foStudynon-existingldesi gns.[Caterpillaras@mong(thel]
firstolattempt[@olmarry & thermodynami cldliesel (éngineltyclel$imulation]
withDYNASTY [(Fluga,[1993).00

Significantmprovementslinthelintegrati on(fnethodol ogy havelSince]
emerged(based[bnlbbject-orientedgraphi cal Cprogramminglénvironments, ]
suchCas[EASY 5, MATLAB/SIMULINK Cand[20SIM.[TIThesecomputer(]
environmentslallow{rnorelfl exibilitylin[donnecti ng/interchangi ngthodel s(of (]
components_andsubsystems,Cand theyCarelbppropriate for[tontrol [typel]
studies.[TA Fullyflexible,[tomprehensivelandpredictivelfrans ent[Wehicle[]
system[& mulation[heedsfolfake@dvantagelof (hoth[improvedinodel sfand(]
advanced (s mul ationCenvironments.[CCAnother Crequirement[forChavingCall
predictive/accurate[si mulationi sCcomponentCmodel ingCusingCphysical ly
basedformul ati onsLli kelbhondCgraphs.IT hisL¢haracteristi c[allowsiheléasy [l
i ntegrati onCof Cmodel shvi thi nCaldlesi gnCopti mi zati ondramework CandCinorel
importantly, [itChel psCéngi neerstolgai nCphysi cal [insightlintothel$ystem,[]
whi chlik[driti cal [forfiew(System(desi gns.TFinal ly,fhelrodel [@ccuracyfust[]
be[] assured by systematicl] algorithms[ that[J can(l reducel] excessively(l
complicatedl@nd¢omputati onally[éxpensi velsystemlimodel s.[1T hi slis[@ sol]
truelforfhelihdividual [domponent@ndSubsystem(rhodels.[]

InCanCattempt[toluse theltechni quesCandsi mulationCenvironments]
mentioned@bove, [Assanislét[@l.[(1999)[devel opedafirstlgenerationChigh
fidelity[ehiclelSimulationthatasldonfiguredfor [A6x6heavy-dutyfruck.
Ahierarchy(of Warying(fesol uti on[todel siivasBui I tthtolalfl exibl e, [dynamic]
simulationCsystemthat[eoul dCbeltail oredfor [pecificls mul ation[studies. I
TheapplicationCof CtheCcompl etelivehi clelisimul ationCdemonstratedCthel
ability[Rolpredi ct(thel&ffect[of Lenginelsystemldesi gn[thangesConVehiclel
performance, Caslvell Cas[theltomplexinteraction[betweenthelpowertrain(l
andthelwehi clelduringChighlyransi entCianeuvers,[é.g.,[hill [&limbinglon(
wetroad(Surfaceldausingwheel [Slip.O]

Theldbj ectives(of [thi sivork [@reffblpresent theldurrent[devel opmentsiof [
thelintegrated[Wehicle[$i mul ationforCénhanceddidel ityCand(flexibility, o]
validatelits[abilityolpredictléngi nel@ndehiclelbehaviorduringfransients,]
andolillustratelfhelgjenerati onlof Waryingleompl exity[¢componentfnodel s. I
Fidelitylénhancementsocuslon(iealisti cLénginelfuel [¢ontroller, [Bsivel | AsC]
physi cal Omodel st of Othedindividual CdrivetrainCandOvehi cleCldynamicsd
subsystems.[TIT heCvali dati onCof (themodel 0 sCperformedChy CcomparingC]
simulationCpredictions_forCanCInternati onal Ctlass[V | (truck Cagai nstCHatal]
measured[onthelprovingCground.(TFinally,systematicCimodel [teduction]
techni quesLarelimplementedlinCorder Eolgeneratels mpler(nodel s(that [arel]
ablelfolaccuratel yand(éfficiently[predi ctfhelSystemBehavior.O

Thelbaper[isCorgani zed(asTollows:[first, (& tlescriptionthe[Vehiclell
structure[andsubsystemmodel s_arelprovidedi n[Section[2.[TNext, thel]
integratedtnodel [al i dati on[is[gji ven(in[Section(3. T hen, [in[Section(4, thell
energy-based(tnetri clis(appli edfothelthodel [in[drder foldeneratelaieduced]
model,(Wvithwvhi chlalparametri clstudyisiéonducted. [Finally, [3ldli scussion]
and(Set(6f [donclusi onslareldivenin[$ections0@nd(B, [fespectively.[]

2.VEHICLEMODEL [STRUCTUREO

Thellehi clelSystem(isléompri sed(6f Theléngine, [drivetrai nf@ndiehiclel]
dynami cs. [T helSchemati clof (thelWehi clelSystem(ils[gji venlin(Figurel1. [T hel]
enginelisCtonnectedtolthelforqueltonverter[{TC),Whoselbutput[$haft(is]
then[¢oupl edfolthelfransmission{(T),propel ler(shaft[(PS), i fferential (D) ]



andfwoldriveshafts[{DS), @ouplingtheldifferential i thfheldriveniwheel s.[l
ThelvehiclelisTear(driven(@ndfasisoli dfront(@nd(rear [@xI| esiyvithTeaf [Spring ]
suspension. [T hislstructurefepresentsialdi esel (powered4x2[deliveryfruck]
with[al4-speed@utomaticlfransmission,[fiowever, thelSamelstructureléanbel]
used(fortodel i ngtostfvolaxl elehi cl esaf ter imi nimal itodifi cations. O

Exhaust
Gas

Figure[1:[Schemati clof thelihtegratedvehiclelSystem

Thelmodel [is tlevel oped[inthe[20SIM CimodelingCénvironmentthat (]
supportsthierarchical (inodelinglandl&l sol &l lowsihelphysi cal [inodelingLof [
subsystemsiandidomponentsitisinglthelbond(graphformulati on. Theodel (1
i sClevel oped(With[thelintenti onCbf [Lising[theCmodel [teductionCapproach]
describedi nChe[hackgroundsection. [T herefore, Call CcomponentsCandC
subsystems] are[1“ blindly” O all owed tol] have[d the[1maximum(] possible[]
complexity,(ile., @I physical [phenomenalarelincludedlinthelfnodel without]
considering(hei r(significancelfolthel$ystem(behavior.[IThel$ystemnode (]
complexityill Belater[@ddressedBy@pplyinglthelénergy-basedmetric. [

AtCtheltopOlevel Cof Ctheldmodel Chi erarchy, DwelhavelthelClengine, O
drivetrain(andVehicleldlynami csléxcitedbythelénvironment.IOnelSourcel]
of [éxcitati on[istheldriveriwholdontrol sthelehi clele ocityfhroughfhelgas]
andObrakepedal ((therelisCInoOclutchUsincellwelJhaveJanOautomaticl]
transmi ssion).[ITheldriver[dan(al sol¢ontrol (Thelvehi clelfieadi nglthroughthe]
steeringlivhee! , (however, (ThelSteeringlinput[isihegl ected@ndthelVehiclelis[]
constrai nedlfoltnovelonlylonthelpitch(plane. (ITheldther[éxcitation[¢omes]
from[thetoad, (Whichlis[usual ly[uinevenandprescribes[a Vel ocity[tolthel]
tires.[IrhelFoadCéexcitation sCappliedtolbothfrontCandCtear (tiresCasCal]
function(af (thei r(positi on. [T helfop-| evel [Mepresentati onlisShowninFigurel]
2.Moticelthat hisiop-level fesembl esthelactual ehi clelstructure.(]
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Figure2:[Top-level Wehiclelfepresentation]
2.1[Engine

Thelénginelthodel includesthelihertial [éffectslaf (@l [fotati ngPartsiand]
energylosses duelfoliriction,Whichfarellumpedlintolsinglefportdand RO
elements, [fespectively.[IT heléngi nelbrakeforquelisiproducedfrom(asteady]
stateTookupabl efasafuncti on[of [heléngi nel$peed@ndHuelingfate{seel]
FigureB).LMTypically,thistablelisCbbtainedfromCmeasurementsLof [(the[]
actual Cengine..THowever, Checauselwewish[tohave thelTcapability (of (1
studyingfhelbehavi or[6f [Arehi clelwi th[anew(éngine, [Ahi ghlfidel ity (fodel [
of [@lvi rtual [éngi nelistised[folgeneratelfhelookup(abl e. [T helénginelinodel ]
i sléompri sed(of [multi pleléylinder [hodul esllinked Wi th(eéxternal [@omponent

modulesfor[tompressorsCandturbines,Cheat[exchangers,Cairfilters,CandC
exhaust[$ysteml& ements.[IT heléngineleylinderinodel [racksihel¢ylinder
thermodynami clprocessesfhroughout [@l¢ycl elaslafuncti onlof [drank[2ngle.[T
ThelBpecifications[For[thelenginelused [ n(thi sCivork Ctorrespondtolthel]
Internati onal (7.3 [V 8(enginelfypeT444E.(]
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Figure3:[EngineSubsystemO

Thelénginelpower[isl¢ontrolled by helfuel [injectiondontroller.(IThell
diesel [énginefuel [injection[¢ontroller (provideshelsignal (or Ehelmass[of
fuel [inj ected(per(¢yclelbasedOnldriver[demand, [eénvironmental [¢onditions[]
andOcurrentOenginelJoperatingClconditions.[00Speci al Cf unctionsUincluded
correctionsfor(insufficientboost(pressure, [dol dstart, [hi gh@ltitude, [Andthe
governingfunction. M oreldetail slaf (theléngi nelSubsystem(arelprovidedin(]
thelwork By [Assanisiét(a.,[1999.00

2.2[Drivetraind

ThedrivetrainconsistsC of Jthetorquel]converter, Otransmission,[]
propshafts, Cidifferential, Cidri veCshafts, CandCshift [ ogi . (LIt Cprovi desCthel
connectionlbetween(theléngineland(thelWehicleldlynamicslsubsystems({seel]
Figurel4).[ITheltorqueltonverter (inputCshaft, ConConelend, Candiheldrivel
shaft, (bnthelother[end,[arelfhelconnecting(pointsHorthelenginelandihe
vehiclelglynamicslimodel s, tespectively.[TThelinputs areithelénginel$peed]
andlvheel [totati onal [$peedandtheloutputsthelforquefolithelivheel stand]
|oadforqueldnitheléngine.MAnadditional [ihput(istheldriver[demand(Signal,[
whichlislised[bythelshift[logic[ioldeterminelif (an[LpshiftLortlownshiftC]
event[isCrequired.[TTThelspecificlelementsused[in[the[tomponents_are(]
describedBelow.]

demand— | ShiftLogic

\

TorquelTonwerter =] Transmission D> Propshaft/Differential

shaft

pumpk——=

Figureld: [DrivetrainSubsystem(]

2.2.1 Torqueldonverter [

Thetorqueonverter[dsithelfluidtlutchChyOwhichCithelenginelisC
coupledfolthelfransmission. [T helfypical [three-el ement[¢onverter[¢éonsi sts[]
of CaCpump, Cstator, CandCturbine. LT heCpump sCconnected(tigidlytoltheld
engineloutput(shaft, (andXhefurbinefolthelfransmissionlinput(shaft. (IThe
statorisléonnectedoltheforqueltonverterfhousi ngliala one-way[élutch.
Thelpresencelandarrangementof (thelstator[¢auseltheforqueltonverterfol]
act[as[alforquelinulti plicationdlevi celivhen[operatingLat [low$peed(tatios, ]
and(@slan@pproximately[di rect[dri vel ui d¢ouplingat [(hi gher [Speed(tati os. I
Thelfluiddouplinghasiharacteristicslaf [@gyrator (RM GY ) [Sincelthelpump]
andfurbinelforquesiareldetermi ned by thelfurbi nelandpumpSpeeds.[IThe
model @l solihcludeslihelfurbi neliherti al{seeFi gure3).00

Thelgyrator(isCalhonlinear[andChon-power [conservinglélementthat (]
accountsforthelenergylossesdueltolthelfluid tirculation.[IThelgyrator(]
moduluslisdal cul atedfrom[duasi -stati cléxperimental [data. [Twoleasured
quantiti es_definetheChonlinearCmodul us: [8) (torqueltati ol { Tratio) CandCh)
capacityfactor[{K).[IThese[tjuantiti esCarelmeasuredéxperi mental ly CasCal]
functi on(of thelSpeed(rati o.Theldonstituti veléquati onsiof theldyrator(are: [
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Theleasureddatal of (thel¢apacity factor[andforquetati olarelcurvel]
fittedCas[afuncti on[of (3peedtati olin[ALpi ecewi selinanner[andlincludedin{]
theltonstitutivellawlof (the[gyrator. [T hisCquasi-stati c[torque_tonverter[]
model [@assumes(thattheforqueléonverter(isinot[Subj ect fofiast[énginelSpeed]
transientslthat[occur[dluringhrottle[$teps.[ITheforqueltonvertertnodel [is]
thusalimitingfactor(atpresent.(]
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|
HuidCoupling “(
RMGY Al

pumpt t turbine [

Figure(3:Torqueldonverter[domponent]

2.2.2 Transmission

Theleentral (&l ement[of (thelransmi ssionIsCahon-power[tonservingd
transformer CthatCimodel sCgear Ceffi ci ency Cand Cal lowsLi t (toCvary Camong ]
different[dears. [T hel$peedfeductionlinleachldear[is@ssumed(ideal ,ivhile[]
the[TorquelmultiplicationlisCreduced by theCappropriate[gear Cefficiency
factor.[IT he[@ransmissionnodel [tonsi stsCof (& $eri esC$pring-inertia-springC
arrangementCand(the[hon-power Cconservingtransformer[{geartatio)CinC]
between({seelFFigure®). (Mn[parallel ivith[éach[$pringlisiaViscous damper]
that[givesa damping(tatiolof (5%. T heselideal [&lements[tepresentthel]
equivalentlihertialanddomplianceldf thelgearsiandishafts.(]
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Figurel®:[Transmissionldomponent]

Thelfransmi ssionffl ui dl¢hurni ngllbssesarelodel edlas@ari ableffionlinear]
resi stancel{includingClinear CandCguadrati cterms) Cwhi chCdependsConthe
gearChumber.(IThelthargingCpumplisimodel ed(asla tonstant[forquelloss(]
representedbyCanCeffortOsourceltthat (i ndependent Clof Cigear Cnumber Cor 0
transmission(Speed.C]

2.2.3 Propshaftsiand(differential

Therelareltwolpropshafts, [ oined by Al Liniversal [j oint, Cwhi chCarel]
model ed(asCanUlinerti a-spring-i nertia-spring-inerti allseri esClarrangement, [
agai nCwithCsmall Dvi scousCidampi ng. COFol lowi ngCtheCpropshaftsCi sCtheld
differential,ivhi chlincludes[anfinput[¢ompliance, [&xl elinertia,[andlbutput[]
compliancel{lseelFigurel?). [T helthodel [ihcl udesltheldool er fluidichurning ]

out_shaft
N C axle_out

c® rR®*c® RrR%® ¢ R e E
" \1/ | \f/  ° \1/ Lase O'ﬁf
P T LT LT L.

in_shaft—A1——0——A1l——0—A1l——0——=1——=RTF
differential

B2 C axe_in

B_churning

FigurelZ: [Propshaftsiand(differential odel O

lossesCIforCthelldifferential/axl e, Cwhi chClareCmodel ed DasCanCRCel ement 0
(includingCeonstantCandinearterms).[IT heldifferential (isCmodel ed CasCal]
non-power[donservingltransformerwith(ideal [SpeedeductionButhon-ideal (I
torquelthultiplicationBased(0n(algi ven(gear &fficiency.(]

2.2.4 ShiftllogicO

ThelinputsfolthelshiftTogi cithodul el@refhelfransmissi on[dutputShaft(]
speedland(theldiriver[tlemand. (IThel $hift(logi cloutputsithelgear(humber, ]
speed(tati olandforqueltatio.[IA [¢hart[SuchlasthelonelshownnFigure8,[]
determinesCthelturrent[gearChumber, CandCivhether CorChotCanCupshiftCor(
downshiftlCeventlistolbelinitiated.(IThesolidCand[dashedlineslindicate]
upshifti@ndidownshifthresholds, fespectively.[l
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7/ Speed ratio

Driver Demand [0-1]
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L »
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Figurel8: [Gearshiftlbgi clhapl] Figure[9:Blendingfunctions]

DuringCalgearshift,[thel$peedteductionCandtorquelmultiplicationFati osCl
vary[from(thelinitial (tolthelfinal (Valuelaccordingtolblendingfunctions.[
Thelblendingfuncti onslinodel (the[forquelandspeed(tatioVariationsthat[]
occurlduringfhelshiftlévent, [asélutcheslandandsléngageland(disengage. [l
Typi cal [shapesof [blendingfuncti onsCarelshownlin(Fi gure[®.[IThelshift]
logi clisldescribedBy[@lSet(df [[bgical [Statements. [

2.3Vehicleynamics]

Thell vehicle[l dynamicsd subsystem includes[] the[l wheeldtires,[]
axles/suspensi onsandframelof (the[Wehicle.[IT helWehicl elistodel ed@sa]
collectionlof i gidCbodi esthat Carell | owedTolnovelinthe2-dimensional
spacelsubj ect fblfiorcesymomentsiand(ri gi d(Gonstrai nts[(seelfigure10).00

Figure[10:[Half[dar[hodel (Schematicll

ThelTorcessmomentslarephysi cal (el ements,CwhichCactCat Cspecificll
poi nts(of fwolbodi es, [e.g., thelfear [Suspensi on[actsbetween(poi nt[SRof thel
ax|efandpoi nt[R6f theframe. Ih(additi on, fwobodi es(danbelfestrai ned(fo]
movelonlyLin[& $pecificldlirectionloriraj ectoryby@tigidl¢onstraint,[&.g.,(]
the[frontCaxlelis tonstrained [toEmoveE(anheEyf-axi slof(theframe.[TThe]
vehicleldlynami cslis[¢onnectedfoltheldrivetrai n(atfheltear [driveniivheel .l
Previous(fesearch(basidevel opedhodel sof [ahal f [dar [Uisi ngthelbond(graphCl
approach. [TFor&xample,[Pace kaland[T ol [{1983) Ltlevel oped(alsimplified
linear Cmodel Chyassumingsmall CpitchCangles. [T InCthisCwork, Owelareld
i nterestedin[alWider (tangelof [pitchCinoti on, (Whi chCinakesthe[$uggested]
bondOgraphCrepresentati onCimorecompl ex Canddiffi cul tCtolmani pul ate. [
Therefore, [ hierarchical CmodelingCapproach U sCused. [T helvehi cleCisT]
decomposed(intotheframe, ront[&xlefand@ront[wheel ,Bndear x| eland
rear[Wheel [@s[shown(ith(Figure11.[]
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Figure11:[V ehi cleldynamics[Subsystem(]

2.3.1 FrameQd

TheframeldsCmodel edCasCal tigid[bodythat[isCallowed o movell
horizontally,Wertically@ndfolpi tch. (T helbond(graphof thi siéomponent s
depi ctedlin(Figure[12. 1T hreelinerti al (&l ementslare[Lised ol tepresent [ihel]
dynami cslinthelthreeldegrees(of (freedom. [T helkinemati cslareldescribedin(]
albody(fixedframelandtepresented(bythelinodul ated[GY ,[Whi chlisihel]
standardEul erianjunction($tructureforthe2-dimensional [tase.(IGravity]
forceliklapplied(attheldenter(of [gravity ([CG) [bcati onl&fter fransforming(thel]
CGlLveocityCintheldnertial (X, Y ) Cframe. T hi sCtransformati onCi sClall
coordinatetotati on[aroundthelout[of [planelaxi sLandlislgivenlbyEq. [(2).[1
Thelframel@l solincludesfwolpoi ntsfior[@onnecti ngthefront@ndrear [@x| es.l
Each(point(islocated(at[Al¢onstant[(position{Xg, Yr) Bnd[(Xgr, Mr) (el ativefol]
the[CG.MForléxampl e, [thel@bsol utelel ocity [of [(thelfear [poi nt, [expressedin]
body i xed(¢oordinates, lisigi ven(byEq.(3).Finally, fhel@erodynamicldrag]
isihodel edBy@quadrati clRél ement.[]
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2.3.2 Axle[Z3uspension]

Each(ax| elisihodel ed(as[alTi gi dbody i thitski nemati csidescribedin]
albodyfixedframe. T helax| elis[donstrai ned by AT gi d[donstrai ntfolmovel]
onlCanCaxisthatChaslitsCoriginCattheCattachment[point[({FLor[R) CandCis[]
perpendi cul arCitoCitheChori zontal Daxi sof CtheCframel(x', ) Dor O(X', "), O
respectively.[T1nthebondCgraphshownlin[Figure[13,this tonstraintlis]
realized(byThelinodul atedfransformer[{M TF),vhi ch(dlescri bes[alWel ocity (]
constrai nt[asih(Eq. [(3). [T helax| elisla soldonstrai nedBy thelSuspensionlthat[]
i stodel edCasali near [$pringlandldamper [@onnectedin{parallel . [TFinally,[]
thelgravityHorcelisLappli edolthelax| elihroughiheransf ormati on[of (thell

local [Wel ociti eslinto(thel gl obal [frame.[TNotelthelinertial (&l ement IMxChasl
derivativeldausalityduelblthelri gi didonstrai ntldefined By theM TF.O
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Figure[13:[Axle-Suspensi on[domponent]

2.3.3 Wheel ETired

Thisléomponent(includesthelivheel [dlynami csandthelinteracti on[of
thelfirelwiththelfoad. [T helwheel (hasslisIumped(fothelax| efblavoi difhore]
kinemati c[tonstraintsCand[derivative tausality.[TThelimode [includesthel
wheel [fnoment(of [inerti alandbeari ng[Vi scouslosseslat (thelheel (hub{see]
Figure[14). T heldirivelforquefromtheldirivetrai nfisappliedfothehublo]
accel erate[thelivheel . [TA [& mplelbrakelinodel (With[Viscous and¢oulomb]
friction(islincludedtolgeneratelthelTequiredtorquefortlecel eratingland]
stoppingthelyehicle.[nladdition, heffirelfol ling(tesi stancelisiaddedfothel]
model [@san(additi onal [Sourceldf [energyIbsses.[]
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Figure14:(Wheel-Tireldomponent]

TheldirelintheVertical [directionisinodel edCaslallinear[$pringland]
damper[¢onnectedlin(parallel.[IThelinodel [¢an[&l solpredi cthivheel Hift[off. 1D
Thellbngitudinal [fracti onforcelisidal cul atedUsi nglthePacej kaltodel [faken(]
fromihelvork [of (Pacej kaland(Bakker({1993).[IFirst, EhelaxlelVel ocity[at[]
poi nt[{SFor[BR) [is[donvertedinf@framelthat(isialignedithfhefoad (@t thel
contactpoint.IT hisl¢oordinatefransformation({si milar(asinEq.(2))(dives]
thelVel ociti esCbf (the[tontact (hoi nt[{SFLbrSRONGhe (", ") orx™,3'"),0
respectively).[TIThen, (thisOvel ocity [ sCused[toltal cul ate[ the[ivhee [Hlip. [
Finally, fhelfracti on(forcelisidal cul ated@s@mnonlinear function(of heel [SlipC
andChormal Ooad.[IThisfunctionCisLgiven[bythe[Pacejka model CandLits[]
constantslareléstimatedfromneasured(datalof (thelactual [fire. (inthebond
graphChotation, (thislbehavior [isiodel edvith[&force-generatinglél ement
that(exhibitsldissi pativeldharacteristics.[]



3.IMODEL WALIDATIONO

ThisCbasdlinelmodel [is[first[Validated throughCtompari sonsCof (thel]
simulated(predi cti onsiwi thiheasurements[obtai nedfrom(thelrieal Wehicleldn(]
theCproving[grounds. LT heexperimental Cdatald sClimited[toCengineCandC
vehiclelSpeed(hi stori es.However, [SinceltheselVari abl esepresent fhelresul tC]
of CcomplexCengineland[Wehiclelinteracti ons, (tlis el tthat[thelagreement]
between(thesefwolquantiti esiwoul deffectivel yliali datelthelbehavi or[of the]
entirelSystem(during(Suchlfhaneuvers.(J

Thelmodel [ sltestedCunder Conelbf (the[most Cdramati cCiransi ents -]
vehiclelaunchCandCaccel erationCat[full load.[TThelVehiclelsCinitial ly(at]
stand(still, lvithbrakes[appli ed[andtheléngi nelidling(&t [700@pm. TAt HE30
seconds, (Thelbrakeslareltel eased[@nd(diri ver [demandisili nearlyampedip]
tolthenaxi mumal uelin(onelSecond. T heliehi clelandleénginelfesponselisl]
trackedintil EhelWehi cleteaches[6OM PH. [IT he[¢ompari son[of [predicted]
and(easuredleénginelandiehi clelSpeedifesul tslisShown(ihFigure15.Thel]
vehiclellspeedOresultsTshowUexcel lentCagreement. 0T heCJenginelJspeed
responselindi catesfeasonabl elagreement(acrossitheldveral | (profile, Withthel
firstwolgear[shiftslactual lyloccurringlatEhelsameldi melaspredicted, [2nd(]
onlythelastConelJoccurringslightly Cearli erConCthedsimul atedCprofil e T
Further, Cthe[Jpredi cted Cdropi nClengi nelJspeed Cduri ngCgearshiftsCcl osely Ol
matchestheléxperimental [fesults.(]
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Figure15: [$imulatedV siiheasured(datalduri ngthel0-60 PH[Accel eration]

4.IMODEL [REDUCTIONO

Thelinodel [Walidati on[andldesi gn(studytesultslarelgeneratedfrom@a]
model [that[has[thelmaximumCpossi ble[compl exity[{baselinelmodel).[ITo
improvelthe[si mulationCEfficiency by [CHiminatingCE ementsthatCdoChot
contribute(tolbutputsCof (i nterest, (whilefetainingCdesignCvariablesCivith(]
physi cal Cmeani ng; CanCenergy-based ™ odel [Order[ReductionCAlgorithm
(MORA)LisCappliedtolthelbaselinelmodel .LTThelapplication[of (MORAL
requiresialinodel [and[Set[of [parameters, livhi chuvel@l ready (have, [@nd[altich(]
inputiblexcitedl | fheldynami csiof thelSystem(for(algiven(Scenario.]

Theloriginal Cork[onthelenergy-basedlimetric(for[inodel (teduction]
(Loucal&t[@l.,[1997)sbriefly[describedherefor[¢onvenience.(IThelinain(]
i deal behi ndthisCimodel [Feducti ontechniquelistolevaluatelthel! e ement
activity” [of (Thelindividual [énergy[élementsiof [aful | [System(odel [Winder &
stereotypi c[Set[of (thput@nd(ihitial [@onditi ons. [Element[activity (RasUnitsaf [
energy, [tepresentingltheCamountCof Cenergy[that (flowslinCandCoutCof (thel]
elementCbver[thelgiventime. (LT helenergythat [flowslinCandCoutCof Can]
elementlisCa measurelof ChowactivelthisCelementis[{howlimuchlenergy(]
passesthroughtlit),(andl¢onsequently(thi siquantity isfermed(activity.[IThe[l
activitylof (@achlénergylélement(establi shes(alhi erarchyforall thelél ements. I
Thosed ementsCbel ow [ user-definedthreshol dCof Cacceptabl el level [bf [
activityl@reléliminatedfrom(fhelfhodel , [Afeducedfhodel [is[denerated@ndal]
newSet[of [overningldifferential Céquati onslis dleri ved.[TM oreléxtensions’
and3pplicationslof (Thelactivityetri clarelgivenDy Il oucal@and[$tein,[1998; ]
Loucalét(dl.,[1998;Mouca,[1998.0

Thel sl ectedscenariolfor(theltal cul ation[of (thelactivity [ sCaTull O
throttlelacce erationfromCstand&till Con[al Tl at[FfoadCandthenlbrakingtol]
bringEhelVehiclelback [folful | Stop. [TAtEhelbeginning, fhelenginelisidlingCl
with(Ehelbrakesapplied,(andthen(at [ [5$econdsthelbrakesarelfel eased]
andull throttlelisCapplied. MFinally, [&fter [(B5[$econdslof [accel eration, [hel
throttl elisrel eased@ndBrakesiarel@ppliedblstopthelvehicle.(]
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Figurel16: [V ehi clelfesponselfior theldccel erati on/brakingtaneuver (]

Thelbaselinelinodel [isluisedfol¢al cul atelthel$ystemiesponselaslit [isC]
performingthi sCaccel eration/brakingCimaneuver. (T helresponsellof Cthe[d
vehiclelturing(thi sCmaneuver i sCshownlin(F gurel16Wwith(somelbf [the]
typical Wari ableslof (nterest. (1T he[$i mul ati on[&l sol¢yenerates theltequired]
outputsineeded(forfheldal cul ationldf thelpower, fhelactivity, [@nd(final lythe
activityindexthat(M ORA equires.[ITherelare[55[énergy (&l ementslinihe
model . [T helfi melwindow(tisedfoldal cul atethelacti vity isthelfimeheeded
forthelvehiclelfoldompl etelboth(theldccel erationl@ndbrakingtaneuver.[

ThelSorted(é&lementCactivity[indi cesCandleumul ativelactivity[indicesC
for(thi siinaneuver(arelpl otted(inFi gure[17[andthelfhumerical (Wal uesigiven[]
ind theQd Appendix.C] O Noticel that[ thel cumulativel activity[ reaches’]
approxi matel y[BOpercent[&fter (includingtheli rst (i vel(5) (inost[important ]
elements.[Thelfnostimportant (el ement[isitheVehi clelmasslintheforward]
directi on[With[42%[of (thelfotal (activity. [T helleast[important[él ementslarel]
theltti scousldampi ng(of thelfl exi bl elshaftslinfheldrivetrain.[]
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Figure[17:[Sorted[ActivityIhdiceslandCumul ativellndex

AltreducedCimodel [ sCyeneratedhasedConthelBbovelactivity [ ndex
results.[IThel#& ement[&l i mination[$tartstith(ihelleast[important[& ement(
(Engine\B) CandCeonti nuestvith[&lementsCof Chigher Cactivity. (IThe[last (B8
elementsCiliminated fromCtheCmodel, CresultingCinCreducedCimodel (that [
mai ntai ns[98.34%(of thefbtal [Activity. M ost[6f fheldliminated(él ementsiarel]
thelinertial,[éompliant(and(Tesi sti veleffectsof (thelshaftstinEheldrivetrain. [T
Other[#iminatedC& ementsCincludelthe[suspensionCandtirelcompliances,[]
framelmoment[of [inerti alandCinerti alof (thel@xl eslinthelVertical [direction. I
Finally,the[chargingCandthurni ngCl ossesCbf [ thel transmissionCarehot[]
importantCand(thereforel&liminatedfromthelimodel . [(IThel&imination[of
thesellow(&cti vity (& ementsproducesaieducedmodel (That hastholpitchlor[]
verti cal (inoti on, (Wvhi chmi ght[beléxpected S ncelivelhave & heavy Wehiclel]

0




accel erati nglon(alfl atroad. [T helfeducedfhodel [Onlylihcludestheframeand]
axlelinasses(ihthellongitudinal [di recti on[al ongWi ththelAerodynami cldrag. [
InCaddition,[thelheel [inertias,[folling[tesi stances, (brakelossesLand(tirel]
dlipslarelincluded.[TFinally,[thelthurninglosseslbf (the tifferential,[thel]
| ossesof [the(transmi ssionCland i fferenti al Cgear Ceffi ciency CandCengineld
inertialhavelfi ghlActivity,[@ndfherefore, [@relihcludedlihthefeducedmodel .0
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Figure(18:[Comparsi on(of thelful | [@nd(feducedhodel ]

AUreducedCImodel Ui sCifirstCigenerated by Clelimi natingCitheClenergy O
elements(Suggestedby(thelacti vityfetricl{onlythe17most[acti velélements]
arelincludedlinthelfeducedinodel).[IThen, [thi s(ieducednodel [islisedfol]
predictthelWehiclelbehaviorloverthelSamelaccel eration/brakingmaneuver. 11
Figure18[¢omparesthellehi clelSpeed@ndiwhed [forquelasipredictedByhel]
reducediodel Wersuslthelful | (baselinelinodel . (IT helpredi ctionsfromthe
twolmodel sLare[a most[identical (for[the[ehi cleC$peed. T herelisConly[al]
small[di screpancy(in(thelpredicti on(of [theldriveltorque. (INoticelthat [ihel]
responsesiarelquitelsimilar,[exceptformthelhi ghfrequency éffectsithat [@re[]
eliminatedrom(ihelteducedinodel . [(IT heléomputati onal [&ffi ciency [of [thel]
reduced(model [islimprovedby@factor[0f 2.5MhenuisingthelV ode-Adams[]
variable-steplintegrationf@ gorithm.

4.1Mesign(Studyd

Thelpotenti al [lisef ul nesslof (thelfeduced(integratedehi clelmodel [asa]
design(iool [iseéxpl oredthroughlalparametri cStudy. (T helStudy [Assessesthel]
possi blel$i del&ffectslassoci atedWithmodifi cation[of [tontrol [Strategi esfinC]
an(attemptHolimproveloveral | Wehiclelperformance.[IM orelSpecificallythel]
effectCof Cvarying[thedurati on[bf [ thegearshift Cevent[i s ktudied.[TTThel]
durationlof [Thel$hiftléventislVariedlin[order Holtudypossi blel&ffectslon(]
system(fesponselandIdriver[@omfort. T heldriginal [durati on({0.8[Seconds) ik
vari edby[+/-[0.4[Secondsandthefull-throttl €’ [Accel erati on[$imul ation(isC]
repeated.[TIChanging(thelshiftCHurationCessentially[scal es[thelblending)
functionlinFi gure[®& onglihelhorizontal [&xis.[TA [horter [$hift[duration]
representsui cker CengagementCand(Cdi sengagement Cof [thetransmissiond
clutcheslandbands, [duringlthelSpeed@ndforquelphasesiaf thelshift.[]
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Figure[19:[V ariati onslof (ehi cl elaccel erati onlwi th(shift[duration]

ThelVariationlin(theltaxi mum¥Vehi clelaccel eration[dluringthelshiftCl
from(irst{gear folSecondlisishownlinFFigure[19.IThelinaximumal uelof (]
forwardlaccel erati onlincreasesiaslthelshift(durati onldecreases. [n(addition, ]
thelaccel erati on(lbssiduri ngtheffirst[phaseldf fhelshift[@vent(isreduced, [duel]
tolfheflaster[eéngagement[of [theldl utches.[]

5.IDISCUSSIONO

M odelingUof Canlli ntegratedJdynami cCsystemCusingCalhierarchical O
approachlisCadvantageous. [TA [systemati cLapproachliminimizestmodeling]
mi stakes[bybreakingOthedsystemOmodel CintoClsmal | DsubsystemsClandCl
components_thatCareCmanageabl e[ n[isi zeCandCcompl exity. (T helsamel]
componentsi¢an(beltlisedfepeatedl ylwithouthavi ngfolbuildinodel slaf (Thel
samelpart[fiwi ce.[Foréxampl e, [fhelaxleldomponentihfheltehi cleldynamics]
subsystemisCbuiltConcelandCused(for[both[thefrontCandtearCaxle.[TIn0]
addition, Wi th(hi erarchi cal inodel i ng, (iodel sLof (thelSamel¢omponent wvith(]
differentC¢omplexity[¢an(beleasilylinterchangedivithouthavingfol¢change]
theliemai ninglstructurelof [theltnodel . [MFi nally, [fhebond(graphlanguagelis’]
ideal (for[thi s(typelof (imodelinglsinceltomponentCmodel Ceompatibility[is[
madeldl earWiththeotion(df [portsianddausality.(]

M odel (W ali dati on[df [thelbaseli nelhodel ([demonstratesigood(agreement ]
withthelexperimental [Hata. [THowever, [thelfirst[fivelsecondsshouldCbel]
examinedCimorel €l osely,[$incelthatinterval [is[$ignificantlyCinfluencedCby]
turbochargerlagfand$ystemldynamics.[IThelsharplincreaselandthelfirst[]
spikeldn(theleasured(engi nelSpeed(profilelarelassoci ated Wi ththeléxtremel]
dynami cslih(thelforqueldonverter. T heléngineldverspeedsiSomewhat [Bef ore]
the(Xorqueliconverter (i sCabletoprovidefeedback [inCtheformCof (the(]
increasedpumptorque, [Felt[bythelenginelas thelteactiontorque.[TThell
wholeCevent[associ ated (i th[that [ niti al Cspi ke(takesplace[duringConel
crankshaftevol uti on, End (it Woul dfakesomeLi ni telfi mefolaccel eratelthel]
fluidCinside[the(torqueltonverter. (LT he[fuasi-steady (T CCmodel (i sChot [
capableJof OcapturingOsuchOalddynami clprocess JandChencelJresponds(]
instantaneously, [keepingthelenginelspeeddown(&t(thelbeginninglof thell
simulation.C]

Theldutcomelaffhelhodel (feducti onlprocedurelaySeem(rivial [{oEn0
expert[inVehicles,Chowever[it[providesleritical [informati onfol&inodel er]
withnotfhuchlexperiencelihVehi clelfnodeling. [Thladdition, identifyingthel
elements(that[contri butelthelmostfolalSpecificihaneuver(iklinigeneral [fot @]
trivial (task.[TGeneratingthepropermodel (ith[M ORA [provides  tritical []
informati on(foltheléngi neer. (Perhapsithelnost [feadily[Assessabl elbbenefitis[]
that[thelactivitylidentifieslthelimportant(parametersi{el ements)fel ativefo@ ]
parti cularCscenario. [T hus, Ceven(df (thelmodel (i sChot[reformul atedCintol)
reduced(Torm,Chaving[a rank CorderedistCbf (theparameter[importancel]
directsthe[designer[towardsthe[designfeaturesthat[tanproduce thel]
greatestCeffect JonCtheCsystem. [IOAnother ChenefitCof CrankingCparameter
importancelisthatfhelfimeland(éffort[{cost) [0f [dbtai ning(hodel [(parameters’]
canbelfeduced. A [full model [danbeldreatedWithTowpreci sionlparameter]
values.[IThen, CponClearninglwhichCparametersLarelimportant, (fesources]
canlbeldirectedlintolbbtai ningChi gherCpreci sional uesLof (thelimportant[
parameters. [esi gn[opti mi zati onioul d@ soBenefitfromthelknowl edgelof [
parameter[limportanceJby[leliminatingOthe[Ineedtoperturbotherwisel
unimportant({fhodel [parameters.C]

AUreducedCmodel CthatOretai nsCphysi callyCmeaningful Cparameterst
facilitatesCdesi gn[studies. [TInthelshiftCHurati onCexampl e, shorter Cshift ]
durati on[J(0.4[Seconds) Cresulted i nCicri sper Caccel erati on. [IOWhileCgreater
accel erati onltay(Beldesi rabl elfrom@performancelstandpoint,thelihcreased]
ratelof [¢changelof Horward(ccel erationCduringihelshorter [shiftléventay
adversely[affect(ri delquality@nd(driver[@omfort.lncreasi ngldriver[éomfort[]
through(prolonged3hift[dlurati ons(tai seslguestionsLabout[¢lutchOivear(and[]
longermCdlurability,[asthelelutchsli ploccursiover [Alonger[period.IThell
abilitydoléval uate[suchlirade-of fslbetween{actorslaffectinglperformance, ]
driverl@omfort(@ndfedl,[And[durabilitydanbelalal uabl efai dih[desi gningall
new, [Speci ali zed[@pplication, [@.g.,[dommuter [Bus, [0ff [foadvehi cle, [€tc.[]

6.3UMMARY[ANDICONCLUSIONS

Development, [Validati on[and{liselof [an(integrated[System(Simul ation]
inléoncertWith[athodel [feducti on(al gorithm(arelpresented(inthislpaper.IhCl
thelvehicle[systemJdescribedTherein, JalJquasi-stati cllengineCmodel ClisC]
integratedJwithOdrivetrainCandvehiclel]dynamicsCimodel sC of O proper(



complexityforhelsimulati onlobj ectives. [T hesi mul ati onlilsdonfiguredfol]
predi ctfheldynamiclbehavior[of [@n(Internati onal [4700[4x2(Truck, (powered]
by&turbocharged, [intercool edCengine, CandCequi ppedwithCa four[speed]
automaticltransmission.[TIThecompl etelvehi clelsimulationstructurelis(]
implementedih20SIM. IV ehi clellaunchfrom(standstill @ndSubsequent ful | O
loadl&ccel eration[fo[600M PH [3howsVery[good[agreementbetweeninodel (]
predictionslandléxperi mental (tneasurements. [T he[Wehi clel3peed(profil elis]
predictedCWithCgreatCaccuracy. [IThelbverall CenginelSpeedChistory [shows
very[goodCagreement, Civith(theCexception[bf [(the[lerybeginningCof (thell
transient.[J00Di screpanci esCarellattri buted (toCthelfi delity Cof CtheCtorquel]
converterithodel.[]

Thelmodel Ctompl exityd sCaddressed (i thCanCenergy-basedCmetric. [T
Resultsishow(that By removing(37outof the(B5el ementsiof thelful | fhodel, [
alteducednodel [is[producediivhi chlgeneratesa mostlidentical [(predictionsl]
as[ihelbaselinelinodel . [(TFor[&ccel erati on[andCbraki nglof (ihislehicle, [ihe
pitchlmoti on[doeslhot [heedfolbelincludedlintheltodel .M oreover,the]
computati onal [&ffi ci ency[of [thelteduced[model [Is[3i gnificantly improved. [
Finally, (&l tlesi gnCstudylindi cates[the[potenti al Cof (the[simulationtolbelal]
useful Cengi neeringtool Cfor (thelefficientCandCsystemati cCeval uationCof [
vehicleldesignlfrade-offs.[]
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9.[APPENDI XO

Rank[] Curul ativel %4 0 Activity %[ El ement CNanmed

10 42.35470 4. 2355E-010 Vehi cl e\ body\ MO

20 54.09100 1.1736E-010 Vehicle\tire rear\B_brakel

30 65. 18280 1.1092E-010| Vehicle\tire front\B brakel

40 75. 67230 1. 0490E- 010 DT\ TQ\ Fl ui dCoupl i ngd

50 81.84270 6. 1704E- 0200 Vehi cl e\ body\ Raer o[}

60 84. 61560 2. 7729E- 020 Vehi cl e\ axl e_rear\ MO

70 87.27610 2. 6605E- 0201 Vehicleltire rear\B_slipQ

80 89. 15400 1.8780E-0200| Vehicle\tire rear\B rollingQd

90 90. 84360 1. 6895E- 020 Vehicle\tire front\B slipO
100 92. 41960 1. 5760E- 020 Vehi cl e\ axl e_front\ MO
110 93. 93160 1.5121E-020 DN\ Prop Diff\differential O
120 94. 99270 1.0611E-020 | Vehicleltire front\B rollingQ]
130 95. 83070 8. 3792E- 030 DT\ Prop_Di ff\ B_churni ngd
140 96. 65690 8. 2627E- 030 Vehicleltire_ rear\Jwheel O
150 97. 27860 6. 2170E- 030 Engi ne\ JO

160 97. 88940 6. 1074E- 030 DT\ Tr ansmi ssi on\ gear [
170 98. 34140 4. 5200E- 030 Vehicle\tire front\Jwheel O
180 98. 79230 4.5096E- 030 | DT\ Transni ssi on\ T_char gi ngQ
190 99. 13880 3. 4643E- 030 DT\ Tr ansmi ssi on\ | 10

200 99. 47780 3.3903E-0300| DT\ Transni ssi on\ B_chur ni ngd
210 99. 66410 1. 8635E- 030 DT\ Tr ansmi ssi on\ | 20

220 99. 75190 8. 7739E- 0400 DT\ TQ\ | _tur bi ned

230 99. 83690 8. 5015E- 040 Vehi cl e\ axl e_front\ C suspl
240 99. 86450 2. 7626E- 040 Vehicle\tire front\C tirel
250 99. 89170 2. 7169E- 040 Vehi cl e\ axl e_rear\ C suspl
260 99. 91580 2.4123E-040 DN\ Prop Diff\l_axleld
270 99. 93130 1. 5503E- 040 DT\ Prop Diff\l20

280 99. 94570 1.4344E- 040 Vehicleltire rear\C tirel
290 99. 95890 1. 3280E- 040 Vehi cl e\ frame\ O

300 99. 96830 9. 4054E- 0500 DTN\ Prop Diff\C axle_outO
310 99. 97630 7.9473E- 050 DTN\ Prop Diff\110

320 99. 98380 7.5482E- 0500 DT\ Prop Di ff\130

330 99. 989601 5. 7976E- 0500 Vehi cl e\ frane\ JO

340 99. 99270 3. 0673E- 0500 DT\ Tr ansmi ssi on\ C20J

350 99. 99410 1. 4240E- 050 DT\ Prop Diff\Cl0

360 99. 99550 1.3591E- 050 DT\ Prop_Di ff\C20

370 99. 99670 1. 2248E- 050 DT\ Prop Diff\C axle_inO
380 99. 99760 8. 5697E- 060] Vehi cl e\ axl e_rear\ MO
390 99. 998200 6. 2376E- 0601 DT\ Prop Diff\B axle_outO
400 99. 99880 6. 0076E- 060] Vehi cl e\ axl e_front\B suspl
410 99. 99930 5. 5139E- 060J DT\ Tr ansmi ssi on\ C30J

420 99.99990J 5. 1464E- 060 Vehi cl e\ axl e_front\ MO
430 99.99990J 4. 9906E- 070 Vehi cl e\ axl e_rear\ B suspll
440 99. 99990 4. 0820E- 070 DT\ Tr ansmi ssi on\ B20

450 100. 00000 1.9998E- 070 DT\ Tr ansmi ssi on\ C10J

460 100. 00000 1.6112E-070 Vehicle\tire front\B tirell
470 100. 00000 6. 4768E- 080J DT\Prop Diff\B axle_inO
480 100. 00000 5. 1618E- 0800 DT\ Prop_Di ff\B10

490 100. 00000 3. 2226E- 080 DT\ Prop_Di ff\ B20

500 100. 00000 3. 1844E- 080 Vehicleltire rear\B tirel
510 100. 00000 5. 2118E-090 DT\ Tr ansmi ssi on\ B30

520 100. 00000 1.3387E-090 DT\ Tr ansmi ssi on\ B10

530 100. 00000 1.2363E-090| Vehicle\tire rear\B bearingl
540 100. 00000 1. 0532E-090 | Vehicle\tire front\B bearingl
550 100. 00000 1.5733E-100 Engi ne\ BO
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