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ABSTRACT

The purposeof this projectis to extend and integrate existing resultson fault diagnosticsand
fault managementor passengevehiclesusedin automatechighway systemgAHS). Thesere-
sultshave beencombinedto form a fault diagnosticandmanagemengystemfor the longitudinal
control systemof the automatedsehicleswhich hasa heirarchicalframeavork that complements
the establishedPATH control system.Furthermorethe fault diagnosticmoduleeffectively mon-
itors all of the sensorsand actuatorsrequiredfor longitudinal control, while the fault handling
modulecorrectsfor arny detectedaultsvia controllerreconfiguratioranddegradedmodesof op-
eration. Simulationsusingthe SHIFT programminglanguageare presentedo demonstratehe
performanceof thefault diagnosticandmanagemendystemfor differentfault scenariosLimited
experimentakesultsarealsoprovidedto shav theinitial stagef real-timeimplementation.

KEYW ORDS

Fault diagnosticsfault handling,automatedighway systemgAHS), hybrid systemssimulation,
SHIFT, tire/roadfriction estimation
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Executive Summary

This projectpresentghe designandverificationof a unified framework for a fault tolerantAHS
longitudinalcontrol systemwhich combinesprevious andcurrentwork in the areasof fault diag-
nosisandfault handling. This fault tolerantcontrol systemis an extensionof the normalmode
hierarchicakontrolarchitecturgoresentedn Varaiya(1993),whichincorporatesll of theexisting
AHS controllaws andmaneuer protocols.

A systematiadesignfor the fault diagnosticsystembasedon model-basedechniquess pre-
sented. A combinationof parity equations)inear obsenrers,and nonlinearobserersis usedto
createa set of signalssensitve to faultsin the longitudinal control components.A linear least
squarestimationschemas developedto detect jdentify, andestimatehe magnitudeof thecom-
ponentfaults. Resultsfrom simulationsshov good performancehowever limited experimental
resultsindicatefurthermodelingandtuningis required.

Thefaulthandlingsystenmconsistof two structureso compensatéor faultsanddegradedsys-
tem performance.The capability structurerelieson a setof degradedmodemaneuersto ensure
the safetyof the automated/ehicleswhena critical fault occurs. The performancestructureuses
controllerreconfiguratiorto minimize the lossof AHS performancedueto minor faults,adwerse
weatherconditions,andcomonentwear Moreover, a schemdor road/tirefriction estimationhas
beenaddedto the performancestructurefor handlingadwerseernvironmentalconditions. Simula-
tion resultsshows that the estimationschemecanidentify the road/tireconditionswithout priori
highway informationwhile guaranteeinghe safetyby underestimatiomwf friction coeficient.

Finally, a high fidelity nonlinearvehicle modelandthe completefault tolerantAHS control
architecturehasbeenimplementedandtestedin the SmartAHSmicro-simulator Simulationsof
thefaulttolerantcontrolarchitecturaundereachcomponentault arealsopresented.
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Chapter 1

Intr oduction

Over the last ten years,PATH’s AdvancedVehicle Control Systemeffort hasmadeimpressve
stridesin the modeling,control designandimplementatiorof several vehiclecontrollaws. From
the overall AutomatedHighway SystemqAHS) point of view, the two mostimportantrequire-
mentsof an AHS areto significantlyincreasehe capacityandsafetyof highway travel.

To satisfytheserequirementsthe AHS shouldbe designedsuchthatthe automatedsehicles
are ableto safelyoperateunderabnormalconditions,aswell asundernominalconditions. The
nominaloperatingconditionassumeshefaultlessoperationof the systemcomponentandbenign
ernvironmentalconditions.The abnormaloperatingconditionsarewhich aregenerallyconsidered
include(Lygerosetal. 2000;Godboleetal. 2000):

1. HardFaults:thesencludefailuresor faultsin oneof thecontrolsystemcomponentssuchas
mechanicatailuresin thevehiclesfailuresin sensingcommunicationgontrolandactuation
bothonthevehicleandtheroadside.

2. Soft Faults: theseinclude Adverseervironmentalconditions,suchasrain, fog, snaw, etc.
andthelossof performancealueto gradualwearof AHS components.

The AHS addresshesetwo classe®f operatingconditionsby switchingbetweertwo general
modesof operation:normalmode,which givesoptimal performancaindernominal conditions,
andseveral degradedmodeswhich ensuresafetyandattemptto minimize performancelegrada-
tion underabnormalconditions. A greatdeal of effort hasbeendedicatedowardsthe designof
a robust controllersfor both modesof operation. Normal mode control laws at the regulation,
coordinationandlink layerhave beendevelopedandtestedn simulationsandexperiments.Fault
detectionalgorithmsfor the onboardsensorand actuatorcritical to automatedtontrol have been
developedandtestedn simulationsandexperimentgGaig 1995;Chungetal. 1996;Chungetal.
1997; Patwardhan1994a;Agoginoetal. 1997;Rajamanietal. 1997;Rajamanietal. 1997). At
the sametime, fault handlingschemesisingnenv maneuersandcontrollaws have beendesigned
for degradedmodesof operationto ensurethatthe safetyof the AHS is maintainedandthe per
formancelossis minimizedin abnormalsituations(Lygeroset al. 2000; Godboleet al. 2000;
Chenetal. 1997). In addition,thesefault handlingscheme$ave beensuccessfullytestedin the
SmartATH simulationprogram(Carbaugtetal. 1997).

Thegoalof this projectis to meige andimprove thesedevelopmentsn theareasof fault diag-
nosticsandfaulthandlingwith theexisting controlhierarchy(Varaiyal993)to produceacomplete
faulttolerantAHS control systemthatcanbe implementecn the vehiclesandthe roadway. The



projectconcentratesn the designof a faulttolerantAHS control systemthatcandetectandhan-
dle both hardandsoft faultsin the longitudinal control system.However, actsof nature,suchas
earthquaks,floods,etc. andobstacle®ntheroadarenot consideredn orderto limit the scopeof
the project. The overall structureof the fault tolerantAHS control systemis shavn schematically
in Figurel.1.

Higher Layer
l T Coordination layer
Fault Handling
Coordination - 2 é
Capab. & Perf] = Supervisor % ——
Structures - 3 Q2
S =)
2 c
5 3
Parameters Y 8 <
< 2
Databases Coordination - 2
Protocols -
A
Residual ]
Processor
‘ Regulation Supervis\%r
\ Regulation
layer
Y Y
| Regulation Control
o Laws
Residual ‘ ?
Generator
Physical layer Control LaFvs Physical layer
Fault Diagnostics ‘ *

Vehicle Dynamics

Figure 1.1: ExtendechierarchicaffaulttolerantAHS controller

In additionto the designof the fault tolerantAHS control system,the considerabldgask of
implementingthe entire systemand vehicle modelsin SmartAHS,a micro-simulatorwritten in
SHIFT, wasalsocompleted. SHIFT is a programminglanguagedevelopedat PATH to simulate
the behaior of large scalehybrid systems(Deshpandest al. 1997). The fault diagnosticand
fault handlingmodulesof the system,exceptfor the estimationof tire/roadfriction andbraking
capability arealsorigorouslytestedn SmartAHS.

The remainderof this reportis divided into five chapterswhich discussthe detailsof each
portionof thefaulttolerantcontrollershavnin Figurel.1. Chapter2 introduceghevehiclemodel
thatis usedasa basisfor the developmentof theautomateaontrolsystemandvehiclesimulation
software. In chapter3, the normalmodelongitudinalcontrollerof the PATH control hierarchical
architecturas reviewed. Chapter4 describeghe designof a completefault diagnosticsystemfor
the physicallayerlongitudinalcontrollers.Simulationandexperimentakesultsarealsopresented
for all faultsin sensorsaandactuators.Chapter5 describeghe fault managemensystemfor the
regulationandcoordinationlayers. The capability structurefor normalmodemaneuersaredis-
cussedalongwith simulationsfor all faultsin the onboardsensorsactuatorsandcommunication
devices.In addition,a schemeo estimatethefriction coeficient of thetire/roadinterfaceandthe
brakingcapability of vehiclesis alsopresentedn this chapter(Alvarezet al. 2000;Alvarezand
Yi 1999).Concludingremarksandadiscussiorof possiblefuturework arepresentedn chapter6.
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Finally, appendixA describeghe structureof the SmartAHSsimulationsoftware developedfor
testingof thecompletesystem.



Chapter 2
Vehicle Model

This chapterpresentsa mathematicamodel of a passengecar equippedwith a sparkignition
engineand automatictransmission. While only a brief overvien of the modelis presenteda
more detailedcoverageof the the longitudinal vehicle dynamicsand powertrain model can be
foundin (McMahon1994;Gerdesl996;Cho1987;Moskwa 1988),while thelateraldynamicsare
describedn (Patwardhan1994b;Pengl1992;Pham1996).

Thevehiclemodelpresentedhn this chaptetis a six-degreeof freedomnonlinearmodelbased
on both analyticalderivationsand experimentaldata. The vehicleis modeledasa sprungmass,
representinghevehiclebodyandthedrivetrain,attachedo anegligible unsprungnassthewheels
andtires, via the suspension.The remainingsectionswill describein more detail the dynamics
associateavith the sprungmass the powertrain,the brake systemthe suspensiomndfinally the
wheelsandtires.

2.1 Sprung MassDynamics

Thesprungmasss modeledasarigid body, soNewton-Eulerequation@reemployedto obtainthe
differentialequation®f motionalongit’ s six degreesof freedom;longitudinal,lateralandvertical
translationsandroll, pitch, andyaw rotations. A diagramof the coordinatesystemis shavn in
Figure2.1,

Top View

Side View

Figure 2.1: Diagramof VehicleModel CoordinateAxes

The forcesactingon the vehiclearethe tractionforcesfrom thetires (£};), the aerodynamic
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drag(c,%?), the suspensioffiorces(F;;), andgravitational forcesasa function of roadgradeand
banking(A and~, respectrely). Lossesdueto rolling resistancen thetires areincludedin the
termT,.,.. Theseforcesaffectthe sprungmassasshavn onthefree bodydiagramin Figure2.2.

Consideringtheseexternal forces and the three dimensionalkinematicsof the vehicle, the
following differentialequationsdescribingthe vehicle’s motioncanbe derived

S Figi — coi?sign(a) — T,

b= M " 4 ¢ — 20 + gsin(A)
4 9. .
T - 2 .
i = >ic1 Fuyi Mcyy sign(y) b+ 2+ g cos(A) sin(y)
4
L
Z = % + 2wy — Yws + gcos(A) cos(7y)
Ftx Ft:
ty F
+Tr; 4+ :/?V Top View
Ftx’ B Ft; —p,
Mg
( < _V: SVFV Side View
F o) Trr FtL@

Figure 2.2: SprungMassFree-bodyDiagram

Lo = (I, — L)0é+ M,
1,6 (I, — I,)éd + M,
Lé = (I, —I,)¢0 + M,

The momentsactingon the sprungmassare causedoy the tractive forces(F},;) andthe sus-



pensionforces(F,;), which arerelatedgeometricallyby thefollowing algebraicequations

1. .
Mz = 5(5111(0)((}7};51 - thQ)Sbl + (Ft553 - Ftw4)8b2)

+cos(8) sin(@) ((Fiy1 — Fiy2)se1 + (Fiys — Fiya)se2)
+ cos(8) cos(@) ((Fp1 — Fp2)sp1 + (Fps — Fpa)sp2))

4 4
—sin(0) sin(¢)Hy Y Frai + cos(0)Ho Y Fiyi

=1 i=1

4
M, = _HOCOS(@ZRsm'
i=1

—sin(0) ((Fio1 + Fia2)li — (Fias + Fiza)lo)
+cos(0) sin(@) ((Fiy1 + Fiyo)li — (Fyys + Figa)lo)
— cos(0) cos(@)(Fp1 + Fpa)ly — (Fps + Fpa)l2)

M, = cos(¢)(Fiy1 + Fuo)li — (Fiys + Fiya)ls)
+sin(@) ((Fp1 + Fpo)li — (Fps + Fpa)l)
—5(€08(0) (31 (P — Fioa) + 10(Fess — Fi)
+sin(8) sin(@) (sp1 (Fiy1 — Fry) + Sp2(Frys — Fiya)))

2.2 Powertrain

Themostsignificantforcesactingon the sprungmassarethetractive forcesgeneratedt thetires.
Theseforcesare a resultof the power generatecand deliveredto the wheelsby the powertrain.
The powertrainin turn is composedf three subsystemsthe engine,the torque corverter and
the transmission.The equationsof motion associateavith eachof thesesubsystemsvill now be
describedn moredetail.

2.2.1 Engine Dynamics

The enginedynamicshave two states;the enginespeed(w,) and the massof air in the intake
manifold (m,). By applyingNewton’s secondaw of motionto the engineandthe conseration of
masgto theintake manifold, the differentialequationgdescribingw, andm, are

Ie we = Tnet(wea Pman) - Tpump (wea wt) (21)
e = MAX TC(c) PRI(Ppan/Paim) — Mao(We, Pran) (2.2)
Pman Vman = Rair Tman me (23)

The lastalgebraicequationshaws the relationshipbetweenn, andthe pressureof the intake
manifold (P,..,,). This relation holds underthe assumptionghat the temperatureof the intake
manifoldis constantindtheair actsasanidealgas.

Notice thatthe netenginetorque(7,e:(we, Prarn)) @ndmassflow rateof air out of the intake
manifold (g, (we, Prnar)), @re both nonlinearfunctionsof the enginespeed(w.) andthe intake

7



manifold pressurgP,,,,,). Similarly, the pumptorque(Z,ymp(we, wt)) is a function of w, andthe

turbinespeedof the torquecorverter(w;). Thesefunctionsareobtainedthroughexperimentation
andareusuallyprovided by the enginemanufcturersasa staticmap (ChoandJ.K. 1989). The

currentvalueis thencalculatedvia a table-lookupandinterpolationof the map. Theformatof the

enginemap usedfor simulationand controlis shavn in Table 2.1, while the mapfor the pump

torqueis explainedin Section2.2.3.

H we‘Tnet ‘ Mao ‘ Pman ‘ « H

Table 2.1: EngineMap Format

Similarly, the massflow rate of air into the intake manifold is also an empirical nonlinear
mappingexpressedy thefirst termof themanifolddynamicgChoandJ.K. 1989). Thenonlinear
functionsTC(«) and PRI (Pan/ Pum) reflectthe influenceof the throttle body geometryand
pressurdifferenceuponthe air flow, respectrely. Both arealsorepresenteas static mapsand
are calculatedvia table-lookupandinterpolation. The constantcoeficient M AX representshe
maximumflow possibleinto theintake manifold.

Finally, the throttle actuatordynamicsarerepresente@san additionalfirst ordersystemde-
scribedby

T, 0+ =

2.2.2 Torque Converter

The torquecorverteris composedf one state,the turbine speed(w;). Again, using Newton’s
secondaw, thedifferentialequationdescribingthe dynamicsof w; is

It wt = T’turb(wea wt) - R*Tshaft

Thetorquecorverters fluidic couplingis alsomodeledasa nonlinearfunction of the engineand
wheelspeedgw,. andw;) (McMahon1994). Thefunctionis representedsa pair of secondorder
polynomials,with the outputsof pumpandturbinetorque(7,,m, andT;,,;). Thesepolynomials
have thefollowing form:

aow? + aywewy + agwi If L4 < 0.9
Tpump = 2 2 he ;
Cow; + Clwew; + cow;  otherwise

T bow? + bywew; + bow?  if <09
burb Cow? + crwewr + cow?  otherwise

wherethe coeficientsa;, b;, andc; modelthe input-outputrelationshipat lower andhigherspeed
ratios, respectrely. Thesecoeficientsare experimentallydeterminedor a specifictorquecon-
verter

Thetorquecorverteralsoexhibits a discretechangeof operatingmodecalledlocking. In the
locked mode, the pump and turbine shaftsof the torque corverter becomemechanicallylinked
in orderto reducelossesthroughthe fluidic couplingin highergears(typically third andfourth
gear). Whenthe torquecorverteris locked, the pumpandturbinetorquesbecomeequalandthe
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powertraindynamicsreduceto a secondrdersystem.Thereducedrderdynamicscanbe written
as:

(Ie+ L) we = Thet(Wes Pran) — R Topayt (2.4)
e = MAX TC() PRI(Pran/Paim) = a0 (wes Pran) (2.5)
Pran Vinan = Rair Tman Ma (2.6)
We = Wy (2.7)

2.2.3 Transmission

Thetransmissiortonsistf a simplestaticmodelof theautomatedyearshift routine. The current
gearratio (R,) is modeledasanothettablelookupfunctiondependenpnthevehiclespeed) and
thethrottle angle(«). Gearshift schedulechartsarealsoprovided by the vehiclemanugcturers.
Gearshift schedulesirein theform shavnin Table2.2:

Shiftupfromi-thgear | a | &

Shiftdownfromi-th gear | a |

Table 2.2: GearShift ChartFormat

2.3 Brake System

While thepowertraincanincreasehetractive forcesgeneratedia thecommandedhrottleangle, it
hasonly limited ability to decreaséheseforces. Thereforethebrakingsystenfills this deficieny
by allowing direct control of the wheel decelerations.Two modelsof the braking systemare
availablefor the userwhich aredependenbn thetype of controlinput; onemodelassumeslirect
controlof themastercylinder pressurewhile the otherassumesontrol of the brake pedal.

2.3.1 DirectMaster Cylinder Pressue Control

For automatedongitudinal operationsthe vacuumboosteris bypassedsinceit is a sourceof a
large“pure” time delayandlag (Gerdesl996). Thereforedirectcontrolof the brake fluid pressure
within the mastercylinder (P,,.) is attainedthroughan additionalintermediatecylinder piston
controlledby thecommandegbressurdeed(P,,..) (Maciucal997).

Thesebrake systemhydraulicsare modeledby an experimentallydeterminedcapacitance
while the wheel cylinder pressure(Pyheei(Vine)) is @ nonlinearfunction of the volume of fluid
enteringthe mastercylinder (V,,,.) asfollows

Vmc - Cq\/|Pmc + Pmcc - Pwheel(vmc)| Slgr(Pmc + Pmcc - Pwheel(vmc))

Thecapacitanceurve, Py.;(Vine), maybeapproximatedasa cubicpolynomialof V;,,. andsuch
cubiccurvesaretypical of brake systemhydraulics(Maciucal997).
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Finally, the wheel cylinder pressures relatedlinearly to the brake torqueby the following
equation
Tbr = Kwaheel(Vmc)

Lossedn the brake torquefrom warpingin the brake rotors,uneven padwear etc. arecontained
within K,. Therefore,K, is highly uncertainandit canvary dueto age,brake padtemperature,
andevenimperceptiblenanufcturingdifferencesEmpiricaldata(Maciucal997)hasshavn that

valuesof K;, < 0.9 aretypical.

2.3.2 Master Cylinder Pressue Control via the Vacuum Booster

Alternatively, aninput brakingforce (F;,) canbe appliedat the brake pedal. This input forceis
subsequenthamplified by the vacuumboosterbeforeaffecting the mastercylinder piston. This
alternatve inputis morerealisticwhena humandriver modelis usedasthe vehiclecontroller

Thevacuumboosteiis essentiallya hydraulicamplifiercomposeaf two chambersthe apply
chamberandthe vacuumchamber The pressuraifferencebetweenthesetwo chambersauses
the amplificationof brakingforce. Therearetwo statesassociatedavith the vacuumbooster;the
massof air in the apply chamberandthe massof air in thevacuumchamber Therearealsothree
discretestagef operationof the vacuumboosterapply, hold andrelease The stageof operation
dependsn the pedalinput andthe stateof the vacuumbooster The outputforce of the vacuum
boosterin turn pusheghe pistonin the mastercylinder, affecting the pressureandvolumeof the
mastercylinder. For a detailedexplanationof the operationof a vacuumboostey the interested
readetis referredto (Gerdesl996).

Thegoverningequationdor thetransmissiorof F;, to P,,. throughthe vacuumboosterare:

_ MggpiyRT AN
“wr (Vao + Adxmc)
Myacuum RTMAN

(Voo — AdaZime)

Fd = Ad(Pap _Pvac)
Fos = Frso+ KpsZTme
{ Fo+ Fipn—Fs Fo+ Fp —Fs >0

0 otherwise

Foppiy aNd F 05 arefunctionsof F;, andvacuumboosteroutputforce (F5,;). They delimit
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the stageof operationof the vacuumbooster

mvm

stage

Mapply

mvacuum

_C'um(Pvac_Pman_Po) Pvac zpman+Po
{ 0 otherwise
release En < Frelease
h0|d Frelease S En < Fapply
apply otherwise
Cuv(Pyac — Popp)  Stage=release
Cleak (Pvac - Papp) stage= hold
C1aa(f)ATM - Papp) stage= apply
Mym + Cav (Pap - Pvac) stage= release
Mym + Cleak(Pap - Puac) stage= hold

Mwm stage= apply
Feso + KesTme
{ Fout_Feo Fer)  Fy > Fug+ Fiy
0 otherwise
AmeTme
Cq\/|Pmc — Pyneet(Vine)| SIONPrec — Pouheet(Vine))

Kwaheel(Vmc)

wherethe last equationsareidenticalto thosefound in the previous descriptionof direct master

cylinder pressuresontrol.

2.4 SuspensiorSystem

The suspensiorsystemprovides a well dampedconnectionbetweenthe sprungand unsprung
massesn orderto improveride quality andvehiclehandling. Thevehicle’s suspensiois modeled
asanonlinearhardeningspringin parallelwith alinearshockabsorberThesuspensiodeflections
(d) anddeflectionrates(d) areobtainedirom the kinematicsof the suspensiosystenrepresented

in thefollowing equations
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8b1¢

dfl = HO—Z+(H5+Z1)9— T
d = Ho— 2+ (Hy+0)0+ 20
S
drl = HO_Z+(H5_Z2) —%QS
d = Hy—z+ (Hy— )0+ 722
dy = —i+ (Hs+1)f— #
s . ] 8b1¢
dfr = —z-+ (H5 +ll)0 + T
du = —z+(H5—12)'—%
dye = —i+ (Hs— )0+ ?
Subsequentlythe suspensioffiorces(F},;) givenby Newton's Second.aw are
: Mgl
Fy = Kidp(l+ Cody) + Cidyy + —2=
Iy + 1y
: Mgl
Fy = Kidp(1+ Codh) + Cidyy + %
1 2
- Mgl
Fy = Kody(1+ CodY) + Cidy +
li+ 1y
. Mgl
Fi = Kod(1+ Codl,) + Cider + 707
1 2
0 F, <0
F; otherwise

2.5 Wheel Dynamics

The wheeldynamicsare obtainedby applyingNewton’s secondaw of motionto the wheels. A
free body diagramof anindividual wheelis givenin Figure 2.3. The angularspeedof wheeli
(wwi), is describedy thefollowing differentialequation

I’wzwwz = /BiTshaft - thm - TbriSign(wwi)
andtheaveragewheelspeedneasuredy the speedometds

4
Way = E 5’£wwi
=1

Theinclusionof differenttypesof drive train canbeincorporatednto thewheeldynamicswith the
parametep;. For example,for afront-drive vehicle,the front wheelswould have 5, = 8, = 0.5,
while therearwheelswould have 53 = 5, = 0.
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Tbr

Tshaft Fix

Figure 2.3: Free-bodydiagramof awheel

2.6 TireModel

The tractive forcesnecessaryo move the vehiclein the lateral and longitudinal directionsare
estimatedy atire model. Varioustire modelsexist in the vehicledynamicditerature howeverthe
currentmodelusedwasdevelopedby Bakker and Pacjeka(Bakker etal. 1987hb). This modelis
alsomorecommonlyknown asthe magic tire formula This tire modeldescribeghe longitudinal
andlateraltractive forcesasa nonlinearfunctionof longitudinaltire slip (1), slip angle(¢), normal
forceactingonthewheel(F}), andthe conditionof theroadandtire interface(RC).

To determinghetractive forces,thevelocity of eachwheelmustbefoundwith respecto aco-
ordinateframealignedwith thewheel. A diagramof the coordinateramesis shavn in Figure?2.4.

\

Figure 2.4: Wheelcoordinateramesin relationto unsprungnassO,,) andglobal(Q) coordinatdrames
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Thevelocitiesof eachtire aredeterminedy the following algebraicequations

Sblé

Um:il'?—T Uy1=y+l1é
’UIQ:i'-f-Sleé ’Uygzy'f‘llé
U$3:j—sb72é Uygzy—lgé
vm4:¢+8”72é Vgs = 1 — lyé

Oncethevelocitiesof eachwheelarefound,thelongitudinalslip, slip angle andtractiveforces
of tire i canbe calculatedusingthefollowing equations

Fi; = th(Aia Q, Fpi; RC(Skidnumber)
Fyi = Fyy(Ni, G, Fpi, RC(skidnumber)

whereFy,, F,, arefunctionsdeterminedy thetire modelusedandthespecifictire whichis being
modeled.

Notice that different steeringarchitecturescan be implementedusing the variabler;. For
example,for a front wheelsteeredvehicle,n; = n, = 1,173 = n4 = 0. Alternatively, a vehicle
equippedwith four wheelsteeringy, =n, =n3 =ny = 1.
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Chapter 3

Automated Longitudinal Control in Normal
Mode

Thefirst layer of the hierarchicalcontrol systemis the physicallayer. The physicallayeris a set
of longitudinalandlateralcontrollerswhich give actuatocommandsuchthatthevehicletracksa
desiredacceleratiorirajectoryprovided by theregulationlayer.

Network

A

Roadside routing table traffic info.

system Y

link

path, speed, A flow, density,
pltn size incidents

planning & |g

- -
/ coordination
coordinatian

messages

order _p. maneuver
Vehicle maneuver complete
system Y

regulation

A
control _y, - Sensor
signal signals

Y

vehicle
dynamics

Neighbor Vehicle Neighbor

Figure 3.1: PATH AHS controlarchitecture

3.1 Physical Layer Control System

The longitudinal controllerat the physicallayeris basedon a nonlinearcontrol techniquecalled
sliding modecontrol. While thedetailsof this designtechniquearebeyondthe scopeof thiswork,
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the interestedreaderis referredto (Khalil 1996),(Slotineand Li 1991) for more information.
This controllerhasalsobeensuccessfullymplementedandthoroughlytestedon the experimental
vehiclesat PATH, andthusrepresentshe default physicallayer controllerwhich will usedfor the
remainderof thisreport.

Thelateralcontrolsystems basedna*“look-down” magnetianarker systento determinghe
lateraldeviation of the vehiclefrom the centerof theroadway. The goalof thelateralcontrolleris
to regulatethe vehicles lateralpositionabouta desiredpathwith respecto theroadcenterline A
descriptionof thelateralcontrol systemis beyondthe scopeof this project,howevertheinterested
readetis referredto (Pham1996; Patwardhan1994b)for moredetailedinformation.

Thelongitudinalcontrolatthephysicallayerhasseveraldistinctcontroltasks,soahierarchical
controlarchitectures usedio addresgachof thesdn turn. Thehierarchicatontrolleris composed
of threelevelsof controlasshowvn in Figure3.2.

Desired Acceleration

Upper Sliding
Surface

Desired Torque

Switching Logic

Desired Torque

y A

Throttle

Controller Brake Controller

Commanded Throttle Angle Commanded Brake Pressure

Figure 3.2: Physicallayerof the longitudinalcontrolhierarchy

At thetoplevel, feedbacHinearizationis usedto determineghedesiredenginetorquerequired
to trackthe desiredacceleratiorgivenby theregulationlayer (Swaroopetal. 1996;Gerdesl 996).
Themiddlelevel of thelongitudinalcontrolleris a switchinglogic which decidesvhetheracceler
ationor brakingis requiredbasedn the currentstateof thevehicleandthedesiredorque(Gerdes
1996). If accelerationis required,the desiredtorqueis subsequentlypassedn the the throttle
controllerto determinethe throttle actuatorcommand. Similarly, if deceleratioris required,the
desiredtorqueis subsequentlypassecdn the the brake controllerto determinethe brake actua-
tor commandMaciucal997). Both of thesebottomlevel controllersusea sliding modecontrol
algorithmto meetthedesiredorque.This overallcontrolapproactof cascadingliding modecon-
trollersis known asmultiple sliding surfacecontrol, or dynamicsliding surfacecontrol (Swaroop
etal. 1996).

The remainingpartsof this sectionwill cover the vehicle modelusedfor the controllerde-
sign,the key relationsdescribingthe resultingthreelevelsof the physicallayercontroller andthe
sensors andactuators requiredfor the givencontroller
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3.1.1 Simplified Vehicle Model for Control

While thevehiclemodelpresentedn Chapter2 is appropriatgfor simulation,it is fartoo complex
for control systemdesign. Therefore,a simplified longitudinal vehiclemodelis usedto develop
thelongitudinalcontroller

Thevehiclemodelcanbe simplified by makingthefollowing assumptions:

1. Theslip betweerthetiresandtheroadsurfaceis nggligible.
2. Thetorquecorverteris locked.

3. Theactuatodynamicsarefastcomparedo thevehicledynamics.

Undertheseassumptionghelongitudinalvelocity of thevehiclez is proportionallyrelatedto
theangularvelocity of theenginew, throughthe gearratio andtire radiusasfollows

T = R*hw,
The dynamicsrelatingenginespeeduw, to the netcomhustiontorqueT,,.;, brake torqueTs,,
andaerodynamidossescanbe modeledby

Jewe = net(ma7 we) - CzR*3h3w§ — R* (Trr + Tbr (Pwheel))

whereJ, is the effective inertiaof the engine drive train andvehicle.
By applyingthe conserationof masgo theintake manifold,themassof air in themanifoldis
definedby
e = MAX TC(a) PRI(myg) + Mao(we, ma)

3.1.2 Upper Level: Torque Control

Themaingoalof thelongitudinalcontrolleris to effectively linearizethevehicledynamicghrough
feedbacksuchthatthe vehicledynamicsbecome

T = Uist

whereu;; is thesyntheticinput, or desiredaccelerationgivenby theregulationlayer. Thisallows
the designerto completelyspecifythe dynamicbehaior of the vehiclevia the choiceof the syn-
theticinput. However, noticethatdirect control of # is not possiblesincethe controlinputs(the
throttle anglea andthe brake pressureP,,;..;) do notdirectly affectit. The controlobjective can
only be achiezed by controllingthe nettorqueT,,.; andthe brake torqueTy,. In addition,the use
of the brakesandthrottle shouldbe mutually exclusive to minimize actuatorusageandwearand
tearon thevehicle. Therefore consideringhe nettorqueandbrake torqueasnew pseudo-inputs
thegoalabove canbe achievedby choosing

Je
Thet(Ma, we) = muisl + CwR*3h3w3 + R*(Tr + Ty (Pyheer))

whenthrottle controlis requiredand

Je X *
Tbr (Pwheel) = muisl - Tnet(maa we) + CxR 3h3wz +R Trr

whenthebrakesareneededThesetermsarenottrue controlinputs,sincedynamicsexist between
thetorquesandthe actualcontrolinputs,namelythethrottle angleandbrake pressureTherefore,
anotherlevel of control is requiredto attainthesedesiredtorquesusingthe true control inputs.
However, amethodologyfor choosingbetweerthrottleandbrake controlwill bediscussedhext.
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3.1.3 Middle Level: Switching Logic

As mentionedabove, the throttle and brake commandsshould be mutually-exclusive to reduce
actuationandsystemwear(ie. ahumandriver rarely usesboththethrottle andbrakesatthe same
time). However, sometype of switchinglogic is requiredto decidewhen eachtype of control
shouldbeused(Gerdesl996). Intuitively, thebrakesshouldbeusedonly whenthe naturalbraking
forceson the vehicle, suchasaerodynamiarag, rolling resistanceand enginebraking, are not
sufficient to achiese the desiredsyntheticinput. Written more mathematicallythis idea canbe
expresse@s

Uisl — Ores > Ay = throttle
Ujgp — Opes < Ny = brake
)\l S Uist — Qres S )\u = walt

wherea hysteresigegion hasbeenaddedto reducechatteringaroundthe switchingline u;, —
a..s = 0 (Gerdesl996).Also, theresidualacceleration,.., of thevehicleis

R*h

Qres =
Je

(Tengb'rk (maa we) - CwR*3h3w2 - R* (Trr + Tbr (Pwheel))

3.1.4 Lower Level: Throttle Control

Oncethedecisiorhasbeemmadeto usethethrottle,thedesiredvalueof thepseudo-input’,q; (1mq, we)
is clearlydefinedby

Je
Tnet(ma: we) = muisl + CwR*shgwg + R (Trr + Tbr (Pwheel))

wherem, is the massof air in the intake manifold necessaryo achieve this desirednettorque,
which canbedetermineaxplicitly by invertingthenonlinearityT,,¢;(mq, we). Now, wewill design
a dynamicsurfacecontroller(Swaroopet al. 1996)to force m,, to trackm,, which subsequently
forcesz to tracku,. Let'sdefinethesurfaceS; suchthat

Sl = My — Mg des
Thenchoosingthe surfacedynamicsas

Sl = —K15'

and using the manifold dynamicspresentedn Section3.1.1the following relationshipsfor the
commandedhrottleanglea, andthedesiredmassof air m, 4.; Canbedetermined

a. = TC1 <ma0(maawe) + Mg, des — KlSl)

MAX PRI(m,)

7-1"F""cz.,cl<»zs"i_n'La,des = m,

A similar derivationwill now be performedfor theaccompaying brake controller
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3.1.5 Lower Level: Brake Control
Oncethedecisiorhasbeemmadeto usethebrake, thedesiredvalueof thepseudanput Ty, ( P, heel)
is clearlydefinedby
_ J,
Tb’r (Pwheel) — ﬂuisl -

Using the direct mastercylinder controlledbrake modelpresentedn Section2.3.1,therequired
brake pressuratthewheel P,..; arefoundto be

_ 1, * *
Puheer = E(ﬂuisl - Tnet(maa we) +c R 3h’3wz + R*T,.. + Ppo)

Tret (M, we) + ch*?’h?’wf + R*T,,

Now, definethe surfacesS; to be

82 = Pwheel - Pwheel,des
andthesurfacedynamicsto satisfy '
So = —K)S

thentheresultingcommandednastercylinder pressureP,,.. andthedesirecbrake pressuratthe
wheel Py peei des 1S describedy

P — Pwheel + Apb if (Pwheel,des - KQSQ) >0
mee Puheer — Apb otherwise
(Pwheel,des - I(252)2
pb 02

q

A

7—2I)wheel,des + Pwheel,des = Pwheel

3.1.6 Required Sensorsand Actuators

Having reviewedthe controllerdesign,therearesesen sensorandtwo actuatorgequiredfor the
longitudinalcontroller In addition,a communicatiorsystemwill berequiredto receve informa-
tion aboutthe leadandpreviousvehiclesin the platoon. The following tablesummarizeshe sen-
sorsandactuatorswvhich arerequired.In addition,the standarddeviation of normally distributed
noisefor eachof the sensorsafterfiltering is alsoincludedin thetable,aswell asthe averagetime
constantgor first orderactuatordynamics.

3.2 Regulation Layer Control System

This chapterdiscusseshe derivationof the controllerfor theregulationlayer, the derivationof an
obserer for the lead car, anda proof of stability for the controller A completederivation of a
previouscontrollerfor theregulationlayeris givenin (Li etal. 1997). The derivationthatfollows
is very similarto this previouswork, with the following importantdifferences:

e Thenew controllerassumeshatthe acceleratiorof the carcanbe controlleddirectly. This
is a changefrom the previous controller wherethe jerk wasthe parametetthat could be
controlled. This modificationreflectsthe controller onboardthe automatedcarsthat are
beingdesignedandtestedoy PATH engineers.
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Table 3.1: SensomndActuatorCharacteristics

| Sensors Actuators | Typical Variance |

Radar 2.5cmin range,
no noiseassumedn rangerate

Accelerometer 0.1m/sec?
WheelSpeedSensor 0.03m/sec
Throttle Angle Sensor 0.1deyrees
Brake Pressur&ensor 70KPa
Manifold Pressuré&ensor 0.25KPa
EngineSpeedSensor 1rpm
Throttle Actuator(SteppeMotor) | 0.01sec
Brake Actuator(Hydraulic System)| 0.1sec

e A full orderobseneris presentedn Section3.2.2. This obsener is differentfrom the ob-
senerintroducedin (Li etal. 1997)becauséhe positionof the leadcaris notincludedin
the analysis. This reduceghe compleity of the obsener becausehe absoluteposition of
theleadcardoesnot needto be explicitly known.

Theseéwo majordifferencesrehighlightedin thefollowing chapterswhich arethetheoretical
basisfor theregulationlayercontroller

3.2.1 Controller Derivation

Theobjectve of theregulationlayercontrolleris to keepavehicletraveling in thehighway accord-
ing with the conditionsof relative velocity andrelative spacingassociateavith a givenmaneuer.
The next higherlayer in the automatechighway hierarchy the coordinationlayer, issuescom-
mandsthat selectthe specificmaneuer suchasjoin, follow, or split. Whenthereis a change
of maneuer, theautomatedrehicle’s regulationcontrollerattemptgo switchfrom the conditions
associatedvith the presentmaneuer to the conditionsassociatedvith the new onein a quick
andsafemanner To accomplishthis task,the regulationlayer controllertries to follow a desired
velocity profile. Calculationof the desiredvelocity profile depend®n threeitems: (1) the current
maneuer, (2) therelative spacingoetweerthetrail carandaleadcar, and(3) thevelocity of alead
car

Direction of Motion
-

Trail Car Lead Car

—~ —~

Xrails X trail Viead' @lead
’7 ——
Ax

X trail I

Xlead

Fixed Reference Point

Figure 3.3: Geometryfor controllerderivation.

Figure3.3 shavstheimportantgeometricaparameter$or thederivation. In this analysisthe
trail caris assumedo betheautomatecatarthatis thetargetof the controllersaction,andthelead
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caris thecarthatis directly aheadof thetrail carin the samehighway lane. Variablesassociated
with the trail cararedenotedwith the subscripttrail; likewise, variablesassociateavith the lead
carareindicatedwith the subscriptiead Also, derivativeswith respecto time areindicatedby a
dotabove agivenvariable.

Thebasisfor the controlleralgorithmis to minimize the errorbetweerthetrail car’s velocity,
T1ead, @andthe desiredvelocity, vy(Az, vieaq), Which is a function of the relative spacingbetween
thetrail carandleadcar Az andv,..q is theleadcarvelocity. It is clearfrom Figure 3.3 thatthe
relative spacings

Ax = Liead — Ttrail-

If we definethevelocity errore by
€ := Tirait — Va(AZ, Vieaq)- (3.1)

thentakingthe derivative of the errorwith respecto time yields

6= Fprait — ( Ovg Ovg ) ( Viead — Ttrail ) ' (3.2)

aALE 8vlead blead

Assumingthatthegoalis to drive theerrorto zeroexponentially anappropriatexpressiorfor the
closedoop errordynamicss

€= —\e (3.3)
Substitutingthis expressionnto Eq. (3.2) andsolvingfor thetrail car's acceleratiomesultsin the
following equation:
.. Ovg Ovg Viead — Ltrail
rail = —A , 3.4
Tirail 1€ + (8Aaz 8vlead> ( Qlead ( )

This equationwould drive the velocity errorto zero exponentially; unfortunately the lead car’s
accelerations notknown exactly. If instead|t is assumedhatan estimateof theleadcar’s accel-
erationis known?, thenthefollowing is anacceptableontrollaw for thetrail caracceleration:

8’Ud a’l)d v — Tirai

. L . N . lead trail

Tirail == F(A:L’, Vieads Ttrail s alead) - —)\16 + A ) (35)
an avlead Qlead

Notethatthelastterminvolvesthe estimateof theleadcar’s accelerationg,;..q, insteadof thetrue
accelerationln the next section,anobsenrerfor theleadcar’s acceleratiowill beintroduced.
Thedynamicsfor thevelocity errore areeasilyshavn to be

&leada (3 . 6)

wheregq,..q IS the estimationerrorfor theleadcaracceleration,

&lead ‘= Qlead — CAI'lead- (37)

Thussolong astheestimatiorerrorremainssmall,the errorapproachegeroapproximatelyexpo-
nentially Thestability of this solutionwill beinvestigatedurtherin Section3.2.3.

1This approactis known asback-steppingKrstic etal. 1995).
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3.2.2 Observer for Lead Car Motion

An estimatefor the leadcar accelerations necessaryor the proposeccontroller Assumingthat
theleadcarvelocity v;..4 IS known from sensoidata,thefollowing is thederivationof afull order
obsenrerfor theleadcaracceleration.

Theleadcardynamicsaregivenby

d3
@xlead = C.Llead(t); (38)

wherea;..q IS the accelerationinput to the leadcar Written in statespaceform wherethe state
matrixis x = ( Viead Gicad )T theabove equationbecomes

x = Ax + Bdlead(t)- (39)

01 0
A::(()O), Bzz(l). (3.10)

Also, sincethe only variableassumedo be known by thetrail caris theleadcar velocity, the
equationfor the sensooutputis

where

y = Cx, (3.12)
where
C:=(10). (3.12)
A full orderobsenrerfor thestatex is
x = Ax+ L(y — C%) + q(t), (3.13)

wherex is the stateestimate L is the obsener gain matrix, and q(¢) is a tuning function to be
determinedn the stability analysis.This is a standardull orderobsererwith theadditionof one
term,q(t), which accountdor the nonlinearitiesnherentin the system.By subtractingeq. (3.13)
from Eq. (3.9),thedynamicsfor the stateestimatorerror, x = x — x, is foundto be

x = (A — LO)X + Bayeaq(t) — q(t). (3.14)

If both a;..4(t) and q(t) remainbounded the stateestimateswill approachthe actualstatesso
long asthe both of the eigervaluesof Ar = (A — LC') have negative realcomponentsA simple
calculationshows thatthis occurswhenthe component®f L arebothpositive.

3.2.3 Stability Analysis

Sincethe controllerinvolvesthe estimateof the lead car accelerationywhich is calculatedby the
full orderobsenrer, thedynamicresponsesf thecontrollerandtheobsenerarecoupled.Consider
thefollowing candidatdor a Lyapun function:

- 1 1 -
Ve, Tieaa) = §Q€2 + §7le;adpxlead7 (3.15)
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whereQ and~ are both positive constantsand P is a positive definite matrix. This candidate
function includestermsinvolving both the controllererror e andthe obserer error z. The most
difficult partof this analysiss the choiceof P suchthatit satisfiegherelationship

whereC is also a positive definite matrix. This relationshipis necessaryor proving thatV is
indeeda Lyapuna function. Prior to discussing? further, severalotherderivationsarerequired.
Considertherealdecompositiorof Ag,

Ap =TAT™!, (3.17)

whereT is realandinvertible andthe diagonalof A containsthe real partsof the eigervaluesof
Ap. A canbefurtherdecomposethto two components,

A == A1 + AQ, (318)

whereA; is symmetric(i.e. A; = A;T) andA, is skew-symmetric(i.e. Ay = —A,7T).
Onepossibilityfor the choiceof P is

P = (TY)r'r !, (3.19)

whereT is the matrix introducedabore. In this case,we find that the matrix C that satisfies
Eq.(3.16)is
C=—(T"HTAT, (3.20)

whichis positive definiteif everydiagonalelemenof thematrix A; is negative. Sincethediagonal
elementf A; arethereal partsof the eigervaluesof A, C is positive definiteif the full-order
obsenrer statematrix Ar hasstableeigervalues.ThuschoosingP accordingto Eq. (3.19)guaran-
teesa positive definite solutionto C in Eq. (3.16) given an appropriatefull orderobsener. This
factis essentialn completingthe next portionof theanalysis.

For the functionV to be anacceptablé.yapunw function, its derivative with respecto time,
V, mustbe negative definite. Taking the time derivative of Eq. (3.15),and usingthe relationship
betweenP andC givenin Eq.(3.16),yields

: . . . . ov - .
V = _)\1Q62_P)/X’ll;adcxlead+7le;adPBa'lead(t)_Qe v d ( 01 )Xlead_f)/qTPXlead- (321)
lead
Becausehe fourth term mvolves , anonlinearfunction of Az anduv;..q, it IS corvenientto
choosethe tuning function q suchthatthefourth termis eliminatedfrom the equation.Thus,an
appropriatechoicefor q is
0
q= @0 pa (0 (3.22)
Y aUlead 1
Substitutingthis expressiorinto the equationfor V' yields
V = —M\Qe* — 7%} 0iC%icad + VXioaa P Biiead(t). (3.23)

A derwvationthatcloselyfollowsthemethodgresentedh (Li etal. 1997)showvsthatfor ary initial
conditione(0), andfor ary e > 0, thereis atime 77 suchthatif ¢ > T} then

%e(tﬂ <Vit) < j"g‘” \/g(l +6), (3.24)
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where
] < jmaz
and
0= 2P_€P_1P.2,
whereP, is theseconccolumnof P.
Therefore)e(t)| < jm%\/?(l + ¢€) afteralong enoughtime.

3.3 Coordination Layer

Thecoordinationlayerdesignis basedon thoseof SmartlATH design(Eskafi1996)andthe coor

dinationprotocoldesignsby Hsuetal. (1994)and Varaiya(1993). However, in this projectwe

considerthe communicatiordesignin detailswith the coordinatedorotocolsamongthe vehicles
andthosebetweenvehiclesand roadsidesystems. Fig. 3.4 shaws the generalstructurefor the
coordinationayerscheme.

Link Layer
Capability information
- » AN L
- » Communication
Parameters information Coordination Other
.
Fault information Supervisor vehicles
—_
- — -
( WAN

Lead Merge
maneuve maneuve

A A

split
maneuve

A

Follow o0 e
maneuve

A

Y Y Y

Regulation Supervisor Type RegAut 0AL)

-
-

Regulation Layer

Figure 3.4: A schemati®f coordinatiorlayerimplementation

The coordinationschemeconsistsof threeparts: coodination supervisor maneuverproto-
colsandcommunicatiordesign The coordinationsupervisorcoordinatesvith differentmaneuer
protocolsand executes(initiates) maneuers by communicationwith othervehiclesor roadside
systems. Basicallyit is discrete-gent system. The maneuer protocolscoordinateswith other
vehiclesto guarante¢he correctnesandsafetyof eachmaneuer. Therearetwo steadystatema-
neu\ers: lead andfollow andsomeothertransitmaneuerssuchassplit, meige, changlaneand
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stoplightetc. Thecommunicationn the AHS systentransmitsheinformationamongthevehicles
andthatbetweernvehiclesandroadsidesystem.Therearetwo typesof communicatioramongve-
hicles:local areanetworks (LAN) andwide areanetworks (WAN). TheLAN is usedto passdown
theinformationof velocity andacceleratiorof leaderandprevious vehicleto the following vehi-
clesin theplatoon(Lindsey 1997)andthe WAN is for passinghe maneuer messageamongthe
differentvehicles.Theroadsidesystemalsobroadcastshelink layerinformationfor eachvehicle
onthatsectionof highway andthis communicatiorgoesthroughvehiclesandroadsidesystem.

The coordinationsupervisoiis similar to the regulation supervisorexceptthatit initiatesthe
maneuer protocolsnot regulationcontrollaws. Basedon the sensoiinformationandthe commu-
nicationmessagé getsthecoordinationsupervisotnitiatesa maneuer initiator or respondeand
afterthis maneuer hasfinishedit returnsto the maneuerbefore.For example whentheleaderof
platoonA receveslink layerbroadcastandby the decisionplanner(we will discusdaterin link
layer section)it caninitiate a meige maneuer initiator, thenit sendsout the mer geReq to the
leaderof previousplatoonB. Whenthecoordinatiorsupervisoof theleaderof platoonB receves
this messagandinitiate meige maneuer respondeif thereareno othermaneuersit involves.
Thenmeige maneuer canstartandafterit finishes,the leaderof platoonA becomes follower
with follower protocolandleaderof platoonB becomeshe leaderof the new platoon. Thefinite
statemaching(FSM) diagramcanbefoundin appendixA.4.3.

Themaneuer protocolconsistghe coordinatedhctionsamongthe vehiclesinvolvedin a ma-
neuer. For mostof transitmaneuerssuchasmeige, split, changelaneandstoplighttherehave
two protocolsneededor accomplishmenof the maneuer: oneis for maneuer initiator andan-
otherresponder However, for the steadystatemaneuer suchaslead andfollow, one protocol
is enough. The maneuer initiator startsthe maneuer and setupsthe communicationwith the
respondingvehicle. If it getsacknavledgmentfrom the maneuer responderthenit commands
theregulationsupervisolandtheactualmaneuer executedptherwisethemaneueraborted.The
detailsfinite statemachinedor eachmaneuer protocolsarealsolistedin appendixA.4.3.
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Chapter 4

Fault Diagnosticsfor the Longitudinal
Controller

Many typesof fault diagnosticsystemsanbefoundin the literature,however techniqueselying
on a mathematicamodelof the monitoredsystemare perhapghe mostprevalent(Gertler 1988;
Frank 1990; Isermann1984). A model-basedault diagnosticsystemis typically composedf
two main stages:the residualgeneirtor andthe residualprocessor Theresidualgeneratouses
currentknowledgeaboutthe stateof the systemto createa setof signals,calledresiduals which
aresensitve to theoccurrencef faults. Theseresidualsarea designerdefinedsetof comparisons
betweerthe varioustypesof informationknown aboutthe system suchassensomeasurements,
commandnputs, parameteestimatesaswell asstateand outputestimatedasedon a model of
thesystem(Beard1971;Willsky 1976). The choiceof which typesof informationto usedepends
onthesystemmodel,aswell asthetype of faultsto be detected.

Although severaltypesof fault modelsexist in theliterature this projectconsideronly faults
in the systemcomponentsvhich canbe modeledas additive termsto the residualvector More
technically let the setof residualsbe definedby thevectorr € R™. In the caseof no faultsandan
exact modelof the monitoredsystem the vectorr would be exactly zero. However, the residual
vectorhasnonzerccomponentsvhensensonoiseandmodelinguncertaintiesreconsideredThis
nonzerovalue of the residualvectorundernominalconditionswill be denotedr,,,,, € R". The
relationshipbetweerthesevectorsandthefaultsto be consideredanbe writtenin theform

r(t) = Tnom(t) + Fpu(t) (4.1)

wherethe lastterm representshe effects of the differentfaultswhich the diagnosticsystemwiill
attemptto detect. Eachfault is representedby two parts: the fault signatue matrix F* € R"*?,
whosecolumnsdescribethe directionalcharacteristicof the p faults, and the fault modepu(t),
which is a (possiblytime-varying) vector describingthe fault magnitudeat time t. This project
will only considerthe occurrencef a singlefaultin the physicallayercontrolcomponentst any
giventime, thusrestrictingu(t) to have only one nonzeroelementcorrespondingo the column
of F' which modelsthe specificfault. Basedon this fault model, the residualgeneratomwill use
a combinationof parity equations(Gertler 1988) and stateobsenrers (Frank 1990) to form the
residualvector

The secondstageof the diagnosticsystemprocesseshe residualvectorto determinewhen
a fault hasoccurredandto identify the faulty componentbasedon the vectors characteristics.
This processings a complex taskthat canincorporatea variety of disciplinesincluding change
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detection(Basseille andNikiforov 1993), patternrecognition(Bow 1992),andreasoningRoss
1995). For the residualprocessoto correctlyidentify faultsin the monitoredsystem,the effect
of eachfault on the setof residualsmustbe unique. If this criteriais met, the faultsare saidto

be isolatable While this criteria theoreticallyguaranteeshat the identificationof eachfault is

possible theisolationof faultsis generallynot very robustto noiseandunmodeleddynamics.A

strongerconditioncanbe achievedif the fault signaturesf € Col(F') arelinearly independenin

theresidualspace.Diagnosticsystemswvhich satisfythis conditionaresaidto have structured or

directionalresiduals(lsermanrl997).

Theremainderof this sectionwill addresghe diagnosisof faultsin the sensorandactuators
atthe physicallayer of the automatedontrol systemusingthe framewvork describedabove. First,
sometheoreticalresultson nonlinearobsenerswill be presentedas backgroundn Section4.1.
Sectiond.2will thendescribehedesignof theresidualgeneratgrwhile the designof theresidual
processors outlinedin Section4.3. Finally, simulationresultsfor the completesystemandsome
limited experimentakesultswill be presentedn Sectionst.4andSections4.5,respectiely.

4.1 Exponential Observer Designfor Nonlinear Systems

For the diagnosisof faultsin the longitudinalcontrolcomponentsthe simplified nonlinearmodel
presentedh Section3.1.1canbeusedn thedesignof anonlinearmbsererfor theenginespeedand
massof air in the intake manifold. Prior work in this projectunderMOU 288 usedthe techniques
developedby Raghaan (Raghaan and Hedrick 1994) and Rajamani(Rajamaniand Cho 1998)
to designan obsener gain matrix which stabilizedthe obsener error dynamics. However, these
techniquegdo not accountfor the casewhenthe systemnonlinearitiesaid in the stability of the
error dynamics,and insteadattemptto overpaver the nonlinearitythroughthe correctionterm.
This overpoveringof thenonlinearitiedeadsto large obserer gainsanda correspondingncrease
in sensitvity to sensomoise. An alternatve designmethodologywill be presentecherewhich
explicitly accountdor the systemnonlinearitiesassistingn the obsener stability througha sector
constraintargumentsimilar to thatpresentedn (Banks1981).
Thesystemdynamicsareassumedo be of thefollowing form

&t = Az + f(z)+ Bu (4.2)
y = Cx (4.3)

while the proposedbsener hastheform
& = Ai+ f(2)+ Bu+ K(y — O%) (4.4)

Thereforethe errordynamicsof the obsenedsystemare

e = r—1 (4.5)
e = (A—KQ)e+ (e, t) (4.6)
ple,t) = flz) - f(2) (4.7)

The following lemmaderived from (Banks1981)canbe usedprove the stability of the pro-
posedobsener.
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Lemmal If the systemandthe observerhavethe formsgivenin 4.2 and 4.4, the pair (A,C) is
detectableandthe nonlinearitysatisfies

eTo(e,t) <0 Ve,t

thenthere existsan observergain matrix K sud thatthe error dynamicscan be madeasymptoti-
cally stable

Proof: The statedlemmais provenin a Lyapunw stability framework, ratherthanthe more
cumbersomeersionshavn in (Banks1981).First, considerthe Lyapune functioncandidate
1
V= ieTe
This quadraticform is obviously a valid candidatd_yapuna function, soall thatremainsfor the
proofis to show thatit’ stime derwative is strictly decreasingTakingthetime derivative of V/,

o1
V= 5(éTe +ele)
Substitutingn the errordynamicsandrearrangingermsresultsin

= %eT((A — KCOYT + (A= KC))e + €7 ¢ (e, 1)

Usingtheassumptiorihate” ¢(e, ) < 0, V canbeboundedby
. 1
V< 5eT((A -~ KC)"+ (A-KQ))e

Finally, noticethat
1
5((A —KCO)Y'+ (A-KC)) = (A— KC)gym
where(A — KC)sym is the symmetricpartof the matrix. And sincethe (A,C) pair is detectable
thereexists a gain matrix X which makesthe all eigetvaluesof the matrix (4 — KC')4,m have
negative realparts.Therefore,

V< —e'(A - KC)gyme <0

whenthematrix K chosersuchthatA(A — KC) < 0. u

Althoughthe proofdoesnot explicitly give amethodfor determiningthe gainmatrix K, stan-
dard pole placemenbr iterative LMI techniquescan be usedfor the single outputand multiple
outputcasesrespectiely.

Furthermore note that the lemmarequiresthe systemto have an explicit lineartermanda
nonlineardrift term¢(e, t) which satisfiesa sectorconstraint.For systemsvhosedynamicsdo not
containan explicit linear term, the dynamicscanbe rewritten in the appropriateform by adding
andsubtractinga linearterm,i.e.

i = f(r)+ Bu

= Az + (f(z) — Az) + Bu
= Az + f(z)+ Bu
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Sincethe A matrix canbearbitrarily chosenareasonablguestiorto askis whatis thebestmethod
to chooseA? Oneintuitively appealingnethodfor the caseof obsererdesignis to chooseA such
thate” ¢(e,t) < 0 sothatLemmal canbe readily applied. It is easyto shawv thatif the system
nonlinearity f () satisfies

(z—2)"(f(z) - f(2)) < (z — )" Az — 2)

for all z andz andsomematrix A, thene” ¢(e, t) < 0. In fact, it is alsorelatively easyto shaw
thatall Lipschitznonlinearitiesatisfythis constrainby choosingA = ~I wherey is theLipschitz
constant.However, this constraintgivesmoreinformationaboutthe nonlinearitieselationto the
statethanthe simplenormboundexpressedy the Lipschitz constant.

4.2 ResidualGenerator

Theresidualgeneratoreliesontensensorsintervehiclecommunicationandthethrottleandbrake
actuatorcommandgo form a residualvector which is sensitve to faultsin all of the vehicles
sensorsandactuators.The specificcomponentsvhich are monitoredby this systemincludethe
magnetometeandthe componentdistedin Table3.1. Althoughthe magnetometeis not directly
usedin the longitudinal controller, it mustalsobe monitoredbecausehe magnetometeis used
in the fault diagnosticsystem.Diagnosisof faultsin the communicationsystemarebeyondthe
scopeof this project, however several other PATH projectsare addressinghis issue(Sengupta
1999;Simseketal. 1999).In additionto thisraw informationaboutthevehiclescondition,several
obserershave beendesignedo provide analyticalredundang for the physicalcomponents.

Theremainingpartsof thissectionwill discusgheseparateesidualghatcomposeheresidual
vector aswell asthedesignof the stateobserersused.

4.2.1 Vehicle SpeedResiduals

Fromthesimplifiedvehiclemodelusedfor controllerdesignthevehicle , wheel,andenginespeeds
are proportionally relatedunderthe statedassumptions.So the wheel speedand enginespeed
measurementsanbe usedto give thefollowing estimate®of thevehicle’s speed

’01 = hww

Uy = hR'w,

In addition,the speedmeasuremenf the previous vehicleis known via communicatiorfor the
automatedontroller andtherelative velocity is measuredby thevehiclesradar Thereforeathird
estimateof thevehiclespeeds .

U3 = Uprev + d

Thethreebasiccomparison®f theseestimategorm thefirst partof theresidualvector described
by

ro = U1 —
r = U3 —1b
re = U3 — 1y
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4.2.2 Vehicle SpacingResiduals

Although the radaron the automatedsehicle measureshe ranges andrangerate §, someother
measuremerdf therangemustbe availablefor thefault diagnosticsystem.Thereforealinearob-
sener basedn thevehicle's kinematicsis proposedo obtainanestimateof intervehiclespacing.
This obsenrerrelieson the magnetometerssedby the lateralcontrol systemto countthe number
of magneticmarkerspassedy the currentvehicle. In addition,the magnetcountof the previous
vehicleis known via the communicatiorsystem.Theresultingobsener hasthe following form

A

S - hww — Uprev + Ksp[(n - nprev)Lmag + LCa?" - 5]

wheren,,., andn arethemagnetcountsof the previousandcurrentvehicle,respectrely.

Thestability of the obserer canseenby determiningthe errordynamicsfor § = § — 4. Using
thedifferentialequationfor the obsener shovn above, the estimationerrordynamicsare

S = - sp[(n - nprev)Lmag + Lcar - 8]

Theterm (n — nyrey) Limag + Lear 1S €qualto § to within aresolutionof L,,,, metersandthus
representanindependenmeasuremertf theintervehicledistance Sincethe errordynamicsare
asimplefirst ordersystemthey canbe madestableby simply choosingK, > 0.

The next two elementsf the residualvectorrely on the obsenrer estimateandthe magnetic
marker count. Thefirst elementomparesheestimatedangeto theradarmeasuremeniheother
residuaktompareshedifferencan themagnetianarker countsof thecurrentandpreviousvehicles
to thedesiredspacingwhich theautomatediehicleis attemptingo achieve. Theseelementf the
residualvectorcanbewritten mathematicallyas

~

r3s = 0 — 5(wwa Vprev, T, nprev)

Ty = (nprev — n)Lmag - Lcar - 5desired

4.2.3 Command Signal Residuals

Thenext threeresidualscomparethe commandedhrottle, brake pressureandacceleratiorio the
appropriatesensomeasurementd.heseresidualsarewritten as

s = Q— Usl
Te = O — QO
rr = Pwheel - Pmcc

4.2.4 Engine DynamicsResiduals

Two secondordernonlinearobsenersare proposedo estimateboth the enginespeedand mass
of air from enginespeedmeasurementssing the methodologydevelopedabove in Section4.1

andthe nonlinearvehiclemodelusedin Section3.1.1for thelongitudinalcontrollerdesign.Both

obsenersusethe enginespeedmeasuremerfor the correctionterm, while oneobserer usesthe

throttle andbrake pressuresensorsasinputsandthe otherusesthe actuatorcommands.Thefirst

obsener hastheform
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. 1 ~
(:(\)e = j(Tnet((ﬁe, ma) —_ CmR*3h3wg — R*T'M' - R*Tbr(Pwheel) + KSl(we - w\e)

Mme = MAX TC(a) PRI(1g) — Mao(@e, g) + Kyo(we — @e)

while thesecondbsener canbewritten as

. 1 ~
(De = j(Tnet(de; ma) - CacR*?)hSwg - R*Trr - R*Tbr (Pmcc) + Kcl (we - C‘je)

Mme = MAX TC(ae) PRI(11g) — Mao(@e, a) + Keo(we — Ge)

Theresidualdor thesetwo obserersform the next elementsn the residualvector specified
as

Vman

rs = R.T Pman - ma(wea Pwheel: 04)
air L man
_ Vman P A P
9 = - ma(wey meey ac)

man
Rair Tman

It is importantto notethatalthoughtheseresidualswill be nonlinearlyrelatedto the sensomea-
surementandactuatorcommandsthe linear fault modelgivenin Equation4.1is still applicable
sincethe residualscan be shavn to remaincloseto a linear systemusingthe sameargumentas
in (Gaig andHedrick1995).

4.2.5 Torque Residuals

Thelasttwo residualsareagainbasedon the nonlinearvehiclemodel,however they arethe com-
parisonof the torquesactingon the engine. Using the enginespeeddifferentialequationthese
residualcanbewritten as

o = Jea + CwR*3h’3w2 + R*TT'I‘ + R*Tbr (Pwheel) - Tnet(wea Pman)
r1 = Jea + CwR*3h3wAg + R*Trr + R*Tbr (Pmcc) - Tnet(wea Pman)

4.3 ResidualProcessor

For the diagnosticoof the physicallayerlongitudinal control system,a combinationof weighted
leastsquare®stimationandthresholdings usedto detectandidentify faults. Thefirst partof the
residualprocessoprovidesaweightedinearleastsquare®stimateof thefault modevector Next,

eachelementof the estimatdas comparedo athreshold anda faultis declaredvhenoneor more
thresholdsare crossed.Finally, classicallogic is usedto identify the faulty componenbasedon
thethresholdghatarecrossedEachof thesetaskswill now beaddresseth moredetail.

4.3.1 Estimation of the Fault Mode Vector

Thefirst task performedby the residualprocessois to estimatethe magnitudeof the fault mode
vectorusingthe currentvalue of the residualvector This estimationof the fault modeis quite
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usefulfor both fault diagnosisandfault managementin termsof fault diagnosticsthe resulting
estimatehasa very intuitive relationshipwith the systemdynamicsand simplifiesthe choice of
thresholddor fault detection.A fault managemensystemcould alsopotentiallybenefitfrom the
estimateby choosingdifferentmethodsof reconfiguratiorbasedon boththe type of faultandit’s
magnitude.

Usingthefaultmodeldescribedn Equatiord.1,theresidualandfaultmodevectorsarerelated
by thelinearmatrix equation

7(t) = Thom = Fu(t)

wherer,,,, is assumedo be constanwith respecto time for simplicity. A weightedleastsquares
solutionfor u(t) cannow be performedwherethe residualvectoris weightedby the matrix Wz
to reducescalingproblems.Theresultingestimateu,; () canbe calculatedy thefollowing equa-
tion

s (8) = FH(x(t) = o)

whereFt = (FTW1F)'FTW ! istheweightedpseudo-inerseof F'. Noticethat I andr,,,,,
canbe determinedapriori, sothatonly a vectoradditionanda matrix multiplication arerequired
to calculatethe estimategiventheresidualvector

4.3.2 Thresholdingand DecisionLogic

The final task of the residualprocessoinvolvesthe choiceof an appropriatehresholdfor each
elementof the fault mode vectot and the identificationof the faulty componentbasedon the
thresholdsexceeded. If the residualgeneratorhad structuredresiduals,then eachfault would
affect only oneelementof the fault modeestimatevector The detectionof a fault would thenbe
a simplematterof choosingathresholdfor eachestimateelementanddeclaringa faultwhenone
of thethresholdsvasexceeded.Identificationwould alsobetrivial, sincethe exceededhreshold
would determinghe componentvith thefault.

Unfortunatelytheresidualgeneratofor the physicallayercontrolleris only isolatable which
makesidentificationslightly more complicated.The isolability propertyonly guaranteesinique-
nessof the fault signatureshowever somesignaturesnay be linear combinationsof others. This
is the casefor both the throttle and brake actuatorfaultsin the designedesidualgeneratar The
gualitative effects of eachfault on the fault mode estimatehave beensummarizedn Table 4.1,
where H represents “high” or increasen the estimateelementand L represents “low” or no
increasean theparticularestimateslement.Thetableshavs thatalthoughthe actuatorfaultscause
severalelementgo increasethey eachhave auniqueeffect onthefaultmodeestimate Sinceonly
singlefaultsarebeingconsideredthe actuatorfaultscanbe uniquelyidentified by the patternof
increasectlements.

4.4 Simulation Results

The fault detectionsystemdesignedn the previous sectionswas simulatedin SHIFT to testits
performancewith the realistic vehicle model presentedn Chapter2. Furtherinformationabout
the simulationsoftwareis presentedn AppendixA.

The simulationsshavn in this sectionconsistof a platoonof threeautomated/ehiclestravel-
ing onastraightroadwith adesiredntervehiclespacingof 6 meters.The spacingof the magnetic
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Table 4.1: Faultmodevectorestimateu;; undercomponenfaults
Faulty Sensor Actuator | o | g | po | ps | pa | ps | s | pr |

wheelspeedsensor H | L (L |L |L |L |L |L
enginespeedsensor L (H|L (L |L |L |L |L
radar L (L |H|L |L |L |L |L
accelerometer L |L|L |H|L |L |L |L
magnetometer L (L |L (L |H|L |LJ|L
throttleanglesensor L L |L |L|L |H|L |L
manifoldpressuresensorf L |L |L |L (L |L |H |L
brake pressuresensor L (L (L (L |L (L (L [H
throttleactuator L |L|L |H|L | HJH]L
brake actuator L |L|L |H|L L |L |H

markersin the roadwasassumedo be 1 meter In addition,sensomoisewith a normalstatistical
distribution wasincludedin the vehiclemodelfor all of the simulationspresentecere. The sta-
tistical characteristicef the sensomoiseis shavn in Table3.1. Thesecharacteristicarerealistic
estimatedasedon experimentaimeasurementsonductedusingthe Buick LeSabreexperimental
vehiclesusedat PATH.

This sectionwill first presentthe simulationresultsfor the performanceof the intervehicle
distanceandnonlinearenginedynamicsobsenrersin theabsencef faults,andthenconcludewith
resultsfor the diagnosisof eachmonitoredfault.

4.4.1 Obserwer Performance

For the simulationsof the obsenrers,the desiredbehaior of the leadvehicle of the platoonwas
to track the given velocity profile shavn in Figure 4.1. The two other automatedvehiclesin

the platoonarein following mode,andwill attemptto maintainthe desiredintervehiclespacing.
Figure4.2shonstheconvergenceof theinter-carspacingobsenerandits ability to tracktheactual
radarmeasuremerih the presenc®f noise.Figures4.3and4.4 showv the performancef thetwo

enginedynamicsobserersdesignedn Section4.2.4in theabsencef afault. As all threefigures
shaw, the obsenersperformextremelywell underconstantandvaryingspeedorofiles.

4.4.2 Diagnosisof Faults

For the simulationsin this section,the desiredbehaior of the lead vehicle of the platoonwas
to track constantvelocity of 24 m/secfor simplicity. The two otherautomatedvehiclesin the
platoonarein following mode,andwill attemptto maintainthedesiredntervehiclespacing.After
five secondsa faultin oneof the sensor®or actuatorsoccurswith a constantmagnitudeequalto
the desiredminimum detectabldault. The desiredminimum detectabldault magnitudedor the
physicallayercontrolcomponentsverepreviously determinedy Gag (Gaig andHedrick 1995),
andtheir valuesaresummarizedn Table4.2 alongwith thechoserthresholds.

Figures4.5 through4.14 show the fault modevectorestimatedor faultsin the wheelspeed
sensorenginespeedsensorradar accelerometemagnetometemanifold pressuresensoythrottle
anglesensorbralke pressuresensorandbothactuatorsTheeightplotsin eachfigurerepresenthe

33



26

25.81- q

256 4

25.41- q

25.21- 4

251 q

Speed (m/sec)

24.81 4

24.6- 4

24.41 4

24.21- q

24 : ‘

Time (sec)

Figure 4.1: Desiredvelocity profile for obserer simulations
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Figure 4.2: Inter-vehiclespacingobserer in theabsencef faults

estimateof the fault modeelementavhich represeneachtype of possiblefault. The estimatesre
shavn assolid lines,while the choserthresholdsareshovn asdashedines. Both areexpressedn
unitswhich matchthoseshaowvn for the minimumdetectabldault magnitudesn Table4.2.

It is importantto note that althoughthe qualitatve behaiors shavn in Table4.1 areideal-
istic, the simulationresultsbasicallyagreewith thoseshowvn in the table. However, threemain
discrepanciebetweertheidealandsimulationresultsshouldbediscussedFirst, the estimategor
severalof thefault modeelementsxceedtheir thresholdgor approximatelythefirst 1.25seconds
of the simulations.Thisis causedy thedifferencein initial conditionsfor the obsenrer estimates
andthe vehiclemodelsimulation,andary declarationof a fault during this time periodwould be
disregarded.
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Figure 4.4: Enginespeedandmassof air estimationn theabsencef faultsfor thenonlinearobserer using

throttleandbrake actuatocommands

The seconddiscrepang is the transientincreasen incorrectfault modeestimateelementsat
the onsetof a fault. This effectis particularly noticeablein the wheelspeedand magnetometer
fault simulationsin Figure4.5 andFigure4.9. Thesefiguresshow thatthe radarmodeestimate
exceedst’s thresholdeven at the minimum detectablanagnetometefault, while the radarmode
could exceedit’ sthresholdat larger wheelfault magnitudesThis unwantedsensitvity couldlead
to incorrectidentificationswvhenmagnetometezandwheelspeedsensorfaultsoccur The causeof
thesetransienteffectsis the strongsimilarity betweernsomeof the fault signaturesFor example,
thewheelspeedandradarfault signaturesareboth causemarked changesn theresidualelement
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Table 4.2: Minimum detectabldault magnitudegor eachcontrolcomponent

| Faulty Sensor Actuator | FaultMagnitude| Threshold |
wheelspeedsensor 3 m/sec 1.5m/sec
enginespeedsensor 15rad/sec 7.5rad/sec
radar 0.8m 0.6m
accelerometer 0.3m/sec? 0.125m/sec?
magnetometer 2 marker counts | 1.25marker counts
manifold pressuresensor 5KPa 3 KPa
throttleanglesenso& actuator | 3 degrees 1.5degyrees
brake pressuresensoi& actuator| 250KPa 125KPa

r3, SoObothfault modeestimateseactto thewheelspeedsensorfault. Oncetheeffectsof thefault
onthesystemdynamicsreachesteadystate thefaultis correctlyidentified. However, the pattern
of exceededhresholddor thesetransientperiodsis alsouniquefor the caseof singlefaultsand
canthereforebe considerechsan additionalfault signature.This propertyallows the faultswith
this transientoehaior to beidentifiedbeforethe systemdynamicsreachsteadystate.Continuing
with the wheelspeedandradarexample,the patternof boththe wheelspeedandradarestimates
exceedingtheir thresholdssanbe uniquelyidentifiedastheresultof awheelspeedault.

Thelastdiscrepang canbe seenin the steadystatebehaior of thefault modeestimatesfter
aradarfault hasoccurred.At first glance,the behaior of the magnetometeandradarestimates
appeardo be similar to the transienteffects just discussed.In this casehowever, the changein
fault modeestimatess causedy the feedbackcontrolusedin the regulationlayer sincethereis
no fault managementonductedor thesesimulations. The radarfault is correctly detectedand
identifiedduring the 5-6 secondime periodof the simulation,but the radarmeasuremernis still
beingusedby thefollower law in theregulationlayer. After 6 second®f simulation.thefeedback
controllerhasincreasedhe intervehicle spacingto attemptto matchthe correctdesiredspacing
usingthe faulty measuremendsfeedback.This increasen spacingcauseshe residualelement
r4 to correspondinglychangeto reflectthe resultingdifferencebetweenthe desiredspacingand
the true spacingusingthe magnetometecountingscheme Althoughthis seemgroblematicthe
radarfaultwould obviously beidentifiedcorrectlywithin thefirst secondafterthefaultsonsetand
beforethe controllerusesthe faulty measurement®r very long.
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4.5 Experimental Results

This sectionpresentexperimentalresultson theimplementatiorandtestingof the obsenersde-
scribedin Section4.2. The obserershave beenimplementecn the Buick LeSabresxperimental
vehiclesusingthe longitudinal control codedevelopedfor the 1997 NAHSC demonstratiorasa
basis. Eachobsener wasprogrammedsa separateC functionwhich is calledduring the longi-

tudinal control calculations.The remainingpartsof this sectionwill describethetestsandresults
for eachof theobserers.

4.5.1 Inter-vehicleDistanceObserver

A simplifiedfaultdiagnosticandmanagememtystemwasimplementedn theautomatediehicles
in preparatiorfor the August1997NAHSC demonstrationThis systemwasdesignedo diagnose
andmanagdaultsin the primarylongitudinalcontrolcomponentgonsistingof theradar throttle
actuatoy brake actuator communicationsystemandthe CAN bus. The inter-vehicle distance
obserer wasincludedin this systemin orderto detectfaultsin the radarrangesensorandalso
to replacethe radarrangemeasurements the regulationlayer controllerin the eventof a radar
fault. Theinter-vehicledistanceobserer playeda very importantrole in ensuringsafeautomated
operationduringthedemonstrationsinceradarfaultsweredetectecandautomaticallyreplacedy
themagneticobsener on severaloccasionsluringthe automateglatoondemonstrations.

Figure4.16illustratestheability of theinter-vehicledistanceobsenerto detectandcorrectfor
theradarfaults. Eachtestvehiclein the platoondemonstratiorwas designedwith a rectangular
openingin the front grill sothatthe radarwould have a clearline of sight. The radarwasthen
mountedbehindthis grill andbelov the hoodof eachcar In thetestrun shavn in Figure4.16,a
misalignmenbf the grill mountingcausedhe radarto have anintermittentfailure on thefifth car
in the platoon. The readingsof the radarjump from zeroto the correctspacingvaluemary times
during the run. However, the fault detectionsystemwastriggereddueto the 6 meterdifference
in the radarmeasuremenand the inter-vehicle distanceobsenrer. In responseo the detected
radarfault, the spacingbetweenfourth andfifth carsin the platoonwasincreasedo 15 meters
for the remainderof the run by the fault managemensystem. In addition, the regulation layer
controllerusedtheinter-vehicledistanceobsener estimatdo replaceheradarrangemeasurement
in the calculationsof the syntheticacceleration.The reconfiguredcontrollerwasableto provide
anexcellentride with a spacingvariationof lessthan1.3 meters.The maximumerrorsin spacing
occurredn the presencef uphill anddownhill grades.

4.5.2 Engine DynamicsObselver

Thefirst stepin the real-timeperformancdestingof the fault diagnosticsystemdesignedn this
projectwastheimplementatiorof the enginedynamicsobsener. To verify the obsenersperfor
mance the obsenrer softwarewasinstalledon a single automatedsehicle andtestedon the low
speedrackat the RichmondField Station(RFS)facility. The goal of the automatedrehiclewas
to follow thevaryingspeedorofile shovn in Figure4.17. An exampleof thetypical resultsfor the
enginedynamicsobsenrer usingthe actuatocommandss shavn in Figures4.18and4.19.
Although the obsenrer performsfairly well, the estimationof the massof air is definitely
not accurateenoughto detectfaultsin the manifold pressuresensorat the resolutionusedfor
the simulationsin Section4.4. A probablereasonfor the relatively large errorsin the pressure
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Figure 4.17: Desiredvelocity profile for experimentatestrun atRFS

estimationis thereducedaccurayg of the staticenginetablesat lower enginespeedsandmanifold
pressuresAlthoughfurtherresearchs requiredto improve the accurag of the obserer, it could
still be usedfor fault diagnosticsalbeit with a larger minimum detectablgault magnitude. For
example,the minimum detectablgault magnitudefor a manifold pressureault would needto
be largerthan10.5KPa for the resultsshavn above in orderto eliminatefalsealarmscausedoy
estimatiorerror.
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Chapter 5

Fault ManagementSystemsfor
Longitudinal Controller

5.1 AHS Fault Tolerant Structur e

In thischaptemve follow theideaspresentedh Lygerosetal. (2000)for thedesignof ahierarchical
faulttolerantAHS. Lygerosetal. (2000)divide the problemof supervisinghe AHS operationinto
four majorstructuressensorcapability performancendcontrolstructuresTheinformationflow
betweerthesestructuress depictedn Figure5.1. Thesensostructureencodesll theinformation
thatis sensedat the individual vehiclelevel or at the roadsidenfrastructurdevel. The capability
structureis designedo determinediscretechangesn the systemcapability dueto faultsin the
vehicleandroadsidehardware. Theobjective of performancestructures to decideon ary gradual
degradationin systemperformancedue to adwerseernvironmentalconditionsand gradualwear
of AHS components.The control structure finally, decideson the control actionsbasedon the
informationencodedoy the threeotherstructures.In this chapterwe focuson the designof the
capabilityandperformancestructures.

Thefaultmanagemergystemworksbasednthe AHS faulttolerantcontrolstructurescheme
shovnin Fig. 5.2.

Fig. 5.2 shows that the fault handlingmodulereceves information from the capability and
performancestructures.The designproposedn Lygerosetal. (2000)for the capabilitystructure
is in theform of a hierarchyof binarylogic predicateswhile the performancestructureis realized
througha setof mapsfrom the causef gradualperformancedegradationto the parametershat
reflectthe performancef the system.Thesemapscanberealizedon-line. Figure5.3 shovs more
detailsaboutthe capability structureand the performancestructuresuggestedn Lygeroset al.
(2000).

The capabilitystructurein Figure5.3 assumeshe existenceof a setof signalscomingfrom a
fault detectionstructurealreadyin the appropriatdormat. The mapsfor the capabilitystructurein
Figure5.3are:

Fr - mapscapabilitiesof the physicallayerto theregulationlayer.

F; - mapscapabilitiesof regulatorto its supervisor

F¢ - mapscapabilitiesof regulationlayer, communication
andneighboringvehiclesto coordinationlayersupervisor
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Themapsfor the performancestructurein Figure5.3are:

f: C—P.
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R,: P—{0,1}; i=1,...,7.

C — cause®f degradationandperformancgarameters.
‘P — setof performancearameters
P:PPUP5UPRUP0UPLUPN.

wherethe sub-indees P, S, R, C, L and N standfor parameterselatedto the physicallayer,
sensosstructureyegulation,link andnetwork layers,respectiely.

5.2 Capability Structure

5.2.1 Designof Capability Structure

Theoperatiorof thefaultdetectiorandidentification(FDI) systencanbedividedinto two primary
tasks:the generatiorof signalssensitve to faultsin the longitudinal control systemcomponents
andtheir subsequenprocessingo detectthe occurancea fault aswell asthe cause. The setof
sensorsandactuatorsvhich areassumedo be monitoredin last chapterareshovn in Table5.1.
In addition,theinformationaboutacceleratiorandvelocity of the precedingvehicleandthe lead
vehiclein the platoonis obtainedthroughthe communicatiorchannels.

The creationof signalssensitve to control componentstermedresiduals relies on redun-
dang in theinformationknown aboutthevehicle. Thisredundang canbe achievedthroughmul-
tiple sensorsat the costof additionalhardwareandphysicalcomplexity of the system.However,
modelbasedfault diagnostictechniquesovercometheseadditionalcostsby taking advantageof
the mathematicatelationshipsetweenhe physicalcomponentso provide the necessaryedun-
dang. TheFDI systemdescribedn sectionst.1, 4.2and4.3givesmoredetailsaboutconstruction
of obsenrers,residualgeneratiorandprocessingsBriefly, the obsenersproposedareasfollows:
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Table5.1: Componentsnonitoredby the FDI system

Sensors \ Actuators

Radar manifoldpressue sensar Brake actuator
enginespeedsensagracceleometer throttle actuator
throttle anglesensorwheelspeedsensar

brake pressue sensgrmagnetometer

e Relative position obsewer
Therelative positionbetweerntwo vehiclesis estimatedisingthefirst orderlinearobsenrer:

5 =V — Vprey + ks | (N — Nppey) L — 5] (5.1)

where) is the inter-vehicledistanceestimatey — Uprev IS the velocity differencebetween
the currentand previous vehicle, L is the magneticmarker spacing,andn — n,,., is the
differencein the numberof markerspassedy thetwo vehicles.

e Engine speedand manifold flow rate obsewer A nonlineardetectionfilter basedon the
methodologypresentedn Gaig andHedrick (1995)allows estimationof the manifold pres-
sureandenginespeedisingthefollowing secondorderobsenrer:

A Tnet(d]e ,ma)*ca R3p3 Ang(th+Kmecc
We = 7. +

I (We — @e) + lo(mg — 1)
e = MAX -TC() - PRI(1n,)—

mao(a)ea ma) + l3(we — a)e) + l4(ma - ma)

(5.2)

wherew, andw, arethemeasure@dndestimatedenginespeedsyn, andm, arethemeasured
and estimatedmassof air in the intake manifold, 7,,.;(w., 7,) is the net enginetorque,
TC(«) is the nonlinearthrottle characteristidunction of throttle angle«, PRI(7,) is the
pressureatio influencefunction of the throttle body, andri,, (@., m,) is the massflow rate
of air outof theintake manifold. Finally, M AX, ¢,, R, h, J. areconstantehicleparameters,
while Iy, l», I3 andl, arethechoserobsenrergains.

e Vehiclespeedobsewer
By usingaccelerometeandmagnetometemeasurements, and An respectiely, the vehi-
cle’s absolutevelocity canbe estimatedy the following first orderobsener:

. AnL
@:a+m@§g—@) (5.3)

whereAn is the numberof magnetgassedn time 7" and L is themagnetspacing.
The capability structureis implementedoy a setof finite statemachinesvhosefunction can
be viewed as transformationghat map the setof binary numbersproducedby the FDI system

into anothersetof binary numbers.This new setindicatesthe availability of eachregulationlayer
controllaw and coordinationlayer maneuer, accordingto the patternof faultsthatis presented
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Figure 5.4: Logic structureof fault handlingfor normalmodeAHS

by the FDI system(seeEskafi (1996), for example,for more details aboutthe regulation and
coordinationlayers).

We presentaverysimpleexample takenfrom Lygerosetal. (2000),to illustratethecapability
structureunderthenormalmodeof operation.Oneapproactio implementhis capabilitystructure
examplein SHIFT is discussed.

The controlschemdor normaloperatingconditionsrelieson a numberof resourcessensors,
actuatorsand communicationdevices !, both on vehiclesand on the roadside. From an input-
outputpointof view, the goalof the capabilitystructures to take informationfrom this resources
andto determinethe influenceof failuresin ary of theseresource®n the ability of a vehicleto
performa given maneuer. To achieve this goal Lygeroset al. (2000)proposeda designbased
on a hierarchyof logical binary predicates.In Figure 5.4, eachpredicatewill monitor a single
functional capabilityandwill returna“1” (True)if the systempossessea correctcapability or
a“0” (False)otherwis@. The valuesreturnedby the predicateshigherin the hierarchydepend,
naturally on the valuesof predicatesat lower levels of the hierarchy The examplein Figure5.4
illustratesthe hierarchicabinarylogic processThemapsFr andF; canbe denotedas:

FR: {0’ 1}nact+nsen+ncomm - {0, 1}nlong+nlat
FI : {0, 1}nlong+nlat — {0’ l}nman

wheren.t, Nsen, aNANmm iNdicatethenumberof actuatorssensorsandcommunicatiorchannels,

1Eventhoughin the fault diagnosticsystemgivenin Chapter4, we have not consideredhe communicatiorde-
vice faults,we assumedhatthesecommunicatiorfaultscanbe detectedn the fault managemenschemedesign,see
Senguptg1999)and Simseketal. (1999)for detailsin communicatiorfault diagnostics.

2For this reasorthe logical predicatesareprocessethy AND operators
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respectrely. n;,,, andn;, the numberof longitudinalandlateralcontrollaws in the regulation
layer, respectrely. Finally, n,,., denotegshe numberof maneuersin the coordinationayer.

Fig 5.5shonvsthegeneridinite statemachineshatcomposehehybrid systemimplementation
of the capabilitystructure.

Fault_detection:fault, havefault (set)Fault_generators:havefault(one), bad

nofault 0 havefault .@ 0

Fault_detection: normal, nofault (set)Fault_generators:nofault(all), good

Fault_generators Logic_laws
(set)Logic_laws:bad(one) and
(set)Fault_generators:havefault(one)
(set)Logic_laws:good(all) and
(set)Fault_generators:nofault(all)
Logic_mans

Figure 5.5: Capabilitystructurefinite statemachines

Faultinformation,togethemwith the capabilityinformation,is sentto thefaulthandlingmodule
whichis locatednext to the coordinationlayer. Dependingon thekind of faultandits severity, the
fault handlingmoduleclassifieghe faultsandinitiatesan alternatve control stratgy or degraded
maneuer to overcomeit. In somecasesthe redundang featuresnormally availablein FDI are
exploited. For example,the outputof the linearandnonlinearobserersis usedasan alternatve
information sourcefor the measurementthat are no longer available when a fault in a sensor
occurs. In othercasessomedegradedmaneuers mustbe executedto let the faulty vehicle exit
the highway or stopon the highway for emegeng vehicles.

Thefaultsamongsensoyractuatorandcommunicatiordevicesareclassifiedinto two classes.
Thefirst onecorrespondso faultswhich canbe handledby usingthe informationprovidedby the
obsenrersin the control algorithmsandadjustingthe controller parametersFor thesefaults, the
operationmodeis still normal. The secondclassincludesthe faultswhich requiredegradedmode
maneuers. Thefaultsin thefirst classarelessseverethanthosein the secondne. A description
of the handlingprocedure$ollowedby the FMS is provided below.

Faults that are handledin normal mode

Radar range and range rate sensorfaults

Radarmeasurementsangeandrangerate are usedin all longitudinalmaneuer control laws.
Thereforea radarfault affectsall of them. Whenthe radarrangerate sensoris at fault, it is
possibleto usethe vehiclevelocity andthe LAN communicatiorto estimateherelative velocity
to the vehicleahead.For the rangemeasurementhe rangeobsererin Eq. (5.1) is employedto
estimatetherelative distancebetweertwo vehicles.
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Manif old pressue sensorfault

The manifold pressuresensoris usedto calculatethe manifold flow rateaccordingto the ideal
gaslaw. Whenthe enginemanifold pressuresensoiis diagnoseavith a fault, the manifold flow
rateobsener in Eq. (5.2) is used. This allows to usethis flow rateto derive an estimateof the
manifold pressurep,,, accordingto

P,V = m,R,T), (5.4)

whereR, is athermalcoeficient, T;, is the manifold temperatureandV' is the volume of the
manifold.

Engine speedsensorfault
Whentheenginespeedsensohasbeendetectedo befaulty, it is possibleto usethewheelspeed
sensomeasuremerdsasignalto estimatagheenginespeedindertheassumptiorthatthetorque
corverteris locked,i.e.

We = Wy /h (5.5)

whereh is thedriven-trainratio including the torquecornverter transmissiorandthe differential
gears.

Wheel speedsensorfault

If a wheel speedsensoris faulty, the vehicle speedcan be estimatedfrom a combinationof
the radarrangerate measurementandthe LAN communicationnformationthat providesthe
precedingcarvelocity 3. Alternatively, it is possibleto estimatehewheelspeedisingtheengine
speedsensomeasurementsy assuminghatthetorquecorverteris locked.

Accelerometer fault

If anaccelerometefault hasbeendetectedherearetwo situations.In the first one,the vehicle

is afollower. In this casethereis no directeffect on thefollower controllaw givenin (Swaroop

1994); however, the incorrectaccelerationinformationis communicatedo the next follower

vehicle. To compensatdor this fault, the desiredor “synthetic” acceleratioris communicated
insteadof theactualmeasureccceleration.

If thefaulty vehicleis theleaderof the platoon thefeedbacksafetycontrollawsin (Li etal. 1997)
requirevehicleaccelerationnformation. In this case velocity informationis usedto producea
numericalestimateof the acceleration.

Magnetometerfault
Whenthe magnetometefails, the vehicleis still ableto performthe basiclongitudinal control
laws*. However, aflagis setto warnthe systemof the existenceof a singlefault.

Throttle angle sensorfault
Thethrottleanglemeasuremens notdirectly usedby theregulationlayercontrollaws. However
afaultin this sensomostlikely will induceathrottle actuatorfault.

SWhenwheelspeedw,,) is usedto estimatethe vehicle absolutevelocity (v), it is assumedhatthereis no slip
betweerthetiresandtheroadsurface,andthelinearrelationshipy = Rw,, is used.

“Notice howeverthata magnetometefiault inhibits all lateralcontrolandthereforehasa greatimpacton vehicle’s
ability to remainin the AHS
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Brake pressue sensorfault
A bralke pressuresensoffault doesnot directly affect the regulationlayer controller however it
canhave adirecteffect onthe brake actuatorandcaninducefaulty operationin it.

Sincetheaccurayg of theestimatesisedwheneerthereis afaultin thisfirst groupis assumed
to be smallerthanthe accurag of the sensomprovided measurementn all caseswith the excep-
tion of the lastthreefaults,the intra- and/orinter-platoonspaceareincreasedo L;; and/orL,y,
respectiely °.

Faults that are handledin degradedmode

LAN Communication fault

Whenthe LAN communicatiorchannelin a vehicle hasa fault, this vehicle cannot form part
of a platoonsinceits fault will compromisethe string stability (Swaroop1994f. Coordination
layer maneuers are executedto isolatethe vehicle asa free agentas soonaspossible. If the
faulty vehicleis a platoonleader it commandshe secondvehiclein the platoonto initiate a split
maneuer. If thefaulty vehicleis afollower, two split maneuersareexecutedthefirst onesplits
thefaulty vehiclefrom the othervehiclesaheadandthesecondsplit separate# from thevehicles
behind.In both casesthe faulty vehiclebecomes free agentandexits the highway.

WAN Communication fault
If afaultin WAN communicatiorhasbeendeclaredthefaulty vehiclecannotcoordinatewith any
othervehiclefor maneuering. At this pointthe vehicleis commandedo stopin the highway’.

Brake actuator fault

Whena fault hasbeendetectedn the brake actuatoy no normalmodemaneuer canbe safely
executed. The faulty vehicle needsassistancérom other vehiclesin the highway to stop. A
front-dock(Lindsey 1997)maneuer mustbeinitiatedfor the faulty vehiclethroughWAN com-
munication.With thismaneuerthepreviousplatoonhelpsthefaulty vehiclestoponthehighway.

Thr ottle sensor/actuatorfault
The throttle actuatorfault is detectedand identified using the enginespeedand manifold ob-
senersin Egs.(5.2)-(5.5).

Whena throttle actuatorfault hasbeendetectedthe faulty vehiclemustbe isolatedfrom other
vehiclesand then forced to exit or to stopin the highway. If the faulty vehicleis a leader
its follower vehiclesare commandedo split from the faulty leaderusing communication. If
the faulty vehicleis a follower, two split maneuersare performedsuchthat the faulty vehicle
becomesa free agent. In eithercase the inter-platoonspaceis increasedo L,y and, after the
splits are finished, the faulty vehicle will attemptto exit the highway. If the severity of the
throttle actuatorfault doesnot allow this, thevehicleis stoppedn the highway.

*TheincreasedlistancesL:; and L»;, are calculatedbasedon obserer accuray andsafetydistanceunderthe
worstcasedor theleaderandfollowersof aplatoon.In the NAHSC 97 DemonstratiorL; = 2L, andLyy = 2L»,
respectiely, whereL; and L, aretheintra- andinter-platoondistance.In AHS design,L; = 1 — 2m and L, =
30 — 60m.

6Strictly speakingf thevehicleis still ableto receve informationit canbethelastfollower of a platoon,although
thisis nottheapproacttakenin this sectionto handlethe LAN communicatiorfault.

Ideally, thereshouldbe someredundang in the WAN communicatiordevicesconsideringhe big impactof this
kind of faultin the AHS throughput However in this sectionthis redundang is not considered.
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5.2.2 Simulation Results

The simulationresultsin this sectionshov how the designedault managemengystemcansafely
handlethe classof faultspresentedn this sectionfor the longitudinalmaneuer controlin AHS.
In the simulations,the platoon consistsof threeautomatedvehicleson a two lane highway as
illustratedin Fig. 5.6, producedby the simulationanimation. The samevelocity profile for the
platoonleaderasthatgivenin sectiord.4is used.

Figure 5.6: Simulationscenaridor faultmanagemergystem

A faultin theradarof thesecondsehicleis simulatedn theresultsshovnin Fig. 5.7. Thefault
isinducedatt = 4sec while thethird vehicleisinvolvedin asplitmaneuer. Thesimulationresults
shav that the fault managemensystemis still ableto sustaina safenormalmodeof operation.
The third vehicle finishesthe split maneuer andthenit is commandedo performa join. The
maneueringof thethird vehicleis not affectedeventhoughthereis aradarfault becaus¢he FMS
decidego usethe magnetometeobsenrer informationto replacetherangemeasuremerftom the
radar Theintra-platoonspacehasbeenincreasedrom 2 m to 4 m. Theplotsin Fig. 5.7 show: a)
therelative distanceamongthethreevehicles b) therelative velocities,c) the absolutevelocities
and(d) theaccelerations.

Fig. 5.8 shavs anothersimulationresult. The secondvehiclein the platoonhasa throttle
actuatorfaultatt = 4sec. Thefaultmanagemergystemcommands$wo split maneuers.Firstthe
leaderof the platoonsplitswith respecto the secondandthird vehiclesandthenthethird vehicle
splitsfrom the secondvehicle. After thetwo split maneuers,the faulty vehiclehasbeenisolated
andwill stopor exit thehighway. Theplotsin Fig. 5.8 areorderedsimilarly to Fig. 5.7.

5.3 Performance Structure

Safefeedbackbasedongitudinalmaneuersfor AHS andtheir associate@ontrollaws have been
derivedin AlvarezandHorowitz (1999)andLi etal. (1997). Thesemaneuersareprovento be
safe(i.e. vehiclecollisionsneveroccur)undertheassumptiorthatanupperboundonthemaximum
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Figure 5.7: Thecontrolstratgy whenthe secondcarhasradarsensorffaultatt = 4sec

deceleration:,,;, of all vehiclesis known®. This safetycritical maximumdecelerations closely
relatedto theperformancef vehiclesduringtheemepgeng brakingmaneuersthatmaybeneeded
for fault handlingpurposegLygeroset al. 2000). The brakingcapacityof vehicleschangesith
adwerseervironmentalconditions,gradualwearof componentandhighway topology etc. There
aretwo mainfactorsthatinfluencethis braking capacity:tire/roadfriction andavailable braking
torque.Thesefactorshave complex behaior andthe associate#ariablesaredifficult to measure.

In orderto maintainAHS safetyit is imperatve that the braking capabilitiesof all vehicles
in the systembe consenratively estimatedat all times. On the other hand,to increasehighway
throughpuit is alsonecessaryhata,,;, be estimatedascloselyaspossibleto its actualvalue.

In this sectionaschemdor estimatinghetire-roadfriction coeficientof avehicleis presented
whichis guaranteetb underestimatés truevalueatall times,but corvergesto thetruevalueunder
persistencef excitation conditions.A schemdor estimatinganoverall brake systemgainis also

8|n addition,the maneuersareshawvn to be optimalin the sensehatthey arecompletedn minimumtime, while
satisfyingcomfortandsafetyconstraints.

60



Inter-vehiclespace Relative velocity
T T T

40 T 1 T

Distancefn)

Relative velocity(m / s)

25 30 35 40 0 5 10 15 25 30 35 40

20 20
Time(sec.) Time(sec.)

Absolutevelocity Acceleration
T T T

Velocity(m / s)
Accelerationn /s2)
|
s
&

!
=
o

25 30 35 40 0 5 10 15 25 30 35 40

20 20
Time(sec.) Time(sec.)

Figure 5.8: Thecontrolstratgy whenthe secondcarhasthrottleactuatorfaultatt = 4sec

introduced Basedon thesetwo estimationschemesnemegeng brakingcontrolleris designed.

It is importantto remarkthatthe knowledgeof thetire/roadfriction characteristiallows ve-
hiclesnot only to adjusttheir spacingfor safety they canalsobroadcasthis informationto the
road-sidenfrastructurecontroller whichin turn canmodify overalltraffic conditionsif necessaty

Thissectionis dividedin six subsectionsSection5.3.1developsadynamicmodelof vehicles.
In section5.3.2, the estimationprocedurefor the tire/roadfriction is introduced. Section5.3.3
describeghe designof a stabilizing controller for emegeng braking while section5.3.4 de-
scribesthe necessaryonditionsfor friction underestimation.Simulationwork is illustratedin
section5.3.5.

5.3.1 VehicleModeling

To describethe vehiclelongitudinaldynamics,a quartervehiclemodelis used. The intentionof
themodelis dual: to developdynamicexpressiongo be usedlateron for control purposesandto
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derive the coeficient of tire/roadfriction asa function of the vehicledynamics.The longitudinal
motionof thevehiclecanbeexpressedy

mi = 4F, — Fiy (5.6)

wherev is the longitudinalspeedof the vehicle,m is its mass,F, is theforce atthetire and F,,,
is the aerodynamiaragforce. It is assumedhat forcesat the tires are evenly distributed. The
rotationaldynamicsatthe wheelis describedy

]L:JZ’Td—Tb—FxR, (57)

wherew is theangularvelocity, I thewheelinertia, 7, thedriving torque,r, thebrakingtorqueand
R the effective rolling radius.Egs.(5.6) and(5.7) assumehatthe longitudinalvelocity v andthe
wheelangularvelocity w arerelatedthroughtherelative velocity, s, definedas

s=v— Rw . (5.8)

During braking,relative velocity s andslip A arerelatedby A = s/v. Thedragforceandtire
forcearemodeledby

Fop=Cuv?: F,=—puFy= —u% , (5.9)
with C,, a properlychosenconstanty thetire/roadfriction and Fy = mg/4 thenormalloadin
eachtire.

Substitutingegs.(5.9)into Egs.(5.6)and(5.7) andusingthetime derivative of Eq. (5.8)yields

OV=—cp—duv?, (5.10)
$=—(a+c)pu—b—dv?+eKyP,, (5.11)

with @ = R*mg/4I, b = Rry/I, ¢ = g,d = C,y/m ande = R/I. As suggestedn Gerdes
and Hedrick (1995), the brakingtorqueis approximatedoy , = K,P,, where K}, is an overall
brakessystemgainand P, the mastercylinder pressureDuring braking,7, = 0 is consideredThe
velocity v andrelative velocity s areassumedo be uniformly continuoudunctions.

5.3.2 Tire/roadFriction Characteristics

Literaturefor tire/roadfriction estimationis abundant. We revise someof the relevant work for
the purposef this section.Bakker etal. (1987a)andBurckhardt(1993)describewo analytical
modelsfor tire/roadbehaior that areintensively usedby researchers the field. In thesetwo
modelsthe coeficient of friction, u, is mainly determinedoasedon the wheelslip A andsome
otherparameterdik e speedandnormalload. Fig. 5.9 presentdwo curves,obtainedfrom Harned
etal. (1969),thatrepresentypical 1 versus\ behaior.
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Figure 5.9: Variationsbetweercoeficient of roadadhesion: andlongitudinalslip A

The expressiongiven by Bakker et al. (1987a),alsoknown as “magic formula” is derived
heuristicallyfrom experimentaldatato producea goodfit. It providesthetire/roadcoeficient of
friction p asafunctionof theslip A\. Theexpressiorin Burckhardt(1993)is dervedwith asimilar
methodology Thefinal mapexpresseg: asafunctionof A, thevehiclevelocity, v, andthenormal
loadonthetire, Fly.

Kiencke (1993) presentsa procedurefor real-timeestimationof . A simplificationto the
analyticalmodel by Burckhardt(1993)is introducedin sucha way that the relation betweeny
and) is linearin the parametersKiencke (1993)usesa two stageidentificationalgorithm. In the
first stage thevalueof 1 is estimated.This estimateof y is usedin the secondstageto obtainthe
parameter$or the simplified iz versush curve.

The paperby Gustafssorf1997)derivesan schemeo identify differentclassef roads.The
hypothesisn Gustafssor{1997)is thatby combiningthe slip andtheinitial slopeof the i, versus
A cunve it is possibleto distinguishbetweendifferentroadsurfaces. The authortestsfor asphalt,
wet asphalt,snav andice andidentifiesthe actualvalue of the slopewith a Kalmanfilter anda
leastsquareslgorithm.

Ray(1997)estimates: basedn adifferentapproachlinsteadof usingtheslip informationto
deriveacharacteristicurve, Ray (1997)estimatesheforceson thetireswith anextended<alman
filter. Usinga tire modelintroducedby Szostaket al. (1988),that expresseshetire forcesasa
function of u, the authortries this modelfor differentvaluesof x. A Bayesiamapproachs used
to determinethe valueof y thatis mostlikely to producethe forcesestimatedwith the extended
Kalmanfilter.

Theworkin Kiencke (1993),Gustafssorf1997)andRay(1997)doesnotconsiderary velocity
dependencim thederivationof i, assuggestety Burckhardi(1993)andHarnedetal. (1969).An
attemptto considerthe velocity dependencér ABS controlis presentedn Liu andSun(1995).
Theauthorsassumehetire/roadcharacteristicto beknown. Dueto thelimitationsin theavailable
data,theauthorsarenot ableto comparetheir algorithmwith othermethods.
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Thereare otherworks relatedto the on-line identificationof the tire/roadfriction, asfor ex-
ampleLee and Tomizuka(1995) and Yi and Jeong(1998). However, in thesepapersonly the
instantaneousoeficient of friction is identified.

All theresearclaboveis basednthe pseudo-staticmodelsfor theroad/tirefriction. Recently
a LuGre dynamicmodelfor friction wasintroducedn Canudasie Wit etal. (1995). This model
is appliedto road/tirefriction in Canudasde Wit and Tsiotras(1999) and Canudasde Wit and
Horowitz (1999),wherelumpedanddistributed parametemodelsderivedfrom a LuGre friction
modelarepresentedlt is shavn thatwith this modelit is possibleto reproducehe shapeof the
pseudo-statienagicformula. Thereare however someissuesregardingthe calibrationof these
modelsthat still needfurther investigation. This sectionis only concernedwith pseudo-static
friction modelsasthe onesin Bakker etal. (1987a)andBurckhardt(1993),asthe experimental
dataavailablefor simulationpurposesvasderivedwith the pseudo-stati@pproach.

For emegeng braking,brakingforcesarelargeandthereforehighvaluesof slip areexpected.
If the time anddistancefor brakingareto be minimized,emegeng brakingmaneuersshould
attemptto sustainmaximumfriction duringall the maneuer. For this reasonit is very important
to make an priori estimationof the point of maximumfriction basedon theinformationavailable
from the instantaneousoeficient of friction, asthis maximumfriction point will be usedasa
tamgetslip pointby theemegeng brakingcontroller Thestratay in this sectionis to usedifferent
pointsof the instantaneousoeficient of friction to identify the shapeof the curve thatdescribes
the behaiior of the coeficient of friction. Oncethis curve is identified, it is possibleto deducta
propervaluefor the maximumcoeficient of friction.

Themodelproposedn (Burckhardt1993)is

p=(Ci(1—e ") —CsA) e, (5.12)
whereCy, - - - , Cy areconstantandthenormalloadatthetire is keptconstantln this projectthis
modelis approximatedy

p = pre PPANPsAPa) =Py (5.13)

wherep1, p2, p3, p+ andps areparameterso be determinedAs shown in section5.3.5,Eq. (5.13)
accuratelyapproximateshe behaior of Eq. (5.12), particularlyin theregion A € [0, A;], where
Am IS the pointwherethe maximumcoeficient of friction p,, is attained.

After applyingalogarithmto bothsidesof Eq. (5.13)andrearrangingn vectorform

y=Ilnpu=U0O, (5.14)
with U = [1, =\, Aln A\, In X, —v], © = [p}, ps, 3, ps, ps)T andp; = Inp,. An estimatedd of the
vector® canbeobtainedvia a standardarametendaptatioralgorithm(PAA)

6=ru’y, (5.15)

wherej =y — 35 =U(© — (:)) = U O,T =TI7 > 0is adiagonalmatrix of gainsandassuming
that,, canbeaccuratelyneasuredsdiscussedn sectiond.

%A valueof slip of 20% is considerechigh.
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If thevelocityis keptconstantthe peakvalueof p,,, canbederivedfrom Eq. (5.13),

i = pre~P2rm \PsAm+pa) g—psv0 (5.16)

RE)

where),,, the peakslip givenby the solutionto
P3Am(In Ay + 1) = poAm — ps.. (5.17)

Notice that althoughthe peakfriction valuein Egs.(5.12) and (5.13) changeawith velocity, the
peakslip doesnot changewith velocity in the samecurves.

5.3.3 Controller Design

In this sectiona controllerfor emegeng brakingthat exploits the knowledgeof the 1 surfaceis
designedIlt is assumedhatvehiclesareequippedwith anti-lock brakingsystemgABS) andthat
thelongitudinalandangularvelocitiescanbe measuredIn the caseof AHS, thelongitudinalve-
locity canbe derivedfrom infrastructuredevicesdesignedo facilitatevehicle's positiondetection
(Varaiyal993)andalsocanbe obtainedirom the obserer designgivenin section4.1.

Define

S5=8—Sm, (5.18)

wheres,, = . v is the peakrelative velocity that correspondso the estimatedpeakslip ), at
velocity v. s,,, canbe obtainedfrom Egs.(5.16)and(5.17)andthe currentestimation®. Corre-
spondinglythevelocity errorcouldbedefinedass = v — vy, with v, thedesiredvelocity; however
asfor emegeng brakingv, = 0, this definitionof ¥ is not necessary

Thebrakingpressurep, is setas

A~

Pb:%[(a+c)u+b+dv2—§§] , (5.19)

whereM, = 1/K,, with K, the estimated/alueof K, andy is dervedfrom Eq. (5.10) underthe
assumptiorthatthelongitudinalacceleratiortanbe measured.
Substitutingeq. (5.19)into Eq. (5.10)yields

$=—(§— K,M, [(a+c)p+b+dv” — (3] (5.20)
with Mb =M, — Mb-
Define
1~2 1 T 1
W = 5° + v—i-%Kb @F O. (5.21)

Takingthetime deriative of EqQ. (5.21)andusingEgs.(5.11),(5.15)and(5.20)yields

W= §{—C§—Kbl\2fb [(a+c)p+b+dv* — (3]
—Xm@} +vi + Ky My M, /€ — O7T1 (TUTY) (5.22)
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Choose]\L/Ib as
M, =£5[(a+c)p+b+dv*— (3] . (5.23)
SubstituteEq. (5.23)in Eqg. (5.22)to get
W =—(8+9(8\m +v) —OTUTUB < 0. (5.24)

In thelaststepin Eq. (5.24)thefactsthats < 0, andv + 8\ = 0(1 4+ An(Am — A)) > 0 were
used.Eq. (5.24)impliesthat3, v, M, and® arebounded Straightforvard calculationsshav that
W is bounded Thus,applyingBarbalats Lemma,(SlotineandLi 1991),it follows that

lim §= lim v = lim K, = lim i=0, (5.25)

t—o0 t—o0 t—o0 t—o0

andthereforestability of s = s,,,,v = 0 follows. It is importantto recallthatonly persistencef
excitationwill guaranteehatlim;_,., ® = 0.

5.3.4 Underestimation of Friction Coefficient

Thegoalin this sectionis to find the conditionson © and® underwhich

Am < A (5.26)
fom < fan (5.27)
where ., is maximumcoeficient of friction and ., the valueof slip at which y,,, occurs. The
correspondingestimatedquantitiesare denotedas /i, and A,,, respectrely. In orderto prove

Ineqs.(5.26)and(5.27)it is necessaryo introducesomepreliminaryresults.
Definethefollowing function

fON="_1_my_1ps (5.28)

D3 Aps’

which is obtainedby taking the partial derivative in Eq. (5.14)with respecto A anddividing by
ps3, thethird componentf ©. FromEgs.(5.14)and(5.28),),, and)\,, satisfy

, (5.29)
(5.30)

NoticethatEgs.(5.29)and(5.30)imply thatthereis alwaysa slip point with maximumcoef-
ficient of friction for the setsof realandestimatecparametergespectrely. Define

Am = arg{g{g}; ny, An= arg{g};{; ) (5.31)

andtheinterval A,, = [0, A,,] *°

10For mostof thetiresreportedn theliterature),,, < 0.3.
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Lemma2 If A € A,,, and )\, < p4/ps, thenthe partial derivativeof Eq. (5.28)satisfies
of

— >0.
o\ —
Proof: SeeappendixB.
Lemma3 Assumdé.emma? holdsand
. 1 .
B_f_ (BB (5.32)
P3 DP3 Am \P3 D3

then\m < Am.

Proof: SeeappendixB.

Remark 1 The conditionin Ineq. (5.32) of Lemma3 canbe expressedn termsof the signsof
pi, 1 = 2,3, 4 theparameteestimationerrors.For comparableizesof p;, i = 2, 3, 4, andconsider
ing that)\,,, << 1, thechoiceof 5 < 0 andp, > 0 is themostcorvenientin orderfor Ineq.(5.32)
to hold. Oncep; < 0 is chosenmakingp, < 0 followsfrom Ineq.(5.32).

Whenthetrue parameterarefixed,theadaptatiodaw in Eq. (5.15)canberewritten as
6 = —TUM, 0)TU\,0)0 = A(\,1)0 . (5.33)

By Egs.(5.25),Eq. (5.33)canbelinearizedabout\ = ),, andv = 0 to obtain

0A (N v) < 0A (N v)
e (A= An) + —

This linearizationcanbefurthersimplifiedif thefactthatthe maximumcoeficient of friction
is attainedvhenv — 0. Thus,negglectingthevelocity termin Eqg. (5.13),it is possibleto focusthe
analysisonly in pq, - - - , p4 thefirst four parametersf © whenanalyzingthe point of slip where
the maximumfriction occurs.If the difference\ — \,, is smallandp; is ignored,Eq. (5.34)can
berewritten as

6 =A(n,0)0 + (5.34)

6=A0.)0. (5.35)

wherethevector® andmatrix A only considetthefirst four elementof ©, i.e.,py, -« -, ps.
Solving Eq. (5.35),the elementof ©(t) aregivenby

P1(t) = pr(to) — malto) f/d

P2(t) = P2(to) + v2Ama(to) f/d (5.36)
P3(t) = Ps(to) — y3Am In Amar(to) f/d

Pa(t) = Palto) — valn Apalto) f/d

wherey;;i = 1.-- -, 4, aretheelementof thediagonalmatrixI" > 0,
s4=—(m+ 725\%1 + 73;\7271 In® ;\m + Y4 In® ;\m) ;
d = Yoy3vs + Y23 107 A 4+ V1137402, + M Y2vaNE, In? Ay
alto) = py(te) — APa(te) + An Aps(te) + In Aps(to) ,
f=[1-ento]
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Lemma4 Assumehere existsa timet, at which A > ), andthat the following conditionsare
satisfied:

(4) r(to) > 0, Pa(te) <0, P3(to) <0, Pa(to) >0,
(ll)|ﬁz(t0)| < ﬁma;c ai = 1a e a4a
(#i1) Lemma 3 holds for t ,

Choosehegain matrix I in the PAA givenby (5.15)accoding to

b1 (to) In? )
1<201(0)n Am

37
|Pa( )(Sl1 A ’ -
P2(lo)| In” A
TR 5.38

Yo < S /\m2 ) ( )
|P3(to)|In” A
— - 5.39
SAmInd, (5-39)
Y4 > 1, (5.40)
E\ In )| > max ( 1, p~_3(0) , (5.41)
V2 p4(0)

With 6 = Prraz(1 + A + A In Ayp,).
Thenlneq(5.32)in Lemma2 is satisfiedandthe estimategeakvaluefor thelongitudinalslip,
\m, Satisfies
/A\m(t) S )\m(t) th 2 ZLIO

Proof: SeeappendixB.

Lemma4 definesaregion in thespaceof parameterand) suchthattrajectoriesnsideit, will
remainin it. This region, however, doesnot include the casewhen A = 0, thatis expectedto
happernif vehiclesarecruisingbeforeattemptingemegeng braking. To analyzethe effect when
A is smallconsiderthe following lemma.

Lemma5 Assumehatp; (0) > 0, 52(0) < 0, p3(0) < 0, 54(0) < 0, #5(0) < 0 and gig‘(? < P2 By
choosingy;, i = 1,...,4 asstatedin Lemma4 andin addition

S|

=

Y4 2 Yam, (5.42)
whee ~ = . N
- :max{— Ps(0)_ » P1(0) A " P1(0) A, 3}
" p1(0)In ), 7 52(0)In X, T P3(0)

thendt, > 0 sudthattheconditionsin Lemma4 are satisfiedundertheadaptationlaw for ¢ > ¢,
when is initially small.

Proof: SeeappendixB.
Thepreviouslemmascanbe summarizedn thefollowing theorem.

Theorem 1 Assumehat theinitial conditionsfor the adaptationlaw in Eqg. (5.15) are sud that
P >0,p <0,p3 <0,ps <0Oandps < 0. Let~, to belarge relativeto v;;i = 2,3,4 as
statedin conditionsof Lemmad. Thenafteralong enoughtiimet, the estimategeakvaluefor the
longitudinalslip, \.,,, satisfies

Am(t) < Am(t) ;VE > to
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Proof: SeeappendixB. Finally, theotherdesiredresultis provedin thefollowing theorem.

Theorem 2 Assumeéhat Lemma is satisfiedandin addition

ﬁl — ﬁ51) — [34(1 —In Am) — ﬁg&m > 0, (543)
thenthe estimatedpeakfriction, /i, satisfies
fom, < o
Proof: SeeappendixB.

Remark 2 Conditionson Theorem2 are sufficient conditionsfor underestimatiorof .,,. There
arecasesn which underestimatiowf 1, canbeachievzedevenwhenconditionsin Theoren?2 are
not satisfied. A morerelaxed conditionfor underestimatiowf .., is that

ﬁl — ﬁ5’U - ﬁ4(1 — 111 j\m) - ﬁ?))\m -+ (/\m - S\m) (g\)[l — pg) > 0 . (544)
This conditiondoesnot dependon Lemma4 andthereforeis independenof the underestimation
of \,,.

5.3.5 Simulation Results

Datafrom Schuring(1976)tires #76, 81 and 137 is usedto testthe approximationpresentedn
section5.3.2for the i, versus) andwv surface. All the testswereperformedunderthe sameroad
conditions,sametire pressureg24ps:), samevelocity (30mph) and samenormal forces. The
nominaly — A curvefor thetiresareshown in Figs.5.10-5.12.

Relationship of mu and i
1.4 T T T

1.2
1L
ri

0.8 ¢

ra
0.6
i

Coefficient of road adhesion

0.4Hp

Ideal
0.2 I : : : : : o--— &  Estimated

o]

I I I I I I I I I
o] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Longitudinal slip

Figure 5.10: Coeficientsof roadadhesioru andlongitudinalslip A by nominalandestimated/alues.Tire
#76.

Figs.5.10-5.12show thatthe proposedapproximatiorin Eq. (5.13)fits very well thenominal
formulaof theroadfriction u givenby Eq.(5.12)in theregion of [0, imq.] Which is the region of
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Relationship of mu and i
T

Coefficient of road adhesion

Ideal
- — | Estimated

I I I I I I I I I
o] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Longitudinal slip

Figure 5.11: Coeficientsof roadadhesioru andlongitudinalslip A by nominalandestimatedsalues.Tire
#81.

Relationship of mu and i

Coefficient of road adhesion

Ideal
0.1 N N N N N o--—-a Estimated i

I I I I I I I
o] 0.1 0.2 0.3 0.4 0.7 0.8 0.9 1

Figure 5.12: Coeficientsof roadadhesioru andlongitudinalslip A by nominalandestimatedralues.Tire
#137.

interest. The velocity-dependenparameteps is constantsincethe testsin (Schuringl976)were
performedat constantvelocity.

Simulationsof emegengy brakingmaneuersusingthe controllerintroducedin the previous
sectionwereperformed.The“true parametersfor the approximationn Eq. (5.13)wereobtained
with an off-line testandare shavn in Table5.2 togetherwith the real value of the brake system
gain. Figs.5.13-5.16shav severalplotsthatillustratetypical simulationresultsfor anemegencg
brakingmaneuer.

Fig. 5.17(a) shavs oneexampleof the underestimatioof the peakslip ratio whentheinitial
valuesof the parameterestimatessatisfy the conditionsof the Theorems. Fig. 5.17 (b) showvs
the casewhen ,(0) < 0 which violatesone of the conditionsin the Theorems. In this case
underestimatiomf ), doesnotoccut

The emegeny braking maneuer was accomplishedn both simulationcases,evenin the
casewhenunderestimatiomf )\,, wasnot achiezed. This is happeningoecausen the controller
designan upperlimit for the admissiblevalue of the estimatedpoint of maximumslip, namely
Am, Wasincluded. This limit allows theemegeng brakingmaneuerto be performedgvenwhen
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the estimatedfriction curve is incorrect!. A bad estimationof )\,, produces,as expected,an
increasan the distancethatvehiclesrequirefor theemegeng brakingmaneuer. If thetire/road
friction estimationis to be usedfor tractioncontrol purposestherthanemepgeng braking,the
casein which underestimations achieved (Fig. 5.17 (a)) is clearly a good approximationto the
referencetire/roadfriction curve andwould be usefulfor theseotherpurposes.The othercase,
whenunderestimatiois notachiezed (Fig. 5.17 (b)) is not usefulfor tractioncontrolpurposes.

Table 5.2: Parameters$or theapproximationn Eq. (5.13)

Pr | P2 | P3| Pa | D5 | Ky
3.16 | 3.3 1264 |1.05(0.0110.9

Estimated relative velocity error
2 T T T T T T T

-6 1 1 1 1 1 1 1

o] 0.5 1 1.5 2 2.5 3 3.5 4
Time(s)
Error in coefficient of friction
0.05 T T T T T T T
or i
o —0.05 b
=2
=
E -0.1f -
-0.15 . B
0.2 I I I I I I I
(0] 0.5 1 1.5 2 2.5 3 3.5 4

Time(s)

Figure 5.13: Error signals.

Theuseof this controllerprovideslesschattering asthe controlleravoids exceedingthe peak
slip in the currenttire/roadsituation.

Whenthereis not persistencef excitation and whenthe propersetof initial conditionsis
choserfor the estimationalgorithms the maximumfriction andthe point of maximumfriction, of
m and\,,, respectrely areguaranteedo be underestimated.

Thisis averydesirabldeaturefor thedeploymentof AHS, whereit is of firstimportanceo en-
sureasafeoperation For this purposeof safety theinformationprovidedwith theon-linetire/road
identificationschemeproposedn this reportmay be very usefulfor on-line safespacingcalcula-
tionsin vehiclesrunningunderAHS or intelligentcruisecontrolalgorithms.Theinformationcan
alsobeusedby theroad-sidanfrastructureo adjuston-rampmeteringcontrol.

Y the simulationshereincluded,\,,, = 0.45 waschosen.
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Figure 5.15: Slip andstateevolutionvs. time.
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Kb

P3

Brake coefficient Parameter P1 Parameter P2
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Figure 5.16: Adaptedparameters.
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Reference mu and approximated mu
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Figure 5.17: Referencdtriction y (solid) and estimatedtiction /i (dotted)(a) underestimatiorof A, and
tm; (D) nounderestimationf A,,.
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Chapter 6

Conclusionsand Futur e Works

This report presentedhe designmethodologyand performancetestsof a fault diagnosticand
managemergystentor thelongitudinalvehiclecontrollerof the PATH automatedhighway system
(AHS). This new fault tolerantcontrolleris ableto detect,identify, and handlefailuresin all of
the critical control componentdor the controller and hasthe ability to compensatdor adwerse
ernvironmentalconditions.

The fault diagnosticsystemwas developedin this project utilizes model-basedechniques
to diagnosefaultsin all of the sensorsand actuatorsanvolvedin the physicallayer longitudinal
controller A methodfor detectingjdentifying andestimatingfaultsusinglinearleastsquaress-
timationwasalsopresentedThefault diagnosticsystenmwasshavn to work well whensimulated
with a detailedvehiclemodelincorporatingrealisticunmodeleddynamics. Experimentakesults
usingtheintervehicleobsenerto detectandcorrectfor radarfaultswereshavn to work extremely
effectively, while thelimited performancef theenginedynamicsobserer requiresurther study

Thefaultmanagemengystemdescribedn this projectusessaferegulationlayercontrollaws
(Li etal. 1997)andequialentsafetyresultsfor the coordinationlayer (Hsuetal. 1994)soasto
guarantedhat the control stratgjiesyield safemaneuering of vehicles. Simulationresultswere
presentedhat shav the fault tolerantcontrollersability to continuenormaloperationin the pres-
enceof non-seerefaultsandto transitionfrom the normalmodeto degradedmodeof operation
whena severefaultis detected.In addition,theseresultsshav thatthe fault managemengystem
cansafelyhandleall faultsin the setof sensoractuatorsandcommunicatiordevicesinvolvedin
thelongitudinalcontroller

A performancestructurevhich monitorsthegradualdegradation®f operationatonditionsof
AHS dueto adwerseernvironmentalconditionsandgradualwearof physicalAHS componentsvas
alsopresentedA controllerfor emegeng brakingmaneuersof vehiclesequippedwith ABS is
designedvhich usesestimate®f thetire/roadcharacteristicendan overall brake systemgainto
achieze maximumbraking effort during the entire maneuer. The stability of the controllerwas
provenandthecontrollersperformancavasshonvn to bein accordancevith thetheoreticafindings
via simulations.

Furtherresearchs currentlyundervay in MOU 373 to further develop several ideasrelated
to this research.First, one of the underlyingassumptiongor the fault diagnosticsystemis that
only onefault mayoccuratary giventime. However, this conditionis nottruein general.There-
fore, thedetectionof multiple simultaneousaultsis currentlybeinginvestigateduinderMOU 373.
Furthermorejntegrationof the longitudinalfault tolerantcontrolleranda similar systemfor the
lateralcontrol systemdevelopedby Professoifomizukas researctgroupat UC Berkeley (Surya-
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narayanarandTomizuka2000)to provide a completefault tolerantvehiclecontrolsystemis also

ongoing. Thethird topic underresearctconcernghe staticrelationshipbetweerthe friction co-

efficient andlongitudinaltire slip ratio usedin the tire/roadfriction estimationschemeproposed
in thisreport. In reality, the time-varying natureof this relationshigimits the applicability of this

estimator Recently a dynamicapproacho estimatethe frictions betweenthe road andtire has
beeninvestigatedYi etal. 2000). Thefinal taskin progresdgs the implementatiorandtestingof

thecompletesystemon the PATH experimentalehiclesat RichmondField Station.
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Appendix A

SmartAHS Implementation

The vehicle model, controllers,and diagnosticsystemsrdevelopedthroughoutthis report have
beenimplementedn the SHIFT programmindanguagedevelopedat PATH. The SHIFT program-
ming languages designedo simulatesystemslescribedy finite statemachinesisingan object
orientedprogrammingstyle. A completedescriptionof SHIFT is beyondthe scopeof this report,
however the interestedreadercan find more information at (DeshpandeGolli, and Semenzato
1997). For the remainderof this appendix,it will be assumedhat the readeris familiar with
SHIFT andobjectorientedprogramming.

A.1 VehicleModels

The vehiclemodelsare describedby a setof SHIFT typesthatrepresenthe varioussubsystems
andphysicalcomponentsAt the mostabstractevel, the parenttype VehicleDynamicsepresents
a standardizedet of inputs and outputsnecessaryor ary vehicle model. Eachspecificmodel
is a child type which inherits theseinputs and outputsfrom the VehicleDynamicgarenttype.
Four vehicle modelshave currently beenimplementedn SHIFT to allow the userto choosean
appropriatanodelfor their simulationbasedn thetradeof of modelfidelity versuscomputational
complity. The basicinheritancereefor thesefour vehiclemodelsis shavn in FigureA.1.

VehicleDynamics

VehicleDynamics_2D VehicleDynamics_3D SimpleVehicleDynamics k_vehicle_dynamics

Figure A.1: Basicinheritancehierarchyfor theVehi cl eDynani cs type

Thisinheritancdramevork andtherelatedvehiclemodelshave beenincorporatednto a setof
softwarelibrariescalledSmartAHS The purposeof this packages to provide agenerabutomated
highway simulationervironmentto researchers the field. The vehicle modelsin SmartAHS
weredevelopedin conjunctionwith this project,however the basicSmartAHSmodelshave been
modifiedto suit the simulationof the fault diagnosticand managemensystems.The following
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four sectionswill describethe key mathematicatelationshipsf the modifiedvehiclemodelsand
theirimplementatiorin SHIFT. They will be presentedn orderof decreasingompleity, ie. the
mostcomplex modelis presentedh SectionA.1.1while thesimplestis describedn SectionA.1.4.

A.1.1 Vehi cl eDynam cs_3Dtype

The Vehi cl eDynam cs_3D typerepresentshe full 6 degreeof freedomlinear androtational
modeldescribedn Chapter2. However, theVehi cl eDynam cs _3Dtypeis simply acontainey
sinceall of the dynamicsassociatedvith this modelhave beenseparatedhnto individual internal
types. This separatiorallows for reuseof commoncodethroughoutdifferentvehiclemodelsand
asimplified meansof modifying the vehiclemodel.
A basicblock diagramof theinternalstructureof theVVehi cl eDynam cs_3Dtypein SHIFT

is shavn in FigureA.2. Althoughtherole of eachtype roughlyfollows that of a specificsections
in Chapter2, a brief descriptionof eachtypeis asfollows:

1. Powertrain: The Powertraintype containsthe dynamicmodelsfor the engine,intake man-
ifold, torquecorvertet transmissionandwheels. The closeinteractionof thesedynamics,
aswell asthediscretechangen dynamicsdueto torquecorverterlocking, requiresthe use
of sucha complicatedrepresentationf the powertrain. However, seseralinternaltypesare
usedto simplify the codeasshown in FigureA.3.

2. Brake: The Brake type containsboththe directmastercylinder controlandvacuumbooster
modelsof the brakingsystem.Thetype of modelusedis setatthe startof the simulation.

3. RigidBody 3D: TheRi gi dBody 3D type modelsthe six degreeof freedomdynamicsas-
sociatedwith thevehiclebody

4. Moments3D: The Monrent s 3D typeis usedto calculatethe momentsactingon the rigid
bodyvia theforcesactingonthebodyandthebody’s speed.

5. SuspensionThe Suspensi on type modelsthe simplified suspensiomsystempresentedn
Section2.4.

In additionto theseinternaltypes,two externaltypesarealsorequiredby Vehi cl eDynam
i ¢s_3D; the Parametersype andthe InitialConditionstype. The Parametersype containsall of
thenecessaryehicleparameterseededor the any of the modelsdescribedn AppendixA. The
InitialConditionstype setsthe initial valuesof the modelstatesbasedon a giveninitial speedand
gear Theseexternaltypesprovide additionalflexibility in creatingvehicle modelsof different
passengetarsat variousinitial conditions.

A.1.2 Vehi cl eDynam cs_2Dtype

While the threedimensionalvehicle model presentedn Chapter2 providesa very high fidelity
representationf arealvehicle,thethreedimensionabspect®f themodelmaybeoverly comple
for someapplications.For studiesof vehicledynamicsundernormalconditions,ie. no extreme
brakingor turningmaneuers,atwo dimensionamodelcansuffice.

The two dimensionalvehicle modelimplementedn the Vehi cl eDynam cs 2D typeis a
simplifiedversionof thesix degreeof freedommodelin whichthepitch, roll, andbouncedynamics
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Vehicle Dynamics_3D

Tire Normal Forcesl

Moments [&—Suspension Forces T Suspension
v Moments
——Throttle Angle —P Tire Tractive Forces
Powertrain Rotational Position,
Speed, & Acceleration
——1—Steering Angle ——p»|
A 4 A 4

i Linear & Rotational Speeds
Manifold Pressure Brake Torque .. States
a [ RigidBody

Linear Speed &

Master Cylinder Pressure
» Brakes Acceleration

(or Force on Pedal)

Figure A.2: Schematiof theVehi cl eDynam cs_3Dtype

have beenignored. Gradeand bankingof the roadarealsoneglected. Sincemuchof the model
presentedn Chapter2 still holds, the remainderof this sectionwill only describethe changes
madeto the governingequationgor themodel.

Sprung MassDynamics Basedon the simplificationsdiscusse@bove, the equationf motion
for the sprungmassreduceto
S Fui — Ty — cpi?sign(i)

r = i + ye

i = Z?:l Ftyi - nyQSlgr(y)
M

w 1
Ié = li(Fy + Fiyo) — lo(Fiys + Fiya) — §(Sb1(ﬂz1 — Fipo) + sp2(Figs — Fiza))

— T€

SuspensionSystem Sincethe bounce or vertical,dynamicsof the vehicleareignored,the sus-
pensionmodelis neglected. Theresultsof this simplificationarethatthe suspensioffiorces(F;)
areconstantandequalto onequarterof theweightof thevehicle.
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Powertrain

Pump &
Turbine Torques

Intake Manifold

—Throttle Angle—  Manifold —— Pressure

FluidCoupling

Engine
Dynamics

Shaft
Torque

Engine &

——Brake Torque—p»  Wheel « Turbine Speed

GearShift
Gear Ratiog

Tractive
Forces

Wheel Speed——— P Tire
——+——Vehicle Speed——— P>

Tractive
Forces >

Figure A.3: Schematiof thePower t r ai n type

Tire Model From the simplification of the suspensioriorces,only the lasttwo equationspre-
sentedn Section2.6 changeasfollows

M .
Fai = Fu(N, G, Tg’ RC(skidnumber)

M .
Fyi = F,0\ G, Tg RC(skidnumber)

TheVehi cl eDynam cs _2D type hasalmostthe samebasicstructurein SHIFT asthe Ve-
hi cl eDynam cs 3D type, sincethey differ primarily in the rigid body dynamics. The only
differenceis that the Suspensiortype is not presentbecausehe vertical dynamicsof the vehi-
cle arengglected. A simplified block diagramof the Vehi cl eDynani cs 2D typeis shavn in
FigureA.4.

A.1.3 Si npl eVehi cl eDynam cs type

The two dimensionaimodelcanbe further simplified by reducingthe complexity of the internal
subsystemsn the powertrainandthe tire model. The following threesubsectionsvill describe
the simplificationsand their impact uponthe two dimensionalvehicle model presentedn Sec-
tion A.1.2.

Powertrain  The simplificationsfor the powertrainmodel are basedon the following assump-
tions:

85



Vehicle Dynamics_2D

> Moments

——Throttle Angle —P Tire Tractive Forces
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Speed, & Acceleration
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RigidBody

——1—Steering Angle ——p»|

___Master Cylinder Pressure Linear Speed &
(or Force on Pedal) » Brakes Acceleration

Figure A.4: Schematiof theVehi cl eDynam cs_2Dtype

e Thetorquecorverteris locked andthe transmissions rigid. This implies thatthe angular
wheelspeedf thedrivenwheelsandthe engineareproportionallyrelatedby the gearratio.
Limitations of this assumptiorarethatlow speedsimulationof vehicledynamicscannotbe
performednor cangearshifting be simulated.

¢ Intake manifoldandthrottle actuatordynamicsareneglected.

The result of theseassumptionss that the powertrain and wheel dynamicscan be lumped
togetheiinto a singledifferentialequation

4
(Ie + It + R*Qlw)we = net(we: a) i (Tbrake +h Z F;fm)

=1

Undertheassumptiongabove, the engine turbineandwheelspeedsarerelatedby

Wy = Rfw, = R*wy

Brake System To reducethe complexity of the vehiclemodel,only directcontrol of the master
cylinder pressures modeled.

Tire Model By assumingthe low slip conditionsexist betweenthe tires and ground, the tire
forcescanbe shawn to linear functionsof the longitudinalslip andslip angle. This assumption
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constrainsvehicle dynamicssimulationsto be performedon well paved roads. While the cal-
culationsfor the tire velocity, longitudinalslip, andslip angleare identicalto that presentedn
Section2.6,theforcerelationshipsarenow describedy

F;fzi = Kmslip)\i
Eyi = KyslipCz’

The structureof the Simple\ehicleDynamicgypein SHIFT is significantlydifferentthanthe
previously describednodelbecausef its simplicity. The main structuralchangess thatthe dy-
namicsof eachsubsystentave beenincludedin a singletype. For example,all of the powertrain
andrigid body dynamicsfor the simplified two-dimensionalehicle model are includedin the
Si mpl eVehi cl eDynam cs type. This combinationof dynamicsreduceshe amountof code,
however a differentcr eat e statemenmustbe usedin orderto properlyinitialize all of the state
variables.

A.1.4 k_vehi cl e.dynam cs type

The vehicle modelspresentedn the previous sectionsof this chapterdescribethe vehicleasa
set of differential equationsdescribingboth the external and internal dynamicsof the vehicle.
For large scalesimulations,eventhe simplified two dimensionaimodelin SectionA.1.3 may be
computationallyexpensve. In thesecasesa vehiclemodelbasedsolely on simplekinematicsis
sufficient. Thiskinematicmodelcaneasilybewritten asthefollowing setof differentialequations

T = Ug
Y = Uy

wheredirect control of the vehicle’s longitudinalacceleratiorandlateralvelocity is assumedia
inputsu, andu,, respectiely.

Thestructureof thek vehi cl e_.dynam cs typein SHIFT is identicalto thatof the
Si npl eVehi cl eDynam cs type,in thatall of the vehicledynamicsarecontainedn the main

type.

A.2 Automated Vehiclesand Controllers

Like the vehiclemodelsin the previous section,the basicSmartAHScontrollerstructureis quite
limited andrequiredsignificantmodificationto simulatethe hierarchicalcontrol systemandfault

diagnosticsystempresentedn Chapters3 and4. This sectionwill describethe basicstructureof

automatedsehiclesandthe physicallayer controllerasimplementedn the SHIFT programming
language.

A.2.1 PATHVehi cl e type

At themostabstractevel, anautomatedehicleis representelly aninstantiatiorof aPATHVehi cl e
type. This type attemptsto modelthe sensorsactuatorscommunicationand control hierarchy
thatis currentlyimplementedon the experimentalvehiclesusedat PATH. The PATHVehi cl e
type containssensormodelsfor the radar magnetometerand communicationsystemsin the
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Radar Sensor , Magnet onet er , andConmuni cat i ons typesrespectiely. Thevehicledy-

namicsarecontainedn theVehi cl eDynam cs 2D type,asdescribedn the previous Section.
TheVREP, or VehicleRoadway ErnvironmentProcessohandlegheinteractiorbetweerthevehicle
andits ervironmentsuchastheroadway andothervehicles.Samplingof the sensoinformationis

performedby the Dat aAcqui si ti on type,andthenfedto theCont r ol Syst emtypefor de-
terminationof the actuatorcommandsFinally, the Schedul er typeprovidesa consistentlock

sothatthe variouscontrol tasksmay be performedin a serialmanner While this may seemcon-
trary to the hybrid systemmodelingapproachit is necessaryhatsomecontroltaskbe completed
beforeothersmay proceed.For example,the fault diagnosticsshouldbe completedoeforea new

setof actuatocommandsregivenin orderto allow for properfaultmanagementA schematiof

thePATHVehi cl e typeis shovnin FigureA.5.

PATHVehicle
VREP <
Position in
Road Frame
Vehicle
States
Scheduler A 4 A 4
RadarSensor Magnetometer
Lead Vehicle M ‘c t‘
I Inf . . agnet Count,
Lo Communications ange S Yaw, & Lateral
_PrewousVeh|cIe_> g Displacement
Info
I
Communicated
Measurements
A 4
Sampled . Vehicle . .
ControlSystem [« sensor — DataAcquisition [« — VehicleDynamics_2D
States —
Measurements
A
Actuator
Commands

Figure A.5: Schematiof PATHVehi cl e type

A.2.2 Control Syst emandPhysi cal Layer types

Within the Cont r ol Syst emtype, eachlevel of the control hierarchydescribedn Chapter3
hasbeenseparatednto differenttypes. Currently only the regulation layer and physicallayer
controllershave beenimplementedfor the simulationof fault diagnostics. Theselayersof the
control hierarchyhave beenimplementedn the Regul ati onLayer andPhysi cal Layer
types,respectrely. ThePhysi cal Layer typehasa structurenearlyidenticalto thatdescribed

88



in Section3.1 asshavn in Figure A.7. In addition, the fault diagnosticssystemis contained
within theFaul t Di agnost i cs type. A schemati®of theCont r ol Syst emtypeis shovnin
FigureA.6.

ControlSystem

Sensor

— —> .
Measurements . Desired .
RegulationLayer — . cieration™ PhysicalLayer >
>
\ A
Desired Reconfiguration
Acceleration Commands
h 4 \
L Reconfiguration
> . . Commands
. FaultDiagnostics
Communicated | < Actuator |
Measurements Commands

Figure A.6: Schematiof Cont r ol Syst emtype

A.2.3 Faul t Di agnosti cs

The Faul t Di agnost i cs typeis a simple containerfor the fault diagnosticssystemfor the
physicallayer controller The Resi dual Gener at or type containsthe parity equationsand
obsenrersrequiredto form theresidualvector while the Resi dual Pr ocessor typeconducts
theleastsquare®stimationthresholdingandidentificationof faults. The outputof the

Resi dual Processor typeis aflagindicatingthe currentstatusof the vehicle.

A.3 Regulation Layer Control Systems

A.3.1 Designand Implementation of Normal Mode Control Systems

Theregulationcontrol laws is basedon the algorithmgivenby Li etal. (1997)andmostimple-
mentationin SHIFT canbefoundin Horowitz etal. (1998). The structureof implementatiorcan
beillustratedasFig. A.9.

Theregulationlayerimplementatiorconsistsof two sublayerssupervisoandmaneuer con-
trol laws. The regulation supervisorcoordinatesetweeneachregulation control law according
to the commandst recevesfrom the coordinationlayer. It creategshe maneuer controllaw au-
tomatonandstartsthe maneuers,andthenkills this automatorwhenit finishes. The maneuer
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Commanded
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» BrakeController —— Brake —p
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Figure A.7: Schematiof Physi cal Layer type
___ Sensor
Measurements
Communicated . . . Car
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Figure A.8: Schematiof Faul t Di agnosti cs type
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Figure A.9: A schematiof regulationlayerimplementation

controllerconsistsof four parts: controller region automatonpoundsautomatoranddesiredve-
locity function. More detailsfor eachpartcanbefoundin Horowitz etal. (1998).

Currentlywe have implementedall normalmoderegulationcontrol laws. Lead, meige and
split maneuersarebasedon the controlalgorithmgivenin Li etal. (1997),the follow controller
is given by Swaroop(1994), and the changelanecontroller usesthe samesafetycriterion given
by Alvarez(1996)alongwith a simplified stablelateralmotion control. The safetyis guaranteed
by this controllerfor lanechangewhichis differentfrom thatimplementedn SmartRATH (Eskafi
1996).Anothermaneuer hasbeenimplementeds stop-light(Chenetal. 1997).

The programsin SHIFT for the regulation control laws are sameasthosegivenin Fig. A.9.

r egt op. hs istheregulationsupervisoandfor eachmaneuer, maneuver nane_control | er. hs,
maneuver name_r egi on. hs, nmaneuver nane_bound arefor thecontroller regionautoma-
ton and accelerationboundsautomaton respectiely. For the follow controller we have only

f ol  ow.cont rol | er dueto thestring-stabilitycontroldesign(Swaroop1994).

A.3.2 Implementations of Fault ManagementSystemsin Regulation Layer
Level

Theimplementatiorof thefaultmanagemergystemin theregulationlevel consistf threeparts,

asshowvn in Fig. A.10. TypesLogi c_mans andLogi c_| aws modeltheinterfacesbetweerthe

capabilityof regulationcontrollaws andmaneuers. TypeCapaSt r uc useshosemapsbetween
fault statusandregulationcontrollaws andmaneuers,which hasbeendiscussedn section5.2.1.
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Faulty informationis passediown to Dat aAcq typeto tunethe sensomeasuremeribformation
if somesensofaultshave happened.
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Figure A.10: A schematiof regulationlayerfault handlingimplementation

A.4 Coordination Layer Control Systems

A.4.1 Implementations of Coordination Layer Control Systems

Theimplementatiorof communicatiorin SmartAHSIs basedon the structureproposedy PATH
stafs anddifferentfrom thosedonein SmartATH (Eskafil996). Thecommunicatiorcomponents
mustmodeleachlayer of the opensystemsnterconnectior{OSI) referencenodel(Eskafi1998).
The OSI structurein an AHS consistsof physical,datalink, network, transportand application
layers. The purposeof the physicallayeris to sendandreceve messages;heckthe CRC, detect
errors,etc. The datalink layeris a logical link controller andit interfacesthe physicaldevice
andthe network layer. The network layer manageshe network configurationaddresgesolution,
routing andmobility. The transportlayerinterfacesthe network layer with the applicationlayer.
Theuserinstantiatesnessagethroughthe applicationlayer.

In SmartAHSthereis inherentconflict in theinterfaceof the communicatiordomainandthe
vehicledomain(Murgier 1998).Realhardwarecommunicatiomequiresatime stepof ~ 10~% sec.
However, simulationof vehicledynamicsatthisfrequeng is impractical. Thesimulationtime used
in SmartAHSis several ordersof magnituddarger (around~ 103 sec.). To reducethe require-
mentsof modelingthe hardware, communicationis simulatedat the messagdevel. Most of the
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messagéevel approachn SmartAHShasbeencompletedseparatelyoy PATH projects(Murgier
1998).

We integrateda simplified versionof the communicatiorstructurewhensimulatingthe coor
dination,link andnetwork layers. We will interfacevehiclecontrolwith communicatiordevices
at the messagdevel, namelyWAN and/orcommunicatiorbetweenvehiclesandroadside. The
developedphysicallayer communicatiorcomponentsn SmartAHScanbe usedto broadcasand
transmittheinformationamongthe vehicles.

y

PlatoonC

PlatoonA PlatoonB

Figure A.11: Messagdevel communicatiorschematic

FigureA.11 shavsthebasicimplementatiorschemeof the communicatioramongvehiclesat
the coordinationlayer level. We will only usethe messageand physical layer! communication
componentsn our simulation. Thesecomponenténclude: messge, transmitterreceiver andthe
monitor Whenonecoordinationcontrol protocolinitiatesa requestfor a maneuer, the messge
will becreatedcandsentto thetransmitter Thetransmitterbroadcastshe messageto the specific
vehiclesor roadsiddink layer control systemdnvolvedin the maneuer. Whenthe receiverac-
ceptsthe messaget will passit throughto the coordinationcontroller The monitor works asa
centralizedcomponenfor the physicallayer in the communication.The monitor functionsasa
representationf a setof usersadoptingthe samephysicalmedium;in addition,it modelschan-
nel propertiesand keepstrack of the transmitterssharingthe channel. Also the monitor models
the connectiontype (point to point or broadcasthannel).The vehiclelD is passedspartof the
vehicleto vehiclecommunication.

We implementedthe coordinationlayer level communicatioras shovn in the Figure A.11.
Thecommunicatiortype C1 denotesntraplatoonrcommunicationfor example,if thethird vehicle
in platoonA wantsto split, it sendghe split requesto theleaderof theplatoonby communication
type C1. This type of messagean be broadcasusingthe point-to-pointconnectionsinceeach
vehiclein a platoonknows the ID of theleader Anothertype of communicationC2, canmodel
the coordinationcommunicatioramongdifferentplatoons.In thefigure, supposelatoonC (free
agent)wantsto change lane It mustcommunicatewith the othervehiclesin the adjacentanes
to requestspace.In SmartAHS,neighboringvehiclesare detectedusinga Sensor component,
which is describedurtherin the next section(Antoniotti etal. 1998). Throughthis mechanism,
platoonC is ableto detectwhich vehiclesarein its unsaferegion and cansendout lane-change
requestgo thosevehiclesvia the C2 type communicatior(broadcasthannel.)

Theimplementatiorof communicatiorbetweerthevehiclesandtheroadsidesystemis similar

1The terminologymessageand physical layer comesfrom the developedcommunicatiorcomponentsn Smar
tAHS (Murgier 1998).
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to the coordinationlayers. The finite statemachinedor the communicationmplementatiorare
listedin theappendixA.4.3.

A.4.2 Implementationsof Fault ManagementSystemsn Coordination Layer

Level
Coor dSuper
- ; Coor di nati on
Capability Information Super vi sor
Y y
Nor mal Mode Degraded Mode
Prot ocol s Prot ocol s

Y
Regulation Supervisor

Figure A.12: A schematiof coordinationayerfault handlingimplementation

Thefaultmanagemenh thecoordinatioriayeris implementedy thetypeCoor dSuper and
somedegradednodemaneuerssuchasEner gencySpl i t etc. Fig. A.12 shovstheschematic
of theimplementationn SmartAHS . Thefault statusandcapabilityinformationaresentto the co-
ordinationsupervisomandthe protocolsin the coordinationsupervisomwill decidewhichmaneuer
shouldbe executedbasedn currentfaulty information. As discussedn section5.2.1,somefaults
canbedealtwith by the fault managemensystemin the regulationlayer (seesectionA.3.2); for
more severefaults, degradedmodemaneuers mustbe initiated. The coordinationprotocolsfor
thesedeggradedmodemaneuersandnormalmodemaneuersarethenimplementedseparatelyo
realizethecoordinatiorbetweernvehicles. Thedegradedmaneuer protocolshave higherpriorities
thanthenormalmodemaneuers.

A.4.3 FSM of Normal Mode Maneuver Protocols

Figs A.13 — A.22 illustrate the maneuer protocolsundernormal conditions. Theseprotocols
werefirst designedn Hsuetal. (1994)andimplementedn the SmartATH simulatorby Eskafi
(1996). However, we re-designedhemby consideringthe communicatiorprotocolsanddevices
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and implementedthemin the SmartAHSusing SHIFT. The SmartAHSversionis much more

practicalandeasilyextendedandwritten comparedvith the previous designandimplementation.
Weonly shov thenormalmodemaneuerprotocolsherefor| ead, j oi n, change | ane.

| eader split,andfoll ower split.Degradednodemaneuerprotocolssuchasemner gency

| eader split etc.aresimilartotheseexceptthey donotconsiderachsafetycheckandhand-

shale.

export coordsuper: exiting OR
~—  Rg_lead coordsuper: Merge_finish —
- export dispear

Figure A.13: Leadmaneuer protocol

split
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\ .
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finish / receive 9Update_merge
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Figure A.14: Follow maneuer protocol
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Figure A.15: Merge maneuer initiator protocol

A.5 FSM of CommunicationsDevicesin Coordination Layer

Communicationsn the coordinationlayer maintainsthe coordinatednaneuersamongdifferent
vehicleson the highway. Figs A.23 — A.28 shav the FSM diagramdor implementatiorof these
communicationdevices. As we mentionedin sectionA.4.1, we only usedphysicallayer com-
ponentsin the communicationdesignsuchas Message, Receiver, Transmitter and
Moni t or . Thesetypesareshaown by thefiguresillustratedin this section.Moreover, in this re-

port, we have not discussedboutthe implementatiorfor communicatiorbetweenvehiclesand
roadsidesystemsn SmartAHSsimulator This topic is beyondthis projectandcanbe foundin

MOU 383.
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busy
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— send $Merge w receive $Update_merge

export
finished and send
$Update_merge_followers merge
to all followers update
export dispear

dispear
Figure A.16: Merge maneuer respondeprotocol
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Figure A.17: Leadersplit maneuer initiator protocol
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Figure A.18: Leadersplit maneuer respondeprotocol
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Figure A.19: Follower split maneuer initiator protocol
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Figure A.20: Follower split maneuer respondeprotocol
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export dispear 4‘ ~———conm_noni tor: timeout

r egt op:ChangelLaneComplete
exporf completed corrm_rmm t or :timeout
receive $Changelane_decel_nack
export dispear message send $Changelane_decel

message to near vehicle

abort \
. no near vehicle
receive $Changelane_decel_nack |
message receive

conm noni t or : $Changelane_decel_completed near vehicle
timeout and my own decel is completed changes
send ) )
$Changelane_decel near vehicle or its
message fo near vehicle = near vehicle or its leader is in front
leader is behand you of you
receive

$Changelane_decel_ack receive h start deceleration -

i $Changelane_decel_completed complete and no

wait] near vehicle

Figure A.21: Changelanenaneuer initiator protocol

99



safty_status /=1 message
send is sent
$Changelane_decel_ack

safty_status = 1 when deceleration finished
send $Changelane_decel_nack send $Changelane_decel_completed

3 message is sent message is sent
req export dispear export dispear

Figure A.22: Changelanenaneuer respondeprotocol

‘ prot ocol s: dispear (one) —‘ t>10 ———

Figure A.23: Coordinatioayercommunicatiormessage

‘ protocol s: dispear (one)

Figure A.24: Coordinationayercommunicatiororderedmessage

PO

comm noni t or: dispear

/ conm nonitor: send

—

conm_noni tor:

messageq is empty
finish

broadcas| messageQ Not empty

export
transmit

messageQ Not empty select

messg

Figure A.25:; Coordinationayercommunicatiortransmitter
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comm noni t or: dispear

m Not empt ~
essageQ Not empty one_transmitter: transmit

andcomm noni tor:  not busy

finish and

/ export forward

finish

Figure A.26: Coordinationayercommunicatiorrecever

copy reject mesg

export
dispear

Figure A.27: Coordinationayercommunicatiorrejectionautomata
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one

—— maneuver Prot : sending coord
sending
) export
recei ver: forward s:nd
nmessageQ(recei ver): is empty jcom‘n_m)ni tor: timeout finish l

and export Qemptied

receive
copy

message = $Update_merge

message is for
and t<T; export coordmerge_read

coordsuper

message = $Update_split
recei ver: forward and 1<T; export coordsplit_read

not message for

coordsuper and prots
and t>T; export

timeout OR
message is for maneuvers
N

but not for update of merge
and split; export
coordsplit_read OR coordsuper not busy
export coordmerge_read OR CarlD matches mine
coordfollow read coordfollow_read OR and export
- coordchangelane_read coordsuper_read OR

coordsuper busy and
msg not $FollowSplit_reg
and deny OR

coordsuper busy and
msg is $FollowSplit_req
- and export coordsplit_reac

export
coordfollow_read

vehi cl e: exiting
and export dispear

Figure A.28: Coordinationayer communicatiormonitor
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Appendix B

Proofsof Underestimation Results

Lemmal, Proof: Theprooffollowsdirectly from the partialderivative of Eq. (5.28)andlemma
assumptions. -

Lemma 2, Proof: Eq.(5.29)togethemwith Lemma2 impliesthat
A < Am < F(O,An) < f(O,A) =0
FromEg. (5.28)it follows that

) 1
FOA) =2 1), - ™ (B.1)
D3 Am D3

Adding andsubtractingthe term p, /p; and 1/f\m(ﬁ4/ﬁ3) to Eq. (B.1) andusingEq. (5.30)it
followsthat

1 P2 Do 1 Ps D4
(0,0, =2 P2 (——T)
pPs pP3 )\, \P3 D3

A -~ 1 ~
f((a,/\m)g&_@___CE_g)
p3 p3 )\m p3 p3

If condition(5.32)holds, f(©, A,,) < 0 andh, < Ap. -
Lemma 3, Proof: FirstnoticethatasLemmas3 is satisfiedunderassumptior{iii) of theLemma,

then

~

Am(to) < A(to) -
Using () and(iz) in Lemmaassumptionst follows that

< ﬁmaz(l + ;\m + ;\m In S‘m) =9
d> v +yin’* ), > yIn® ), (B.2)
1> (1 —et=)) vt > ¢
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Lemma 4, Proof:

Assumey, > 1 thend > In® \_, then

Eq. (5.37) = pi(t) >0 Vt >ty
Eq. (5.38) = pao(t) < 0 Vt >ty
Eq. (5.39) = ps3(t) <0 Vt > ¢
Eq. (5.40) = pa(t) > pa(to) > 0 Vt > 1y

Analyzingps(t) andp,(t) in Ineqs.(B.3) it follows that

A (pagt; Zg;) <0

Thereforefor Ineq.(5.32)to holdit is sufficientthat

P _Pa(to) P2 _ Po(t)
ps Pa(to) — ps P3(t)
Usinglnegs.(B.3)in Ineq.(B.5) impliesthat
Pa(to)  Ps(to)
p2(t) — ps(t)

(B.3)

(B.4)

(B.5)

(B.6)

For Ineq. (B.6) to hold theratio in the errorreductionfor p, hasto be smalleror equalthan

thatof p3. Thiscanbeaccomplishedy Eq.(5.41)

FromInegs.(B.3), (B.4) (B.6) and(5.41)it follows thatcondition(5.32)still holdsfor ¢ > t,

andtherefore

5‘m(t) S )\m(t) th Z tO

=y
B="7AY
B=—y3AIn\y
?1 = —vy4In Ay
B= "5y

Thetermg = U® is givenby

Y=7p1— DA+ PsAIn A+ psIn A — psv

ﬁl(t) > 07 ﬁZ(t) < 07 1= 2737475a Vt € [O’ tf]
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To analyzethe PAA when ) is small considerthat the adaptationlaw in
Eq. (5.14)canbeexpressedcomponent-wisas

Noticethatwhen\ =~ 0, thetermp, In A dominateg;. Therearetwo possiblecasego consider:
p4(0) > 0 andp4(0) < 0.
Casel: Supposeps(0) > 0, theng(0) ~ p,(0)InA < 0 when )\ is small. Let ¢; bethetime
whengy changesign from negative to positive,i.e. §(t) < 0, V¢ € [0, t;] andt; bethefirst time
parameterg;(t) changesigns,respectrely, for i = 1,2, 3,4, 5. Therefore,



Let ¢, = min{ts, ¢4} thenby definition of ¢; andthefactsthatp,(0) > 0 andp;(0) < 0, we
have
P3(t) <0, Pu(t) >0,  Vtelo,ty (B.7)

considemp;(t) := p; — p;(t). Thus,by Eq. (B.7),

s 20y e 0, 1)
ps — ps(t)

To applyLemma4 it is necessaryo checkthe otherconditionsof Lemma3. Notethat

Py _Byaso

D2 Y2
andthen

i(m)zpzpz [@_p_] _ DaDo |:]£+Eln/\}

dt \ ps P3 [P2 P P3P e

by the conditionsin Lemmad4 it is known thatp, (1) < 0, pa(t) <0, Vt € [0, t/], thenif 3 and
~, arechosersuchthat

P3(0)

p2(0)

d (Do
— (=)< B.10
dt (ﬁs) =0 ( )

if theinitial valuesfor p,(0) andp;(0) arechosersuchthat

%mm >

=3

then

P0) P2
p3(0) ~ p3
thenby condition(B.10)
Pa(t) _ po
— <= Vtelo,t B.12
ps(t) ~ ps 0. 1] (8.12)
and 5a()
b2 D2
= <=2 Vtelo,t
ps — Ps(?) 0. ]

Pickt, = min{t,, t;}, thenall conditionsfor Lemma3 to hold aresatisfiedandthusLemma
4 applies.
Case2: Supposei,(0) < 0, theng(0) ~ p4(0)InA > 0 when ) is small. Let ¢t; andt; bethe
first time that parameter®;(¢) changesigns,respectiely asbeforein casel for i = 1,2, 3,4, 5.
Therefore,
pi(t) <0, P(t) >0, i=2,3,4,5, Vte|0,t]

Noticethatfor V¢ € [0, ¢/]

< < 1
Pll) _ Ty s o 20 mlnA

p)  m Pa(t) ) Ba(t)  Yah
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denotet;; = min{t;, s}, i = 1,2, 3,4, 5. Similarly asin casel,
d (Ps\ _ P [P Da _ P[4 P4
— = )==|T—-—=|==|"InA-F].
dt \ p1 pilpp Pl Dm P
i) >0, pi(t) <0, Vtel0tn]

a (b
—{=1]1>0 Vtel0,ts].
7 (B) =0 veentn

Usingthefacts

then

Noticingthatgj—% < 0 andby picking v,/ largeenoughsuchthat

Zln | > |= , (B.13)
71| | |p1(0)|
thent sy < t, namely p,(t) changesignbeforep, (t).
Similarly,
(%) B [@_@] B [t 5]
dt \ pa D2 |po Do Do Y2 A 2]
Choosingy, and~, suchthat -

Yo Am P2(0)’
thent sy < tgo, Nnamely p,(t) changesignbeforep,(t). Tomaket;s < 5 it is necessarghat

h=f

vl o 5a(0) (B.15)

Y3 Am — P3(0)

Thus,fromtheconditiongB.13),(B.14)and(B.15),if Ineq.(5.42)in Lemma4 andineq.(5.41)
in Lemmag3 hold, thenat?, = ¢4, by (B.12)and(5.42),

Do (T
Pall)) P2 550 5 <0, =235,

p3(to) ~ ps’

Pa(to) > 0,
Applying Lemmad4 thenit is possibleto achieve
A (D) < Am(t),  VE> 1o
|
Theorem 1, Proof: Followsdirectlyfrom Lemmas2 to 5. [ ]

Theorem 2, Proof: Proving thetheoremis equivalentto show that ., /i, > 1. By definition of
1, v andtherelationshipy = In y, it is equivalentto shaov

Um = Ym — Ym = 0 (B.16)
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notethat

Ym = P1 — P2Am + P3Am In Ay, + paIn Ay, — psv
Um = D1 — Padm + D3 m I Ay + PaIn Ay — Psv
thenplug above equationsn Eq. (B.16)
Jm = P1 — D5V — D2Am + PsAn I Ay + g In Ny + Pody — PsAmIn Ay — pyln . (B.17)
Recallthattheslip point of maximumfriction satisfiesEq. (5.29)andtherefore
P3Am In Ay, — Py + Py = —p3sAn, (B.18)

UsingEq. (B.18)anda similar expressiordevelopedfrom Eq. (5.30)into Eq.(B.17)it follows
that

Jm = P1 — PsV — Pa — P3Am + P10 Ay + Pshpn — Paln Ay, (B.19)

Expandingn )\, in a Taylor seriesabout),, andtakingthefirt two terms

Jm = P1 — Psv — Pa — P3Am — D3(Am — Am) + aIn Ny, + 54 A — Am)

m

= 1 — Psv — Pa(l — In Ny) — Psdm + (A — Am) (f —p3> :

By Lemmas3,
(/\m - 5\m) <P_4 - p3) > 0, (BZO)

and

—P3Am > —D3A,, ,
1—InA,| <|1=A,|,

andthereforefor 3, > 0 it is sufficientthat
P1—Psv — Pa(1 —1n A,) — P3sA,, > 0.

thatis the conditionrequiredin thetheorem.
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