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ABSTRACT

The purposeof this project is to extend and integrateexisting resultson fault diagnosticsand
fault managementfor passengervehiclesusedin automatedhighway systems(AHS). Thesere-
sultshave beencombinedto form a fault diagnosticandmanagementsystemfor the longitudinal
control systemof the automatedvehicleswhich hasa heirarchicalframework that complements
theestablishedPATH control system.Furthermore,the fault diagnosticmoduleeffectively mon-
itors all of the sensorsand actuatorsrequiredfor longitudinal control, while the fault handling
modulecorrectsfor any detectedfaultsvia controllerreconfigurationanddegradedmodesof op-
eration. Simulationsusing the SHIFT programminglanguageare presentedto demonstratethe
performanceof thefault diagnosticandmanagementsystemfor differentfault scenarios.Limited
experimentalresultsarealsoprovidedto show theinitial stagesof real-timeimplementation.
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Fault diagnostics,fault handling,automatedhighwaysystems(AHS), hybrid systems,simulation,
SHIFT, tire/roadfriction estimation
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ExecutiveSummary

This projectpresentsthedesignandverificationof a unified framework for a fault tolerantAHS
longitudinalcontrolsystemwhich combinespreviousandcurrentwork in theareasof fault diag-
nosisandfault handling. This fault tolerantcontrol systemis an extensionof the normalmode
hierarchicalcontrolarchitecturepresentedin Varaiya(1993),which incorporatesall of theexisting
AHS controllawsandmaneuverprotocols.

A systematicdesignfor the fault diagnosticsystembasedon model-basedtechniquesis pre-
sented.A combinationof parity equations,linear observers,andnonlinearobservers is usedto
createa setof signalssensitive to faults in the longitudinal control components.A linear least
squaresestimationschemeis developedto detect,identify, andestimatethemagnitudeof thecom-
ponentfaults. Resultsfrom simulationsshow goodperformance,however limited experimental
resultsindicatefurthermodelingandtuningis required.

Thefaulthandlingsystemconsistsof two structuresto compensatefor faultsanddegradedsys-
temperformance.Thecapabilitystructurerelieson a setof degradedmodemaneuversto ensure
thesafetyof theautomatedvehicleswhena critical fault occurs.Theperformancestructureuses
controllerreconfigurationto minimize the lossof AHS performancedueto minor faults,adverse
weatherconditions,andcomonentwear. Moreover, a schemefor road/tirefriction estimationhas
beenaddedto theperformancestructurefor handlingadverseenvironmentalconditions.Simula-
tion resultsshows that the estimationschemecanidentify the road/tireconditionswithout priori
highway informationwhile guaranteeingthesafetyby underestimationof friction coefficient.

Finally, a high fidelity nonlinearvehiclemodelandthe completefault tolerantAHS control
architecturehasbeenimplementedandtestedin the SmartAHSmicro-simulator. Simulationsof
thefault tolerantcontrolarchitectureundereachcomponentfault arealsopresented.
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Chapter 1

Intr oduction

Over the last ten years,PATH’s AdvancedVehicle Control Systemeffort hasmadeimpressive
stridesin themodeling,controldesignandimplementationof severalvehiclecontrol laws. From
the overall AutomatedHighway Systems(AHS) point of view, the two most importantrequire-
mentsof anAHS areto significantlyincreasethecapacityandsafetyof highway travel.

To satisfytheserequirements,theAHS shouldbe designedsuchthat theautomatedvehicles
areableto safelyoperateunderabnormalconditions,aswell asundernominalconditions. The
nominaloperatingconditionassumesthefaultlessoperationof thesystemcomponentsandbenign
environmentalconditions.Theabnormaloperatingconditionsarewhich aregenerallyconsidered
include(Lygeroset al. 2000;Godboleet al. 2000):

1. HardFaults:theseincludefailuresor faultsin oneof thecontrolsystemcomponents,suchas
mechanicalfailuresin thevehicles,failuresin sensing,communication,controlandactuation
bothon thevehicleandtheroadside.

2. Soft Faults: theseincludeAdverseenvironmentalconditions,suchasrain, fog, snow, etc.
andthelossof performancedueto gradualwearof AHS components.

TheAHS addressthesetwo classesof operatingconditionsby switchingbetweentwo general
modesof operation:normalmode,which givesoptimal performanceundernominalconditions,
andseveraldegradedmodes,which ensuresafetyandattemptto minimizeperformancedegrada-
tion underabnormalconditions.A greatdealof effort hasbeendedicatedtowardsthe designof
a robust controllersfor both modesof operation. Normal modecontrol laws at the regulation,
coordinationandlink layerhave beendevelopedandtestedin simulationsandexperiments.Fault
detectionalgorithmsfor the onboardsensorandactuatorcritical to automatedcontrol have been
developedandtestedin simulationsandexperiments(Garg 1995;Chunget al. 1996;Chunget al.
1997;Patwardhan1994a;Agoginoet al. 1997;Rajamaniet al. 1997;Rajamaniet al. 1997). At
thesametime, fault handlingschemesusingnew maneuversandcontrol laws havebeendesigned
for degradedmodesof operationto ensurethat the safetyof theAHS is maintainedandthe per-
formanceloss is minimized in abnormalsituations(Lygeroset al. 2000; Godboleet al. 2000;
Chenet al. 1997). In addition,thesefault handlingschemeshave beensuccessfullytestedin the
SmartPATH simulationprogram(Carbaughet al. 1997).

Thegoalof this projectis to mergeandimprovethesedevelopmentsin theareasof fault diag-
nosticsandfaulthandlingwith theexistingcontrolhierarchy(Varaiya1993)to produceacomplete
fault tolerantAHS controlsystemthatcanbeimplementedon thevehiclesandtheroadway. The
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projectconcentrateson thedesignof a fault tolerantAHS controlsystemthatcandetectandhan-
dle bothhardandsoft faultsin the longitudinalcontrolsystem.However, actsof nature,suchas
earthquakes,floods,etc.andobstacleson theroadarenotconsideredin orderto limit thescopeof
theproject.Theoverall structureof thefault tolerantAHS controlsystemis shown schematically
in Figure1.1.
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Figure 1.1: Extendedhierarchicalfault tolerantAHS controller

In addition to the designof the fault tolerantAHS control system,the considerabletaskof
implementingthe entiresystemandvehiclemodelsin SmartAHS,a micro-simulatorwritten in
SHIFT, wasalsocompleted.SHIFT is a programminglanguagedevelopedat PATH to simulate
the behavior of large scalehybrid systems(Deshpandeet al. 1997). The fault diagnosticand
fault handlingmodulesof the system,exceptfor the estimationof tire/roadfriction andbraking
capability, arealsorigorouslytestedin SmartAHS.

The remainderof this report is divided into five chapterswhich discussthe detailsof each
portionof thefault tolerantcontrollershown in Figure1.1.Chapter2 introducesthevehiclemodel
thatis usedasabasisfor thedevelopmentof theautomatedcontrolsystemandvehiclesimulation
software. In chapter3, thenormalmodelongitudinalcontrollerof thePATH controlhierarchical
architectureis reviewed. Chapter4 describesthedesignof a completefault diagnosticsystemfor
thephysicallayerlongitudinalcontrollers.Simulationandexperimentalresultsarealsopresented
for all faults in sensorsandactuators.Chapter5 describesthe fault managementsystemfor the
regulationandcoordinationlayers.Thecapabilitystructurefor normalmodemaneuversaredis-
cussedalongwith simulationsfor all faultsin theonboardsensors,actuatorsandcommunication
devices.In addition,a schemeto estimatethefriction coefficient of thetire/roadinterfaceandthe
brakingcapabilityof vehiclesis alsopresentedin this chapter(Alvarezet al. 2000;Alvarezand
Yi 1999).Concludingremarksandadiscussionof possiblefuturework arepresentedin chapter6.
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Finally, appendixA describesthe structureof the SmartAHSsimulationsoftwaredevelopedfor
testing
�

of thecompletesystem.
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Chapter 2

VehicleModel

This chapterpresentsa mathematicalmodel of a passengercar equippedwith a sparkignition
engineand automatictransmission. While only a brief overview of the model is presented,a
more detailedcoverageof the the longitudinal vehicle dynamicsand powertrain model can be
foundin (McMahon1994;Gerdes1996;Cho1987;Moskwa1988),while thelateraldynamicsare
describedin (Patwardhan1994b;Peng1992;Pham1996).

Thevehiclemodelpresentedin this chapteris asix-degreeof freedomnonlinearmodelbased
on both analyticalderivationsandexperimentaldata. The vehicleis modeledasa sprungmass,
representingthevehiclebodyandthedrivetrain,attachedto anegligibleunsprungmass,thewheels
andtires, via the suspension.The remainingsectionswill describein moredetail the dynamics
associatedwith thesprungmass,thepowertrain,thebrake system,thesuspensionandfinally the
wheelsandtires.

2.1 Sprung MassDynamics

Thesprungmassis modeledasarigid body, soNewton-Eulerequationsareemployedto obtainthe
differentialequationsof motionalongit’ ssix degreesof freedom;longitudinal,lateralandvertical
translations,androll, pitch, andyaw rotations. A diagramof the coordinatesystemis shown in
Figure2.1,

Figure 2.1: Diagramof VehicleModelCoordinateAxes

The forcesactingon the vehiclearethe tractionforcesfrom the tires ( ��� � ), theaerodynamic
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drag( �"!$#% � ), thesuspensionforces( �'&"� ), andgravitational forcesasa functionof roadgradeand
banking
(

( ) and * , respectively). Lossesdueto rolling resistancein the tires areincludedin the
term +-,., . Theseforcesaffect thesprungmassasshown on thefreebodydiagramin Figure2.2.

Consideringtheseexternal forcesand the threedimensionalkinematicsof the vehicle, the
following differentialequationsdescribingthevehicle’smotioncanbederived/% 
 0�1� 2'3 �4� !"�657��!8#% � ��9;:=<�>?#%'@ 5A+-,.,B CD#E #F 5G#H #I CJ:LKNMPO4>;) @/E 
 0 1� 2'3 �4� QN�-57�"QR#E � �S9;:?<R>T#E=@B 5G#% #F CD#H #U CJ:LVXWYK�>;) @ KNMPO4>Z* @

/H 
 0 1� 2'3 �-&"�B CD#%6[ Q\5]#E�[ !LC7:$V^W_K�>`) @ VXWYKa>b* @

Figure 2.2: SprungMassFree-bodyDiagram

c ! /U 
 > c Q\5 cXd @ #I #F C B !c Q /I 
 > c^d 5 c ! @ #F #U C B Qc^d /F 
 > c !e5 c Q @ #U #I C Bfd
Themomentsactingon thesprungmassarecausedby the tractive forces( ��� !"� ) andthesus-
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pensionforces( �'&"� ), which arerelatedgeometricallyby thefollowing algebraicequationsB ! 
 gh >;KNMPO4> I @ >i>`�4� !S3j57��� ! � @ �Skl3�Cm>;��� !�n857��� ! 1 @ ��k � @CoVXWYK�> I @ KiMpO4> U @ >N>`��� Q�3q5J��� Q � @ �Skl3�Cm>`�4� Qin$5J��� Q 1 @ �Sk � @CoVXWYK�> I @ V^W_K�> U @ >N>`�'&S3j57�'& � @ �Skl34C�>`�'&�n�5J�-& 1 @ �Sk � @i@5rKiMpO4> I @ KiMpOs> U @Ntvu 1w �x2'3 ��� !"�TCyVXWYKa> I @Ntvu 1w �x2'3 ��� Qz�B Q 
 5 tvu V^W_Ka> U @ 1w �x2'3 ��� !"�5rKiMpO4> I @ >N>`��� !S3sC{�4� ! � @N| 3j5}>;��� !�nqC{��� ! 1 @N| � @CoVXWYK�> I @ KiMpO4> U @ >N>`��� Q�3sC{��� Q � @N| 3q5}>;��� QNnRCy��� Q 1 @N| � @5rV^W_Ka> I @ V^WYKS> U @ >i>;�'&S3�C{�'& � @z| 3j5}>`�-&~njCy�'& 1 @N| � @Bfd 
 V^WYK�> U @ >i>;��� Q�34Cy��� Q � @N| 3q5
>`�4� QinRC{�4� Q 1 @z| � @CoKNMPOs> U @ >i>`�-&S3sCy�'& � @z| 3R5�>`�'&�nqC{�-& 1 @N| � @5 gh >;V^W_Ka> I @ >l�Skl3X>;��� !S3q57��� ! � @ C{��k � >`��� !�n857��� ! 1 @N@CoKNMPOs> I @ KNMPO4> U @ >`�Skl3X>`�4� Q~3q57��� Q � @ C��Sk � >`�4� Qin857��� Q 1 @i@N@
2.2 Powertrain

Themostsignificantforcesactingon thesprungmassarethetractive forcesgeneratedat thetires.
Theseforcesarea resultof the power generatedanddeliveredto the wheelsby the powertrain.
The powertrain in turn is composedof threesubsystems,the engine,the torqueconverter, and
the transmission.Theequationsof motionassociatedwith eachof thesesubsystemswill now be
describedin moredetail.

2.2.1 EngineDynamics

The enginedynamicshave two states;the enginespeed( �j� ) and the massof air in the intake
manifold( ��� ). By applyingNewton’ssecondlaw of motionto theengineandtheconservationof
massto theintakemanifold,thedifferentialequationsdescribing�j� and ��� arec ��#�j��
 +-�S�;�N>Z�j���"���j��� @ 5A+?& � �'&�>Z�j�~�N��� @ (2.1)#��� 
 B}��� +���>`� @ ��� c >;���j�z�_�_���z� � @ 5 #���N��>Z�j���"���j�z� @ (2.2)���j�z�$���j�z� 
 ���z��,6+-�q������� (2.3)

Thelastalgebraicequationshows therelationshipbetween��� andthepressureof the intake
manifold ( �4�q��� ). This relation holdsunderthe assumptionsthat the temperatureof the intake
manifoldis constantandtheair actsasanidealgas.

Notice that thenetenginetorque( +-�S�;�z>Z�j�~�"���j�z� @ ) andmassflow rateof air out of the intake
manifold( #���z��>��q�~�"�4�q��� @ ), are both nonlinearfunctionsof the enginespeed( �j� ) and the intake
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manifoldpressure( ���j�z� ). Similarly, thepumptorque( +?& � �'&�>��q�~�N��� @ ) is a functionof �j� andthe
turbine
�

speedof thetorqueconverter( ��� ). Thesefunctionsareobtainedthroughexperimentation
andareusuallyprovidedby the enginemanufacturersasa staticmap(Cho andJ.K. 1989). The
currentvalueis thencalculatedvia a table-lookupandinterpolationof themap.Theformatof the
enginemapusedfor simulationandcontrol is shown in Table2.1, while the mapfor the pump
torqueis explainedin Section2.2.3.�j� +'�^�`� #���z� �4�q��� �

...
...

...
...

...

Table2.1: EngineMap Format

Similarly, the massflow rate of air into the intake manifold is also an empirical nonlinear
mappingexpressedby thefirst termof themanifolddynamics(ChoandJ.K.1989).Thenonlinear
functions +���>;� @ and ��� c >;���j�z�Y�_�j��� � @ reflect the influenceof the throttle body geometryand
pressuredifferenceuponthe air flow, respectively. Both arealsorepresentedasstaticmapsand
arecalculatedvia table-lookupandinterpolation. The constantcoefficient

B}���
representsthe

maximumflow possibleinto theintakemanifold.
Finally, the throttleactuatordynamicsarerepresentedasanadditionalfirst ordersystemde-

scribedby � �v#��C{��
m�4�
2.2.2 TorqueConverter

The torqueconverter is composedof onestate,the turbine speed( ��� ). Again, usingNewton’s
secondlaw, thedifferentialequationdescribingthedynamicsof ��� isc ��#�j��

+-� � , k~>Z�j���N��� @ 5J�¢¡i+��`£��N¤"�
Thetorqueconverter’s fluidic couplingis alsomodeledasa nonlinearfunctionof theengineand
wheelspeeds( �j� and ��� ) (McMahon1994).Thefunctionis representedasa pair of secondorder
polynomials,with theoutputsof pumpandturbinetorque( +?& � �'& and +-� � , k ). Thesepolynomials
have thefollowing form:+?& � ��&�
¦¥¨§ u � �� C § 3.�j�����TC § � � �� if ©aª©a«­¬�®T¯±°� u � �� Cy��3 �j�.����Cy� � � �� otherwise+-� � , kR
 ¥³² u � �� C ² 3 �j�.����C ² � � �� if © ª©a« ¬´®T¯±°� u � �� C{�S3 �j�.�j��C{� � � �� otherwise

wherethecoefficients § � , ² � , and �"� modeltheinput-outputrelationshipat lower andhigherspeed
ratios, respectively. Thesecoefficientsareexperimentallydeterminedfor a specifictorquecon-
verter.

Thetorqueconverteralsoexhibits a discretechangeof operatingmodecalledlocking. In the
locked mode,the pumpand turbineshaftsof the torqueconverterbecomemechanicallylinked
in orderto reducelossesthroughthe fluidic coupling in highergears(typically third andfourth
gear). Whenthe torqueconverteris locked, thepumpandturbinetorquesbecomeequalandthe
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powertraindynamicsreduceto asecondordersystem.Thereducedorderdynamicscanbewritten
as: > c �4C c � @ #�j�µ
 +-�S�`��>Z�j�X�¶���j�z� @ 57� ¡ +��`£��i¤¶� (2.4)#��� 
 B��e� +���>`� @ ��� c >`�4�q���_�_�j��� � @ 5 #���N�a>��j�X�"�4�q��� @ (2.5)�4�q���8���q��� 
 ������,�+-�q������� (2.6)�j��
 ��� (2.7)

2.2.3 Transmission

Thetransmissionconsistsof asimplestaticmodelof theautomatedgearshift routine.Thecurrent
gearratio( ��· ) is modeledasanothertablelookupfunctiondependentonthevehiclespeed( #% ) and
the throttleangle( � ). Gearshift schedulechartsarealsoprovidedby thevehiclemanufacturers.
Gearshift schedulesarein theform shown in Table2.2:

Shiftup fromi-th gear � #%
...

...
...

Shiftdownfromi-th gear � #%
...

...
...

Table2.2: GearShift ChartFormat

2.3 BrakeSystem

While thepowertraincanincreasethetractiveforcesgeneratedvia thecommandedthrottleangle,it
hasonly limited ability to decreasetheseforces.Therefore,thebrakingsystemfills thisdeficiency
by allowing direct control of the wheel decelerations.Two modelsof the braking systemare
availablefor theuserwhich aredependenton thetypeof control input; onemodelassumesdirect
controlof themastercylinderpressure,while theotherassumescontrolof thebrakepedal.

2.3.1 Dir ectMaster Cylinder PressureControl

For automatedlongitudinaloperations,the vacuumboosteris bypassed,sinceit is a sourceof a
large“pure” timedelayandlag(Gerdes1996).Therefore,directcontrolof thebrakefluid pressure
within the mastercylinder ( ���j� ) is attainedthroughan additional intermediatecylinder piston
controlledby thecommandedpressurefeed( �4�q�b� ) (Maciuca1997).

Thesebrake systemhydraulicsaremodeledby an experimentallydeterminedcapacitance,
while the wheel cylinder pressure( ��¸T£~�`�l�;>`���j� @ ) is a nonlinearfunction of the volume of fluid
enteringthemastercylinder ( ���j� ) asfollows#���q�q
m�\¹aº »¼�4�q��C{�4�q�b��5J��¸T£~�`�l�;>`���j� @ » sign>`�4�q��C{�4�q�b��5J��¸T£~�`�l�;>`���j� @i@
Thecapacitancecurve, ��¸T£~�`�l�;>`���j� @ , maybeapproximatedasa cubicpolynomialof ���j� andsuch
cubiccurvesaretypicalof brakesystemhydraulics(Maciuca1997).
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Finally, the wheelcylinder pressureis relatedlinearly to the brake torqueby the following
equation +'k�,L
m½�k �4¸�£��l�`�;>l���q� @
Lossesin thebrake torquefrom warpingin thebrake rotors,unevenpadwear, etc. arecontained
within ½�k . Therefore,½�k is highly uncertainandit canvary dueto age,brake padtemperature,
andevenimperceptiblemanufacturingdifferences.Empiricaldata(Maciuca1997)hasshown that
valuesof ½�k8¾ ®T¯±° aretypical.

2.3.2 Master Cylinder PressureControl via the VacuumBooster

Alternatively, an input brakingforce ( �4��� ) canbe appliedat the brake pedal. This input force is
subsequentlyamplifiedby the vacuumboosterbeforeaffecting the mastercylinder piston. This
alternative input is morerealisticwhenahumandrivermodelis usedasthevehiclecontroller.

Thevacuumboosteris essentiallyahydraulicamplifiercomposedof two chambers;theapply
chamberandthe vacuumchamber. The pressuredifferencebetweenthesetwo chamberscauses
theamplificationof brakingforce. Therearetwo statesassociatedwith thevacuumbooster;the
massof air in theapplychamberandthemassof air in thevacuumchamber. Therearealsothree
discretestagesof operationof thevacuumbooster;apply, holdandrelease.Thestageof operation
dependson thepedalinput andthestateof thevacuumbooster. Theoutputforceof thevacuum
boosterin turn pushesthepistonin themastercylinder, affecting thepressureandvolumeof the
mastercylinder. For a detailedexplanationof the operationof a vacuumbooster, the interested
readeris referredto (Gerdes1996).

Thegoverningequationsfor thetransmissionof �4��� to �4�q� throughthevacuumboosterare:�j�;&z& 
 ���;&�&~�¿QX��+�ÀÂÁTÃ>`�6�z�jC ��Ä % �j� @��Åz�z�µ
 �ÆÅz�z� ��� �Ç��+�ÀÂÁ�Ã>`��Åz��5 ��Ä % �j� @� Ä 
 ��Ä >;�j�;&�&e57�4Åz�N� @�4,��È
 �4,��`��Cy½É,�� % �q���� � �Ê
 ¥ � Ä C{�4���¢57��, �È� Ä Cy�����Â5J��,��\Ë ®® otherwise�j�;&�&~�¿Q and ��,.�l�Ì�l�N�`� arefunctionsof �4��� andvacuumboosteroutputforce( �j� � � ). They delimit
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thestagesof operationof thevacuumbooster.#�ÆÅz� 
 ¥ 5��LÅ��­>;��Åz�N�j5J���j���­57�j� @ �4ÅN�z�\Ë
�4�q����C{���® otherwise

stage 
 ÍÎ¿Ï release ����� ¬ ��, �`�±�`�i�;�
hold ��, �`�±�`�i�;�\¾
����� ¬ �j�;&�&~�¿Q
apply otherwise#���;&�&��ÌQ 
 ÍÎ Ï �\�zÅ_>`�4Åz�N�j57�j�;&z& @ stage= release�\�±�`�NÐY>`��Åz�z�q5J���`&�& @ stage= hold�\�N�_>`��Á=ÑTÀÒ5J�j�;&�& @ stage= apply#�ÆÅN�z� ��� � 
 ÍÎ Ï #�ÆÅz�fCy�\�zÅ_>;�j�;&z&e5J�4ÅN�z� @ stage= release#�ÆÅz�fCy�\�±�`�NÐ_>`���`&�&e57��Åz�z� @ stage= hold#�ÆÅz� stage= apply�j�;�È
 �j�;�`��Cy½��;� % �q����j�È
 ¥ÈÓ�ÔSÕ;Ö ªb× ÔSØ�Ù × Ô ØZÚ¶ÛÁTÜ Ø ��� � �qË
���`��C{�j�;¤® otherwise���j�È
 � �j� % �q�#���j�È
 �\¹Ýº »¼�4�q�457�4¸�£��l�`�b>l���q� @ » sign>;���j�j57�4¸�£��l�`�b>l���j� @i@+'k�,Þ
 ½�k �4¸�£��l�`�;>l���q� @

wherethe last equationsareidentical to thosefound in the previous descriptionof direct master
cylinderpressurecontrol.

2.4 SuspensionSystem

The suspensionsystemprovides a well dampedconnectionbetweenthe sprungand unsprung
massesin orderto improveridequalityandvehiclehandling.Thevehicle’ssuspensionis modeled
asanonlinearhardeningspringin parallelwith alinearshockabsorber. Thesuspensiondeflections
( ß ) anddeflectionrates( #ß ) areobtainedfrom thekinematicsof thesuspensionsystemrepresented
in thefollowing equations
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ß�¤"�à
 tvu 5 H C�> tvá C | 3 @ I 5 ��kl3 Uhß�¤¶,â
 tvu 5 H C�> tvá C | 3 @ I C �Skl3 UhßY, �ã
 tvu 5 H C�> tvá 5 | � @ I 5 �Sk � UhßY,.,ä
 tvu 5 H C�> tvá 5 | � @ I C ��k � Uh#ß�¤"�à
 5A#H Cm> tvá C | 3 @ #I 5 ��kl3 #Uh#ß�¤¶,â
 5A#H Cm> tvá C | 3 @ #I C �Skl3 #Uh#ßY, �ã
 5A#H Cm> tvá 5 | � @ #I 5 �Sk � #Uh#ßY,.,ä
 5A#H Cm> tvá 5 | � @ #I C ��k � #Uh
Subsequently, thesuspensionforces( �'&"� ) givenby Newton’sSecondLaw are��3�
 ½�3zß�¤��`> g Cy� � ß 1 ¤"� @ Cy�L� #ß�¤"�åC B : | �| 34C | �� � 
 ½�3zß�¤",�> g C{� � ß 1 ¤¶, @ C{�L� #ß�¤¶,jC B : | �| 34C | ���næ
 ½ � ßY, �`> g C{� � ß 1, � @ Cy�L� #ßY, �YC B : | 3| 3�C | �� 1 
 ½ � ßY,.,a> g C{� � ß 1,., @ C{�L� #ßY,.,jC B : | 3| 3�C | ��'&"�ç
 ÍÎ¿Ï ® �4��¾ ®À�·� �4��Ë À�·��4� otherwise

2.5 WheelDynamics

Thewheeldynamicsareobtainedby applyingNewton’s secondlaw of motion to the wheels.A
free body diagramof an individual wheel is given in Figure2.3. The angularspeedof wheel i
( ��¸?� ), is describedby thefollowing differentialequationc ¸?�?#��¸T�'
}è��P+��`£��i¤¶�'5yé���� !"�65A+'k�,.�b�S9`:=<R>Z��¸T� @
andtheaveragewheelspeedmeasuredby thespeedometeris�q��Åe
 1w �x2'3 è��ê��¸T�
Theinclusionof differenttypesof drivetraincanbeincorporatedinto thewheeldynamicswith the
parameterè�� . For example,for a front-drivevehicle,thefront wheelswould have è�3L
ëè � 
 ®T¯�ì ,
while therearwheelswouldhave è�n\

è 1 
 ® .
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Figure2.3: Free-bodydiagramof awheel

2.6 Tir eModel

The tractive forcesnecessaryto move the vehicle in the lateral and longitudinal directionsare
estimatedby atire model.Varioustire modelsexist in thevehicledynamicsliterature,howeverthe
currentmodelusedwasdevelopedby Bakker andPacjeka(Bakker et al. 1987b). This modelis
alsomorecommonlyknown asthemagic tire formula. This tire modeldescribesthelongitudinal
andlateraltractiveforcesasanonlinearfunctionof longitudinaltire slip ( � ), slip angle( í ), normal
forceactingon thewheel( �'& ), andtheconditionof theroadandtire interface( �¢� ).

To determinethetractiveforces,thevelocityof eachwheelmustbefoundwith respectto aco-
ordinateframealignedwith thewheel.A diagramof thecoordinateframesis shown in Figure2.4.

Figure 2.4: Wheelcoordinateframesin relationto unsprungmass( î�ï ) andglobal(î ) coordinateframes
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Thevelocitiesof eachtire aredeterminedby thefollowing algebraicequationsð !S3�
Þ#% 5 �Skl3?#Fh ð Q~3�
Þ#E C | 3?#Fð ! � 
â#% C �Skl3?#Fh ð Q � 
Þ#E C | 3?#Fð !�n\
Þ#% 5 �Sk � #Fh ð QinL
Þ#E 5 | � #Fð ! 1 
â#% C �Sk � #Fh ð Q 1 
Þ#E 5 | � #F
Oncethevelocitiesof eachwheelarefound,thelongitudinalslip, slip angle,andtractiveforces

of tire i canbecalculatedusingthefollowing equations

���'
 g 5¦ñ ð �!"� C ð �Qz�é��p�j¸?� í~�'
}òó�Zô�5Aõ"ö_O × 3�÷ ð Qz�ð !"�¶ø
��� !"��
}��� !?>l���.�¶í~�`�"�'&"�.� RC(skidnumber)@��� Qz��
m��� QY>l���.�¶í~�`�"�'&"�.� RC(skidnumber)@

where��� ! , �4� Q arefunctionsdeterminedby thetire modelusedandthespecifictire which is being
modeled.

Notice that different steeringarchitecturescan be implementedusing the variable òÝ� . For
example,for a front wheelsteeredvehicle, ò=3�
ùò � 
 g �iò_nú
ûò 1 
 ® . Alternatively, a vehicle
equippedwith four wheelsteering,ò=3�
�ò � 
�òón\

ò 1 
 g

.
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Chapter 3

AutomatedLongitudinal Control in Normal
Mode

Thefirst layerof thehierarchicalcontrolsystemis thephysicallayer. Thephysicallayer is a set
of longitudinalandlateralcontrollerswhichgiveactuatorcommandssuchthatthevehicletracksa
desiredaccelerationtrajectoryprovidedby theregulationlayer.

planning &

vehicle

Neighbor NeighborVehicle

maneuver
complete

sensor
signals

order
maneuver

control
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coordination
messages

path, speed,
pltn size

flow, density,
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Roadside

Vehicle

link

coordination

dynamics

regulation

Network

system

system

routing table traffic info.

Figure 3.1: PATH AHS controlarchitecture

3.1 PhysicalLayer Control System

The longitudinalcontrollerat thephysicallayer is basedon a nonlinearcontrol techniquecalled
slidingmodecontrol. While thedetailsof thisdesigntechniquearebeyondthescopeof thiswork,
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the interestedreaderis referredto (Khalil 1996),(Slotineand Li 1991) for more information.
This
ü

controllerhasalsobeensuccessfullyimplementedandthoroughlytestedon theexperimental
vehiclesat PATH, andthusrepresentsthedefault physicallayercontrollerwhich will usedfor the
remainderof this report.

Thelateralcontrolsystemis basedona“look-down” magneticmarkersystemto determinethe
lateraldeviation of thevehiclefrom thecenterof theroadway. Thegoalof thelateralcontrolleris
to regulatethevehicle’s lateralpositionaboutadesiredpathwith respectto theroadcenterline.A
descriptionof thelateralcontrolsystemis beyondthescopeof thisproject,however theinterested
readeris referredto (Pham1996;Patwardhan1994b)for moredetailedinformation.

Thelongitudinalcontrolatthephysicallayerhasseveraldistinctcontroltasks,soahierarchical
controlarchitectureis usedto addresseachof thesein turn. Thehierarchicalcontrolleris composed
of threelevelsof controlasshown in Figure3.2.

Upper Sliding

Surface

ý

Switching Logic

ý

Throttle

þ

Controller

ÿ Brake Controller


�

Desired Torque


Desired Acceleration


Commanded Throttle Angle
 Commanded Brake Pressure


Desired Torque


Figure 3.2: Physicallayerof thelongitudinalcontrolhierarchy

At thetop level, feedbacklinearizationis usedto determinethedesiredenginetorquerequired
to trackthedesiredaccelerationgivenby theregulationlayer(Swaroopetal. 1996;Gerdes1996).
Themiddlelevel of thelongitudinalcontrolleris aswitchinglogic whichdecideswhetheracceler-
ationor brakingis requiredbasedonthecurrentstateof thevehicleandthedesiredtorque(Gerdes
1996). If accelerationis required,the desiredtorqueis subsequentlypassedon the the throttle
controllerto determinethe throttle actuatorcommand.Similarly, if decelerationis required,the
desiredtorqueis subsequentlypassedon the the brake controller to determinethe brake actua-
tor command(Maciuca1997). Both of thesebottomlevel controllersusea sliding modecontrol
algorithmto meetthedesiredtorque.Thisoverallcontrolapproachof cascadingslidingmodecon-
trollers is known asmultiplesliding surfacecontrol, or dynamicsliding surfacecontrol (Swaroop
et al. 1996).

The remainingpartsof this sectionwill cover the vehiclemodelusedfor the controllerde-
sign,thekey relationsdescribingtheresultingthreelevelsof thephysicallayercontroller, andthe
sensor’sandactuator’s requiredfor thegivencontroller.
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3.1.1 Simplified VehicleModel for Control

While thevehiclemodelpresentedin Chapter2 is appropriatefor simulation,it is far toocomplex
for control systemdesign.Therefore,a simplified longitudinalvehiclemodel is usedto develop
thelongitudinalcontroller.

Thevehiclemodelcanbesimplifiedby makingthefollowing assumptions:

1. Theslip betweenthetiresandtheroadsurfaceis negligible.

2. Thetorqueconverteris locked.

3. Theactuatordynamicsarefastcomparedto thevehicledynamics.

Undertheseassumptions,thelongitudinalvelocityof thevehicle #% is proportionallyrelatedto
theangularvelocityof theengine�j� throughthegearratio andtire radiusasfollows#% 
��¢¡�é?�j�

The dynamicsrelatingenginespeed�j� to the net combustiontorque +-�S�;� , brake torque +'k�, ,
andaerodynamiclossescanbemodeledby� �s#�j�8

+-�S�;�N>;���Ý�N�j� @ 57��!S�¢¡ n é n � �� 5J�¢¡a>Z+',l,jC7+'k�,a>`�4¸�£��l�`� @i@
where

� � is theeffective inertiaof theengine,drive train andvehicle.
By applyingtheconservationof massto theintakemanifold,themassof air in themanifoldis

definedby #���Ç
 B���� +���>`� @ � � c >;��� @ C #���N�a>��j�X�¶��� @
3.1.2 Upper Level: TorqueControl

Themaingoalof thelongitudinalcontrolleris to effectively linearizethevehicledynamicsthrough
feedbacksuchthatthevehicledynamicsbecome/% 
����x�;�
where���x�;� is thesyntheticinput,or desiredacceleration,givenby theregulationlayer. Thisallows
thedesignerto completelyspecifythedynamicbehavior of thevehiclevia thechoiceof thesyn-
thetic input. However, noticethatdirect controlof

/% is not possiblesincethecontrol inputs(the
throttleangle � andthebrake pressure��¸T£~�`�l� ) do not directly affect it. Thecontrolobjective can
only beachievedby controllingthenet torque +'�^�`� andthebrake torque +�k�, . In addition,theuse
of thebrakesandthrottleshouldbemutuallyexclusive to minimizeactuatorusageandwearand
tearon thevehicle.Therefore,consideringthenettorqueandbrake torqueasnew pseudo-inputs,
thegoalabovecanbeachievedby choosing+-�S�`��>;���Ý�N�j� @ 
 � �� ¡ é ���x�;�åCy��!a�¢¡ n é n � �� Cy�¢¡�>b+-,.,jC7+'k�,Ý>;��¸�£��`�l� @N@
whenthrottlecontrol is requiredand+�k�,�>`��¸T£��l�l� @ 
 � �� ¡ é ���x�;�?5A+-�S�;�z>;���Ý�N�j� @ C{�"!a�¢¡ n é n � �� C{�¢¡i+-,.,
whenthebrakesareneeded.Thesetermsarenot truecontrolinputs,sincedynamicsexist between
thetorquesandtheactualcontrol inputs,namelythethrottleangleandbrake pressure.Therefore,
anotherlevel of control is requiredto attain thesedesiredtorquesusing the true control inputs.
However, a methodologyfor choosingbetweenthrottleandbrake controlwill bediscussednext.
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3.1.3 Middle Level: Switching Logic

As mentionedabove, the throttle andbrake commandsshouldbe mutually-exclusive to reduce
actuationandsystemwear(ie. a humandriver rarelyusesboththethrottleandbrakesat thesame
time). However, sometype of switching logic is requiredto decidewheneachtype of control
shouldbeused(Gerdes1996).Intuitively, thebrakesshouldbeusedonly whenthenaturalbraking
forceson the vehicle,suchasaerodynamicdrag,rolling resistance,andenginebraking,arenot
sufficient to achieve the desiredsyntheticinput. Written moremathematically, this ideacanbe
expressedas ���x�`�=5 § , �.����� � � 	Né��
	a	 	 | ����x�`�=5 § , �.� ¬ �6� � ² � § � �����¾����x�;�T5 § , �l�\¾}� � � [ § 9;	
wherea hysteresisregion hasbeenaddedto reducechatteringaroundthe switching line ���x�`�s5§ , �.�R
 ® (Gerdes1996).Also, theresidualacceleration§ , �l� of thevehicleis

§ , �.�R
 � ¡ é� � >b+'�`�X·Nk�,.ÐY>b���ó�N�j� @ 5J�"!a� ¡ n é n � �� 57� ¡ >b+-,.,jC7+'k�,a>;��¸�£��`�l� @N@
3.1.4 Lower Level: Thr ottle Control

Oncethedecisionhasbeenmadeto usethethrottle,thedesiredvalueof thepseudo-input+'�^�`�N>;���Ý�N�j� @
is clearlydefinedby+-�S�`��>�
���Ý�N�j� @ 
 � �� ¡ é ���x�;�åCy��!a�¢¡ n é n � �� Cy�¢¡�>b+-,.,jC7+'k�,Ý>;��¸�£��`�l� @N@
where 
��� is the massof air in the intake manifold necessaryto achieve this desirednet torque,
whichcanbedeterminedexplicitly by invertingthenonlinearity+'�^�`�z>�
���ó�N�j� @ . Now, wewill design
a dynamicsurfacecontroller(Swaroopet al. 1996)to force ��� to track 
��� , which subsequently
forces

/% to track ���x�`� . Let’sdefinethesurface ��3 suchthat��3�
}���\5J����� Ä �l�
Thenchoosingthesurfacedynamicsas #��3�
ë5�½�3��
andusing the manifold dynamicspresentedin Section3.1.1 the following relationshipsfor the
commandedthrottleangle�4� andthedesiredmassof air ����� Ä �.� canbedetermined�4�È
 +�� × 3Ç÷ #� § ��>;���Ý�N�j� @ C #����� Ä �l�q57½�3���3B���� � � c >b��� @ ø� 3�#����� Ä �l�4Cy����� Ä �.�µ
 
���
A similarderivationwill now beperformedfor theaccompanying brakecontroller.
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3.1.5 Lower Level: BrakeControl

Oncethedecisionhasbeenmadeto usethebrake,thedesiredvalueof thepseudoinput +'k�,Ý>`�4¸�é���� |;@
is clearlydefinedby+�k�,�> 
��¸T£��l�l� @ 
 � �� ¡ é ���x�;�?5A+-�S�;�z>;���Ý�N�j� @ C{�"!a�¢¡ n é n � �� C{�¢¡i+-,.,
Using the direct mastercylinder controlledbrake modelpresentedin Section2.3.1,the required
brakepressureat thewheel 
�4¸�£��l�`� arefoundto be
�4¸�£��l�`��
 g½�k > � �� ¡ é �6� �`�T5f+'�^�`�N>;���a�N�j� @ C{�"!a� ¡ n é n � �� C{� ¡ +-,.,jC{�-&�� @
Now, definethesurface � � to be � � 
}��¸T£~�`�l�=57��¸T£~�`�l��� Ä �.�
andthesurfacedynamicsto satisfy #� � 
ë5�½ � �
thentheresultingcommandedmastercylinderpressure���j�b� andthedesiredbrake pressureat the
wheel �4¸�£��l�`��� Ä �l� is describedby�4�q�b� 
 ÷ ��¸T£��l�l�_C{)¢&�k if > #�4¸�£��l�`��� Ä �l�457½ � � � @ � ®��¸T£��l�l�=57)¢&�k otherwise)­&�k 
 > #�4¸�£��l�`��� Ä �l��57½ � � � @ �� �¹� � #��¸T£~�`�l��� Ä �.�'C{��¸T£��l�l��� Ä �.�D
 
��¸T£~�`�l�
3.1.6 Required Sensorsand Actuators

Having reviewedthecontrollerdesign,therearesevensensorsandtwo actuatorsrequiredfor the
longitudinalcontroller. In addition,a communicationsystemwill berequiredto receive informa-
tion abouttheleadandpreviousvehiclesin theplatoon.Thefollowing tablesummarizesthesen-
sorsandactuatorswhich arerequired.In addition,thestandarddeviation of normallydistributed
noisefor eachof thesensorsafterfiltering is alsoincludedin thetable,aswell astheaveragetime
constantsfor first orderactuatordynamics.

3.2 RegulationLayer Control System

This chapterdiscussesthederivationof thecontrollerfor theregulationlayer, thederivationof an
observer for the leadcar, anda proof of stability for the controller. A completederivation of a
previouscontrollerfor theregulationlayeris givenin (Li et al. 1997).Thederivationthatfollows
is verysimilar to this previouswork, with thefollowing importantdifferences:� Thenew controllerassumesthat theaccelerationof thecarcanbecontrolleddirectly. This

is a changefrom the previous controller, wherethe jerk was the parameterthat could be
controlled. This modificationreflectsthe controller onboardthe automatedcarsthat are
beingdesignedandtestedby PATH engineers.
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Table3.1: SensorandActuatorCharacteristics
Sensors& Actuators TypicalVariance

Radar 2.5cm in range,
no noiseassumedin rangerate

Accelerometer 0.1 � �Y����� �
WheelSpeedSensor 0.03m/sec
ThrottleAngleSensor 0.1degrees
Brake PressureSensor 70 KPa
Manifold PressureSensor 0.25KPa
EngineSpeedSensor 1 rpm
ThrottleActuator(StepperMotor) 0.01sec
Brake Actuator(HydraulicSystem) 0.1sec� A full orderobserver is presentedin Section3.2.2. This observer is differentfrom theob-

server introducedin (Li et al. 1997)becausethepositionof the leadcar is not includedin
theanalysis.This reducesthe complexity of the observer becausetheabsolutepositionof
theleadcardoesnot needto beexplicitly known.

Thesetwomajordifferencesarehighlightedin thefollowingchapters,whicharethetheoretical
basisfor theregulationlayercontroller.

3.2.1 Controller Derivation

Theobjectiveof theregulationlayercontrolleris to keepavehicletravelingin thehighwayaccord-
ing with theconditionsof relativevelocityandrelativespacingassociatedwith a givenmaneuver.
The next higher layer in the automatedhighway hierarchy, the coordinationlayer, issuescom-
mandsthat selectthe specificmaneuver suchas join, follow, or split. When thereis a change
of maneuver, theautomatedvehicle’s regulationcontrollerattemptsto switchfrom theconditions
associatedwith the presentmaneuver to the conditionsassociatedwith the new one in a quick
andsafemanner. To accomplishthis task,the regulationlayercontrollertries to follow a desired
velocityprofile. Calculationof thedesiredvelocityprofile dependson threeitems:(1) thecurrent
maneuver, (2) therelativespacingbetweenthetrail carandaleadcar, and(3) thevelocityof a lead
car.

x

Direction of Motion

x trail
.

trail
..
x, v lead a lead,

x ∆trail

Fixed Reference Point

x lead

Trail Car Lead Car

Figure3.3: Geometryfor controllerderivation.

Figure3.3showstheimportantgeometricalparametersfor thederivation. In thisanalysis,the
trail caris assumedto betheautomatedcarthatis thetargetof thecontroller’saction,andthelead
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car is thecar that is directly aheadof thetrail car in thesamehighway lane. Variablesassociated
with the trail cararedenotedwith thesubscripttrail; likewise,variablesassociatedwith the lead
carareindicatedwith thesubscriptlead. Also, derivativeswith respectto time areindicatedby a
dotaboveagivenvariable.

Thebasisfor thecontrolleralgorithmis to minimizetheerrorbetweenthetrail car’s velocity,��������� , andthedesiredvelocity, !  
"$#%�'& ! ������ )( , which is a functionof the relative spacingbetween
the trail carandleadcar #%� and ! ������ is the leadcarvelocity. It is clearfrom Figure3.3 that the
relativespacingis #%�+*,�������� .-/��0�12�43��65

If wedefinethevelocityerroreby798:* ���0�12�43���- !  
"$#%�'& ! �;�$�< =(�5 (3.1)

thentakingthederivativeof theerrorwith respectto timeyields�7>*@?��0�12�43���-BADC !  C #%� C !  C ! ������ FE A ! ������ �- ���0�12�43���! �;�$�< E 5 (3.2)

Assumingthatthegoalis to drivetheerrorto zeroexponentially, anappropriateexpressionfor the
closedlooperrordynamicsis �7G*H-JILK<7 (3.3)

Substitutingthis expressioninto Eq. (3.2)andsolvingfor thetrail car’s accelerationresultsin the
following equation: ?��0�12�43��M8:*N-JILK<7�O@APC !  C #%� C !  C ! ������ FE A ! ������ �- ���0�12�43��QR������ E & (3.4)

This equationwould drive the velocity error to zeroexponentially;unfortunately, the leadcar’s
accelerationis not known exactly. If instead,it is assumedthatanestimateof theleadcar’s accel-
erationis known1, thenthefollowing is anacceptablecontrol law for thetrail caracceleration:?��0�12�43��M8:*TSU"$#%�'& ! ������ V& ���0�12��3W�$&YXQR������ =(Z*H-GI[K<7\O@ADC !  C #%� C !  C ! ������ FE A ! ������ �- ���0�12�43��XQR������ E & (3.5)

Notethatthelastterminvolvestheestimateof theleadcar’sacceleration,XQ]������ , insteadof thetrue
acceleration.In thenext section,anobserver for theleadcar’s accelerationwill beintroduced.

Thedynamicsfor thevelocityerroreareeasilyshown to be�7J*N-JILK<7^- C !  C ! ������ [_QR�;�$�< `& (3.6)

where _QR������ is theestimationerrorfor theleadcaracceleration,_QR�;�$�< >8W*aQR������ �-bXQR������ `5 (3.7)

Thussolongastheestimationerrorremainssmall,theerrorapproacheszeroapproximatelyexpo-
nentially. Thestabilityof this solutionwill beinvestigatedfurtherin Section3.2.3.

1This approachis known asback-stepping(Krstic et al. 1995).
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3.2.2 Observer for Lead Car Motion

An estimatefor the leadcaraccelerationis necessaryfor theproposedcontroller. Assumingthat
theleadcarvelocity ! ������ is known from sensordata,thefollowing is thederivationof a full order
observer for theleadcaracceleration.

Theleadcardynamicsaregivenby cRdcRe d ���;�$�< ^* �QR�;�$�< 
" e (�& (3.8)

where QR�;�$�< is the accelerationinput to the leadcar. Written in statespaceform wherethe state
matrix is f *Bg ! �;�$�< hQ]������ jilk theaboveequationbecomes�f *�m f Oon �QR�;�$�< 
" e (p5 (3.9)

where mq8:* Aor sr r E & nt8:* Aor s E 5 (3.10)

Also, sincetheonly variableassumedto beknown by thetrail car is theleadcarvelocity, the
equationfor thesensoroutputis u *av f & (3.11)

where vw8:* g s r i 5 (3.12)

A full orderobserver for thestatef is�Xf *Tm Xf Oox>" u -yv Xf (MO{z|" e (p& (3.13)

where Xf is the stateestimate,L is the observer gain matrix, and z|" e ( is a tuning function to be
determinedin thestability analysis.This is a standardfull orderobserverwith theadditionof one
term, z|" e ( , which accountsfor thenonlinearitiesinherentin thesystem.By subtractingEq. (3.13)
from Eq.(3.9),thedynamicsfor thestateestimatorerror, _f * f - Xf , is foundto be�_f *}"6m�-~x�v�( _f O{n �QR������ Y" e (�-~zZ" e (�5 (3.14)

If both QR�;�$�< 
" e ( and zZ" e ( remainbounded,the stateestimateswill approachthe actualstatesso
long asthebothof theeigenvaluesof mJ����"6m�-ox�v�( have negative realcomponents.A simple
calculationshows thatthis occurswhenthecomponentsof L arebothpositive.

3.2.3 Stability Analysis

Sincethecontrollerinvolvestheestimateof the leadcaracceleration,which is calculatedby the
full orderobserver, thedynamicresponsesof thecontrollerandtheobserverarecoupled.Consider
thefollowing candidatefor aLyapunov function:� "$7�& _�������� =(�* s�[� 7l�|O s��� _f k ������ �� _f ������ & (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 7 andtheobserver error _� . The most
difficult partof this analysisis thechoiceof P suchthatit satisfiestherelationshipmJ� k � O � mJ��*H- � v (3.16)

whereC is also a positive definitematrix. This relationshipis necessaryfor proving that V is
indeedaLyapunov function.Prior to discussingP further, severalotherderivationsarerequired.

Considertherealdecompositionof mJ� ,m>�P*����\��� K & (3.17)

whereT is realandinvertibleandthediagonalof � containsthe real partsof the eigenvaluesofmJ� . � canbefurtherdecomposedinto two components,�o*T�^KMO~� � & (3.18)

where�^K is symmetric(i.e. ��KZ*���K k ) and � � is skew-symmetric(i.e. � � *H->� � k ).
Onepossibilityfor thechoiceof P is� *w"�� � K ( k � � K & (3.19)

whereT is the matrix introducedabove. In this case,we find that the matrix C that satisfies
Eq.(3.16)is v�*H-�"�� � K ( k ��K2� � K & (3.20)

which is positivedefiniteif everydiagonalelementof thematrix ��K is negative. Sincethediagonal
elementsof �^K arethe real partsof theeigenvaluesof m>� , C is positive definiteif the full-order
observerstatematrix mJ� hasstableeigenvalues.ThuschoosingP accordingto Eq. (3.19)guaran-
teesa positive definitesolutionto C in Eq. (3.16)givenan appropriatefull orderobserver. This
factis essentialin completingthenext portionof theanalysis.

For thefunctionV to beanacceptableLyapunov function,its derivativewith respectto time,��
, mustbenegative definite. Taking the time derivative of Eq. (3.15),andusingtherelationship

between� and v givenin Eq.(3.16),yields�� *H-JILK � 7 � - � _f k ������ v _f ������ ]O � _f k ������ � n �Q]������ 
" e (�- � 7TC !  C ! ������ g r s i _f �;�$�< �- � z k � _f ������ �5 (3.21)

Becausethe fourth term involves ��������2��� � � , a nonlinearfunction of #%� and ! �;�$�< , it is convenientto
choosethe tuning function z suchthat the fourth term is eliminatedfrom theequation.Thus,an
appropriatechoicefor z is z+* � 7� C !  C ! �;�$�< � � K A{r s E & (3.22)

Substitutingthisexpressioninto theequationfor
��

yields�� *N-JILK � 7 � - � _f k ������ v _f �;�$�< |O � _f k ������ � n �QR������ V" e (�5 (3.23)

A derivationthatcloselyfollowsthemethodspresentedin (Li etal. 1997)showsthatfor any initial
condition 7]" r ( , andfor any ¡^¢ r , thereis a time �'K suchthatif

e�£ �¤K then¥ � �§¦ 7]" e ( ¦©¨ �«ª¬ " e ( ¨q­)® ��¯° ±� " s O ¡ (�& (3.24)
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where ¦ �² ¦]¨ ­)® �4¯]&
and ± 8:* � � k³ � � � K � ³ � &
where � ³ � is thesecondcolumnof � .

Therefore,¦ 7]" e ( ¦]¨q´$µ �2¶·�¸ ¹6º» " s O ¡ ( aftera longenoughtime.

3.3 Coordination Layer

Thecoordinationlayerdesignis basedon thoseof SmartPATH design(Eskafi1996)andthecoor-
dinationprotocoldesignsby Hsuet al. (1994)and Varaiya(1993). However, in this projectwe
considerthecommunicationdesignin detailswith thecoordinatedprotocolsamongthevehicles
and thosebetweenvehiclesand roadsidesystems.Fig. 3.4 shows the generalstructurefor the
coordinationlayerscheme.

Link Layer

Regulation Layer

Regulation Supervisor(Type RegAutoAL)

LAN
Communication

Transmitter

Receiver

Capability information

Parameters information

Fault information

Coordination 

Supervisor

maneuver maneuver maneuver maneuver
Lead Merge Split Follow

WAN

Other 

vehicles

Figure 3.4: A schematicof coordinationlayerimplementation

The coordinationschemeconsistsof threeparts: coordination supervisor, maneuverproto-
colsandcommunicationdesign. Thecoordinationsupervisorcoordinateswith differentmaneuver
protocolsandexecutes(initiates)maneuversby communicationwith othervehiclesor roadside
systems.Basically it is discrete-event system. The maneuver protocolscoordinateswith other
vehiclesto guaranteethecorrectnessandsafetyof eachmaneuver. Therearetwo steadystatema-
neuvers: leadandfollow andsomeothertransitmaneuverssuchassplit, merge, changelaneand
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stoplightetc.Thecommunicationin theAHS systemtransmitstheinformationamongthevehicles
andthatbetweenvehiclesandroadsidesystem.Therearetwo typesof communicationamongve-
hicles:localareanetworks(LAN) andwideareanetworks(WAN). TheLAN is usedto passdown
the informationof velocity andaccelerationof leaderandpreviousvehicleto thefollowing vehi-
clesin theplatoon(Lindsey 1997)andtheWAN is for passingthemaneuvermessagesamongthe
differentvehicles.Theroadsidesystemalsobroadcaststhelink layerinformationfor eachvehicle
on thatsectionof highwayandthis communicationgoesthroughvehiclesandroadsidesystem.

The coordinationsupervisoris similar to the regulationsupervisorexceptthat it initiatesthe
maneuverprotocolsnot regulationcontrol laws. Basedon thesensorinformationandthecommu-
nicationmessageit getsthecoordinationsupervisorinitiatesamaneuver initiator or responderand
afterthismaneuverhasfinishedit returnsto themaneuverbefore.For example,whentheleaderof
platoonA receiveslink layerbroadcastsandby thedecisionplanner(we will discusslater in link
layer section)it caninitiate a merge maneuver initiator, thenit sendsout themergeReq to the
leaderof previousplatoonB. Whenthecoordinationsupervisorof theleaderof platoonB receives
this messageandinitiate merge maneuver responderif thereareno othermaneuversit involves.
Thenmerge maneuver canstartandafter it finishes,the leaderof platoonA becomesa follower
with follower protocolandleaderof platoonB becomestheleaderof thenew platoon.Thefinite
statemachine(FSM) diagramcanbefoundin appendixA.4.3.

Themaneuverprotocolconsiststhecoordinatedactionsamongthevehiclesinvolvedin a ma-
neuver. For mostof transitmaneuverssuchasmerge, split, changelaneandstoplighttherehave
two protocolsneededfor accomplishmentof themaneuver: oneis for maneuver initiator andan-
other responder. However, for the steadystatemaneuver suchas lead and follow, oneprotocol
is enough. The maneuver initiator startsthe maneuver andsetupsthe communicationwith the
respondingvehicle. If it getsacknowledgmentfrom the maneuver responder, thenit commands
theregulationsupervisorandtheactualmaneuverexecuted;otherwise,themaneuveraborted.The
detailsfinite statemachinesfor eachmaneuverprotocolsarealsolistedin appendixA.4.3.
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Chapter 4

Fault Diagnosticsfor the Longitudinal
Controller

Many typesof fault diagnosticsystemscanbefoundin theliterature,however techniquesrelying
on a mathematicalmodelof themonitoredsystemareperhapsthemostprevalent(Gertler1988;
Frank1990; Isermann1984). A model-basedfault diagnosticsystemis typically composedof
two main stages:the residualgenerator andthe residualprocessor. The residualgeneratoruses
currentknowledgeaboutthestateof thesystemto createa setof signals,calledresiduals, which
aresensitive to theoccurrenceof faults.Theseresidualsareadesigner-definedsetof comparisons
betweenthevarioustypesof informationknown aboutthesystem,suchassensormeasurements,
commandinputs,parameterestimates,aswell asstateandoutputestimatesbasedon a modelof
thesystem(Beard1971;Willsky 1976).Thechoiceof which typesof informationto usedepends
on thesystemmodel,aswell asthetypeof faultsto bedetected.

Althoughseveraltypesof fault modelsexist in theliterature,this projectconsidersonly faults
in the systemcomponentswhich canbe modeledasadditive termsto the residualvector. More
technically, let thesetof residualsbedefinedby thevector ¼§½D¾À¿ . In thecaseof no faultsandan
exactmodelof themonitoredsystem,thevector Á would beexactly zero. However, the residual
vectorhasnonzerocomponentswhensensornoiseandmodelinguncertaintiesareconsidered.This
nonzerovalueof the residualvectorundernominalconditionswill be denoted¼ ¿)Â ® ½T¾À¿ . The
relationshipbetweenthesevectorsandthefaultsto beconsideredcanbewritten in theform¼ " e (Z* ¼ ¿lÂ ® "

e (¤OoÃÅÄZ" e ( (4.1)

wherethe last termrepresentstheeffectsof thedifferentfaultswhich thediagnosticsystemwill
attemptto detect. Eachfault is representedby two parts: the fault signature matrix Ã ½a¾^¿RÆ)Ç ,
whosecolumnsdescribethe directionalcharacteristicsof the È faults, and the fault mode Ä�" e ( ,
which is a (possiblytime-varying) vectordescribingthe fault magnitudeat time t. This project
will only considertheoccurrenceof a singlefault in thephysicallayercontrolcomponentsat any
given time, thusrestricting Ä�" e ( to have only onenonzeroelementcorrespondingto the column
of Ã which modelsthe specificfault. Basedon this fault model,the residualgeneratorwill use
a combinationof parity equations(Gertler 1988) andstateobservers (Frank 1990) to form the
residualvector.

The secondstageof the diagnosticsystemprocessesthe residualvector to determinewhen
a fault hasoccurredand to identify the faulty componentbasedon the vector’s characteristics.
This processingis a complex taskthat canincorporatea variety of disciplinesincluding change
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detection(Basseville andNikiforov 1993),patternrecognition(Bow 1992),andreasoning(Ross
1995). For the residualprocessorto correctly identify faults in the monitoredsystem,the effect
of eachfault on the setof residualsmustbe unique. If this criteria is met, the faultsaresaidto
be isolatable. While this criteria theoreticallyguaranteesthat the identificationof eachfault is
possible,the isolationof faultsis generallynot very robust to noiseandunmodeleddynamics.A
strongerconditioncanbeachievedif thefault signaturesÉ~½ v9ÊVË�"$Ã9( arelinearly independentin
theresidualspace.Diagnosticsystemswhich satisfythis conditionaresaidto have structuredor
directionalresiduals(Isermann1997).

Theremainderof this sectionwill addressthediagnosisof faultsin thesensorsandactuators
at thephysicallayerof theautomatedcontrolsystemusingtheframework describedabove. First,
sometheoreticalresultson nonlinearobserverswill be presentedasbackgroundin Section4.1.
Section4.2will thendescribethedesignof theresidualgenerator, while thedesignof theresidual
processoris outlinedin Section4.3. Finally, simulationresultsfor thecompletesystemandsome
limited experimentalresultswill bepresentedin Sections4.4andSections4.5,respectively.

4.1 Exponential Observer Designfor Nonlinear Systems

For thediagnosisof faultsin thelongitudinalcontrolcomponents,thesimplifiednonlinearmodel
presentedin Section3.1.1canbeusedin thedesignof anonlinearobserverfor theenginespeedand
massof air in theintake manifold.Prior work in this projectunderMOU 288usedthetechniques
developedby Raghavan (Raghavan andHedrick 1994)andRajamani(RajamaniandCho 1998)
to designan observer gainmatrix which stabilizedtheobserver errordynamics.However, these
techniquesdo not accountfor the casewhenthe systemnonlinearitiesaid in the stability of the
error dynamics,and insteadattemptto overpower the nonlinearitythroughthe correctionterm.
Thisoverpoweringof thenonlinearitiesleadsto largeobservergainsandacorrespondingincrease
in sensitivity to sensornoise. An alternative designmethodologywill be presentedherewhich
explicitly accountsfor thesystemnonlinearitiesassistingin theobserverstability throughasector
constraintargumentsimilar to thatpresentedin (Banks1981).

Thesystemdynamicsareassumedto beof thefollowing form�� * m>�ÌO É "��Í(MOon�² (4.2)u * vÎ� (4.3)

while theproposedobserverhastheform�X� * m�X�§O É "`X�Í(MO{n�²%O{Ï~" u -~vDX�Í( (4.4)

Therefore,theerrordynamicsof theobservedsystemare7 * �Ð-ÑX� (4.5)�7 * "�m�-ÒÏ«v�(�7.OÔÓÕ"$7�& e ( (4.6)Ó�"67�& e (Ö* É "×�Í(|- É "`X�Í( (4.7)

The following lemmaderived from (Banks1981)canbe usedprove the stability of the pro-
posedobserver.
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Lemma 1 If the systemand the observerhavethe formsgivenin 4.2 and 4.4, the pair (A,C) is
detectable
Ø

, andthenonlinearitysatisfies7 k ÓÕ"$7�& e ( ¨ r,Ù 7�& e
thenthere existsan observergain matrix Ï such that theerror dynamicscanbemadeasymptoti-
cally stable.

Proof: The statedlemmais proven in a Lyapunov stability framework, ratherthan the more
cumbersomeversionshown in (Banks1981).First,considertheLyapunov functioncandidate� * s� 7 k 7
This quadraticform is obviously a valid candidateLyapunov function,soall that remainsfor the
proof is to show thatit’ s timederivative is strictly decreasing.Takingthetimederivativeof

�
,�� * s� " �7 k 7\O{7 k �7`(

Substitutingin theerrordynamicsandrearrangingtermsresultsin�� * s� 7 k "<"6m�-~Ï«v9( k Oa"6m�-~Ï«v9(�(�7�Oo7 k Ó�"$7�& e (
Usingtheassumptionthat 7 k ÓÕ"$7�& e ( ¨ r , �� canbeboundedby�� ¨ s� 7 k "<"6m�-~Ï«v9( k Oa"6m�-~Ï«v9(�(�7
Finally, noticethat s� "<"6m�-~Ï«v9( k Oa"�m�-~Ï«v�(<(U*H"6m�-~Ï«v9(<Ú�Û ®
where "�mb-ÜÏ«v9(<Ú�Û ® is thesymmetricpartof thematrix. And sincethe (A,C) pair is detectable
thereexists a gain matrix Ï which makesthe all eigenvaluesof the matrix "6mq-,Ï«v�(�Ú6Û ® have
negativerealparts.Therefore, �� ¨ -J7 k "6m�-~Ï«v9(<Ú�Û ® 7ÅÝ r
whenthematrix Ï chosensuchthat IÕ"�m�-~Ï«v�(�Ý r .

Althoughtheproofdoesnotexplicitly giveamethodfor determiningthegainmatrix Ï , stan-
dardpole placementor iterative LMI techniquescanbe usedfor the singleoutputandmultiple
outputcases,respectively.

Furthermore,note that the lemmarequiresthe systemto have an explicit linear term anda
nonlineardrift term Ó�"67�& e ( whichsatisfiesasectorconstraint.For systemswhosedynamicsdonot
containan explicit linear term, the dynamicscanbe rewritten in the appropriateform by adding
andsubtractinga linearterm,i.e.�� * ÞÉ "×�Í(MO{n�²* m��ÌOa" ÞÉ "×�Í(Z-/m>�Í('O{n�²* m��ÌO É "��Í(MO{n9²
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Sincethe m matrixcanbearbitrarilychosen,areasonablequestionto askis whatis thebestmethod
to
ß

choosem ? Oneintuitively appealingmethodfor thecaseof observerdesignis to choosem such
that 7 k Ó�"67�& e ( ¨ r so thatLemma1 canbereadily applied. It is easyto show that if thesystem
nonlinearity ÞÉ "��Í( satisfies"��Ð-wX�Í( k " ÞÉ "��Í(�- ÞÉ "`X�[(�( ¨ "×�à-wX�Í( k m%"��Ð-}X�[(
for all � and X� andsomematrix m , then 7 k Ó�"67�& e ( ¨ r . In fact, it is alsorelatively easyto show
thatall Lipschitznonlinearitiessatisfythisconstraintby choosingmT* ��á where� is theLipschitz
constant.However, this constraintgivesmoreinformationaboutthenonlinearitiesrelationto the
statethanthesimplenormboundexpressedby theLipschitzconstant.

4.2 ResidualGenerator

Theresidualgeneratorreliesontensensors,intervehiclecommunication,andthethrottleandbrake
actuatorcommandsto form a residualvectorwhich is sensitive to faults in all of the vehicle’s
sensorsandactuators.The specificcomponentswhich aremonitoredby this systemincludethe
magnetometerandthecomponentslistedin Table3.1. Althoughthemagnetometeris not directly
usedin the longitudinalcontroller, it mustalsobe monitoredbecausethe magnetometeris used
in the fault diagnosticsystem.Diagnosisof faultsin thecommunicationssystemarebeyond the
scopeof this project, however several other PATH projectsare addressingthis issue(Sengupta
1999;Simseketal. 1999).In additionto thisraw informationaboutthevehicle’scondition,several
observershavebeendesignedto provideanalyticalredundancy for thephysicalcomponents.

Theremainingpartsof thissectionwill discusstheseparateresidualsthatcomposetheresidual
vector, aswell asthedesignof thestateobserversused.

4.2.1 VehicleSpeedResiduals

Fromthesimplifiedvehiclemodelusedfor controllerdesign,thevehicle,wheel,andenginespeeds
are proportionallyrelatedunderthe statedassumptions.So the wheel speedand enginespeed
measurementscanbeusedto give thefollowing estimatesof thevehicle’sspeedX! KÖ* âFã¤äX! � * â�å�æ<ãÕ�
In addition,the speedmeasurementof the previousvehicleis known via communicationfor the
automatedcontroller, andtherelativevelocity is measuredby thevehicle’sradar. Thereforeathird
estimateof thevehiclespeedis X! d * ! Ç 1�� � O �±
Thethreebasiccomparisonsof theseestimatesform thefirst partof theresidualvector, described
by ¼lç * X! K|-qX! �¼ KÖ* X! d -qX! K¼ � * X! d -qX! �
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4.2.2 VehicleSpacingResiduals

Although the radaron the automatedvehiclemeasuresthe range ± andrangerate
�± , someother

measurementof therangemustbeavailablefor thefault diagnosticsystem.Thereforea linearob-
server basedon thevehicle’skinematicsis proposedto obtainanestimateof intervehiclespacing.
This observer relieson themagnetometersusedby thelateralcontrolsystemto countthenumber
of magneticmarkerspassedby thecurrentvehicle. In addition,themagnetcountof theprevious
vehicleis known via thecommunicationsystem.Theresultingobserverhasthefollowing form�X± *aâFã¤äè- ! Ç 12� � O{ÏÐÚ Ç]é "6êè-yê Ç 12� � (<x ® ��ëUOoxZì6�41�- X±�í
whereê Ç 12� � and ê arethemagnetcountsof thepreviousandcurrentvehicle,respectively.

Thestabilityof theobservercanseenby determiningtheerrordynamicsfor _± * ± - X± . Using
thedifferentialequationfor theobservershown above,theestimationerrordynamicsare�_± *N->ÏÐÚ Ç©é "�êè-yê Ç 12� � (<x ® �4ëUOox�ì��41�- X±`í

Theterm "�êè-Òê Ç 12� � (<x ® ��ëZOoxZì���1 is equalto ± to within a resolutionof x ® ��ë meters,andthus
representsanindependentmeasurementof theintervehicledistance.Sincetheerrordynamicsare
asimplefirst ordersystem,they canbemadestableby simplychoosingÏÐÚ Ç ¢ r .

The next two elementsof the residualvectorrely on theobserver estimateandthe magnetic
markercount.Thefirst elementcomparestheestimatedrangeto theradarmeasurement.Theother
residualcomparesthedifferencein themagneticmarkercountsof thecurrentandpreviousvehicles
to thedesiredspacingwhichtheautomatedvehicleis attemptingto achieve. Theseelementsof the
residualvectorcanbewrittenmathematicallyas¼ d * ± - X± "×ã¤ä¤& ! Ç 1�� � &îêÕ&îê Ç 12� � (¼)ï * "6ê Ç 12� � -yêM(�x ® �4ëÀ-yxZì���1U- ±  ���Ú63W1��� 
4.2.3 CommandSignalResiduals

Thenext threeresidualscomparethecommandedthrottle,brake pressure,andaccelerationto the
appropriatesensormeasurements.Theseresidualsarewrittenas¼lð * QÅ-y²�3�Ú$�¼lñ * òP-Òò¤ì¼�ó * � ä�ô����$�]- � ® ì6ì
4.2.4 EngineDynamicsResiduals

Two secondordernonlinearobserversareproposedto estimateboth the enginespeedandmass
of air from enginespeedmeasurementsusing the methodologydevelopedabove in Section4.1
andthenonlinearvehiclemodelusedin Section3.1.1for thelongitudinalcontrollerdesign.Both
observersusetheenginespeedmeasurementfor thecorrectionterm,while oneobserver usesthe
throttleandbrake pressuresensorsasinputsandtheotherusestheactuatorcommands.Thefirst
observerhastheform
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�XãÕ�õ* sö � "�� ¿ �60�"ZXãÕ�p&�X÷è�)(�-yø�¯�å æ d â d Xã �� -~å æ ��1�1�-yå æ �Íùú1`" � äûôp�$����('OoÏÐÚ4Kp"×ãÕ��- XãÕ��(�X÷è� * üTm�ýH�>vj"$ò�( � å á "�X÷è�p(�- �÷è� Â "
Xã���&ZX÷è�)(MO{ÏjÚ � "úãÕ�|-þXãÕ�î(
while thesecondobservercanbewrittenas�XãÕ�ÿ* sö � "�� ¿ �60�"�XãÕ��&ZX÷è�)(�-~ø�¯�å æ d â d Xã �� -~å æ �Í1�1�-~å æ �[ùú1V" � ® ì�ì4(MO{Ï ì2Kp"×ãÕ�|- XãÕ��(�X÷è� * üTm�ýq�Jvj"$ò'ì4( � å á "[X÷è�=(�- �÷è� Â "YXãÕ�=&ZX÷è�)(MOoÏjì � "úã���-þXã��<(
Theresidualsfor thesetwo observersform thenext elementsin theresidualvector, specified

as ¼ � * � ® � ¿åJ�43W1î� ® � ¿ � ® � ¿ -õX÷è�Y"×ãÕ�p& � äûô������ &�ò|(
¼�� * � ® � ¿åJ�43W1î� ® � ¿ � ® � ¿ -õX÷è�Y"×ãÕ�p& � ® ì�ìî&�ò'ì�(

It is importantto notethatalthoughtheseresidualswill benonlinearlyrelatedto thesensormea-
surementsandactuatorcommands,thelinear fault modelgivenin Equation4.1 is still applicable
sincethe residualscanbe shown to remaincloseto a linear systemusingthe sameargumentas
in (Garg andHedrick1995).

4.2.5 TorqueResiduals

Thelast two residualsareagainbasedon thenonlinearvehiclemodel,however they arethecom-
parisonof the torquesactingon the engine. Using the enginespeeddifferentialequation,these
residualscanbewrittenas¼ K ç * ö ��QJO{ø�¯`å æ d â d Xã �� O{å æ ��1�1ÕO{å æ �Íùú1`" � äûôp�$��� (�-Ò� ¿ �60�"×ãÕ��& � ® � ¿ (¼ K2Kÿ* ö ��QJO{ø�¯`å�æ d â d Xã �� O{å�æ���1�1ÕO{å�æ<�Íùú1`" � ® ì�ì�(�-Ò� ¿ �$0�"úã��p& � ® � ¿ (
4.3 ResidualProcessor

For thediagnosticsof the physicallayer longitudinalcontrol system,a combinationof weighted
leastsquaresestimationandthresholdingis usedto detectandidentify faults.Thefirst partof the
residualprocessorprovidesaweightedlinearleastsquaresestimateof thefaultmodevector. Next,
eachelementof theestimateis comparedto a threshold,anda fault is declaredwhenoneor more
thresholdsarecrossed.Finally, classicallogic is usedto identify the faulty componentbasedon
thethresholdsthatarecrossed.Eachof thesetaskswill now beaddressedin moredetail.

4.3.1 Estimation of the Fault Mode Vector

Thefirst taskperformedby theresidualprocessoris to estimatethemagnitudeof the fault mode
vectorusing the currentvalueof the residualvector. This estimationof the fault modeis quite
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usefulfor both fault diagnosisandfault management.In termsof fault diagnostics,the resulting
estimatehasa very intuitive relationshipwith the systemdynamicsandsimplifiesthe choiceof
thresholdsfor fault detection.A fault managementsystemcouldalsopotentiallybenefitfrom the
estimateby choosingdifferentmethodsof reconfigurationbasedon boththetypeof fault andit’ s
magnitude.

Usingthefaultmodeldescribedin Equation4.1,theresidualandfaultmodevectorsarerelated
by thelinearmatrixequation ¼ " e (�- ¼ ¿lÂ ® *aÃÅÄZ"

e (
where¼ ¿lÂ ® is assumedto beconstantwith respectto time for simplicity. A weightedleastsquares
solutionfor Ä�" e ( cannow beperformed,wheretheresidualvectoris weightedby thematrix

� � ª¬
to reducescalingproblems.TheresultingestimateÄL�;Ú)" e ( canbecalculatedby thefollowing equa-
tion ÄL�:Ú=" e (Z*TÃ���" Á " e (�- Á ¿lÂ ® (
where Ã � *}"$Ã k � � K Ã�( � K Ã k � � K is theweightedpseudo-inverseof Ã . Noticethat Ã � and Á ¿lÂ ®canbedeterminedapriori, so thatonly a vectoradditionanda matrix multiplicationarerequired
to calculatetheestimategiventheresidualvector.

4.3.2 Thr esholdingand DecisionLogic

The final taskof the residualprocessorinvolvesthe choiceof an appropriatethresholdfor each
elementof the fault modevector, and the identificationof the faulty componentbasedon the
thresholdsexceeded. If the residualgeneratorhad structuredresiduals,then eachfault would
affect only oneelementof thefault modeestimatevector. Thedetectionof a fault would thenbe
a simplematterof choosinga thresholdfor eachestimateelement,anddeclaringa fault whenone
of thethresholdswasexceeded.Identificationwould alsobetrivial, sincetheexceededthreshold
woulddeterminethecomponentwith thefault.

Unfortunately, theresidualgeneratorfor thephysicallayercontrolleris only isolatable,which
makesidentificationslightly morecomplicated.The isolability propertyonly guaranteesunique-
nessof thefault signatures,however somesignaturesmaybelinearcombinationsof others.This
is the casefor both the throttle andbrake actuatorfaultsin the designedresidualgenerator. The
qualitative effectsof eachfault on the fault modeestimatehave beensummarizedin Table4.1,
where � representsa “high” or increasein the estimateelementand x representsa “low” or no
increasein theparticularestimateelement.Thetableshowsthatalthoughtheactuatorfaultscause
severalelementsto increase,they eachhaveauniqueeffecton thefaultmodeestimate.Sinceonly
singlefaultsarebeingconsidered,theactuatorfaultscanbeuniquelyidentifiedby thepatternof
increasedelements.

4.4 Simulation Results

The fault detectionsystemdesignedin the previous sectionswassimulatedin SHIFT to test its
performancewith the realisticvehiclemodelpresentedin Chapter2. Furtherinformationabout
thesimulationsoftwareis presentedin AppendixA.

Thesimulationsshown in this sectionconsistof a platoonof threeautomatedvehiclestravel-
ing onastraightroadwith adesiredintervehiclespacingof 6 meters.Thespacingof themagnetic
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Table4.1: Faultmodevectorestimate� �:Ú undercomponentfaults

FaultySensor/ Actuator Ä ç Ä¤K Ä � Ä d Ä ï Ä ð Ä ñ Ä ó
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 L L
throttleanglesensor L L L L L H L L
manifoldpressuresensor L L L L L L H L
brakepressuresensor L L L L L L L H
throttleactuator L L L H L H H L
brakeactuator L L L H L L L H

markersin theroadwasassumedto be1 meter. In addition,sensornoisewith a normalstatistical
distribution wasincludedin thevehiclemodelfor all of thesimulationspresentedhere.Thesta-
tistical characteristicsof thesensornoiseis shown in Table3.1. Thesecharacteristicsarerealistic
estimatesbasedon experimentalmeasurementsconductedusingtheBuick LeSabreexperimental
vehiclesusedat PATH.

This sectionwill first presentthe simulationresultsfor the performanceof the intervehicle
distanceandnonlinearenginedynamicsobserversin theabsenceof faults,andthenconcludewith
resultsfor thediagnosisof eachmonitoredfault.

4.4.1 Observer Performance

For the simulationsof the observers,the desiredbehavior of the leadvehicleof the platoonwas
to track the given velocity profile shown in Figure 4.1. The two other automatedvehiclesin
theplatoonarein following mode,andwill attemptto maintainthedesiredintervehiclespacing.
Figure4.2showstheconvergenceof theinter-carspacingobserverandits ability to tracktheactual
radarmeasurementin thepresenceof noise.Figures4.3and4.4show theperformanceof thetwo
enginedynamicsobserversdesignedin Section4.2.4in theabsenceof a fault. As all threefigures
show, theobserversperformextremelywell underconstantandvaryingspeedprofiles.

4.4.2 Diagnosisof Faults

For the simulationsin this section,the desiredbehavior of the leadvehicleof the platoonwas
to track constantvelocity of 24 m/secfor simplicity. The two other automatedvehiclesin the
platoonarein following mode,andwill attemptto maintainthedesiredintervehiclespacing.After
five seconds,a fault in oneof thesensorsor actuatorsoccurswith a constantmagnitudeequalto
thedesiredminimum detectablefault. Thedesiredminimum detectablefault magnitudesfor the
physicallayercontrolcomponentswerepreviouslydeterminedby Garg (Garg andHedrick1995),
andtheir valuesaresummarizedin Table4.2alongwith thechosenthresholds.

Figures4.5 through4.14show the fault modevectorestimatesfor faults in the wheelspeed
sensor, enginespeedsensor, radar, accelerometer, magnetometer, manifoldpressuresensor, throttle
anglesensor, brakepressuresensor, andbothactuators.Theeightplotsin eachfigurerepresentthe

33



0 5 10 15
24

24.2

24.4

24.6

24.8

25

25.2

25.4

25.6

25.8

26

S
pe

ed
 (

m
/s

ec
)

Time (sec)

Figure4.1: Desiredvelocityprofile for observer simulations
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Figure4.2: Inter-vehiclespacingobserver in theabsenceof faults

estimateof thefaultmodeelementswhich representeachtypeof possiblefault. Theestimatesare
shown assolid lines,while thechosenthresholdsareshown asdashedlines.Bothareexpressedin
unitswhichmatchthoseshown for theminimumdetectablefault magnitudesin Table4.2.

It is importantto note that althoughthe qualitative behaviors shown in Table4.1 are ideal-
istic, the simulationresultsbasicallyagreewith thoseshown in the table. However, threemain
discrepanciesbetweentheidealandsimulationresultsshouldbediscussed.First, theestimatesfor
severalof thefaultmodeelementsexceedtheir thresholdsfor approximatelythefirst 1.25seconds
of thesimulations.This is causedby thedifferencein initial conditionsfor theobserverestimates
andthevehiclemodelsimulation,andany declarationof a fault duringthis time periodwould be
disregarded.
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Figure 4.3: Enginespeedandmassof air estimationin theabsenceof faultsfor thenonlinearobserverusing
throttleangleandbrake pressuremeasurements
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Figure 4.4: Enginespeedandmassof air estimationin theabsenceof faultsfor thenonlinearobserverusing
throttleandbrake actuatorcommands

Theseconddiscrepancy is thetransientincreasein incorrectfault modeestimateelementsat
the onsetof a fault. This effect is particularlynoticeablein the wheelspeedandmagnetometer
fault simulationsin Figure4.5 andFigure4.9. Thesefiguresshow that the radarmodeestimate
exceedsit’ s thresholdevenat theminimumdetectablemagnetometerfault, while theradarmode
couldexceedit’ s thresholdat largerwheelfault magnitudes.This unwantedsensitivity couldlead
to incorrectidentificationswhenmagnetometerandwheelspeedsensorfaultsoccur. Thecauseof
thesetransienteffectsis thestrongsimilarity betweensomeof thefault signatures.For example,
thewheelspeedandradarfault signaturesarebothcausemarkedchangesin theresidualelement
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Table4.2: Minimum detectablefaultmagnitudesfor eachcontrolcomponent

FaultySensor/ Actuator FaultMagnitude Threshold

wheelspeedsensor 3 m/sec 1.5m/sec
enginespeedsensor 15 rad/sec 7.5rad/sec
radar 0.8m 0.6m
accelerometer 0.3m/	 7�ø � 0.125m/	 7�ø �
magnetometer 2 markercounts 1.25markercounts
manifoldpressuresensor 5 KPa 3 KPa
throttleanglesensor& actuator 3 degrees 1.5degrees
brakepressuresensor& actuator 250KPa 125KPa

¼ d , sobothfault modeestimatesreactto thewheelspeedsensorfault. Oncetheeffectsof thefault
on thesystemdynamicsreachessteadystate,thefault is correctlyidentified.However, thepattern
of exceededthresholdsfor thesetransientperiodsis alsouniquefor thecaseof singlefaultsand
canthereforebeconsideredasanadditionalfault signature.This propertyallows the faultswith
this transientbehavior to beidentifiedbeforethesystemdynamicsreachsteadystate.Continuing
with thewheelspeedandradarexample,thepatternof both thewheelspeedandradarestimates
exceedingtheir thresholdscanbeuniquelyidentifiedastheresultof awheelspeedfault.

Thelastdiscrepancy canbeseenin thesteadystatebehavior of thefault modeestimatesafter
a radarfault hasoccurred.At first glance,thebehavior of themagnetometerandradarestimates
appearsto be similar to the transienteffects just discussed.In this casehowever, the changein
fault modeestimatesis causedby the feedbackcontrolusedin theregulationlayersincethereis
no fault managementconductedfor thesesimulations. The radarfault is correctlydetectedand
identifiedduring the5-6 secondtime periodof thesimulation,but the radarmeasurementis still
beingusedby thefollower law in theregulationlayer. After 6 secondsof simulation,thefeedback
controllerhasincreasedthe intervehiclespacingto attemptto matchthe correctdesiredspacing
usingthe faulty measurementasfeedback.This increasein spacingcausesthe residualelement¼)ï to correspondinglychangeto reflect the resultingdifferencebetweenthe desiredspacingand
thetruespacingusingthemagnetometercountingscheme.Althoughthis seemsproblematic,the
radarfaultwouldobviouslybeidentifiedcorrectlywithin thefirst secondafterthefaultsonset,and
beforethecontrollerusesthefaulty measurementsfor very long.
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Figure4.5: Faultmodeestimatefor awheelspeedsensorfault of 3 m/sec
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Figure 4.6: Faultmodeestimatefor aenginespeedsensorfault of 15 rad/sec
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Figure 4.7: Faultmodeestimatefor a radarsensorfault of 0.8m
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Figure4.8: Faultmodeestimatefor aaccelerometerfault of 0.3m/
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Figure4.9: Faultmodeestimatefor amagnetometerfault of 2 counts
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Figure4.10: Faultmodeestimatefor amanifoldpressuresensorfault of 5 KPa
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Figure 4.11: Faultmodeestimatefor a throttleanglesensorfault of 3 degrees
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Figure 4.12: Faultmodeestimatefor a brake pressuresensorfault of 250KPa
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Figure4.13: Faultmodeestimatefor a throttleactuatorfault of 3 degrees
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Figure 4.14: Faultmodeestimatefor abrake actuatorfault of 250KPa
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Figure 4.15: Faultmodeestimatefor avaryingspeedprofile from Figure4.1
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4.5 Experimental Results

This sectionpresentsexperimentalresultson theimplementationandtestingof theobserversde-
scribedin Section4.2. Theobservershave beenimplementedon theBuick LeSabreexperimental
vehiclesusingthe longitudinalcontrol codedevelopedfor the 1997NAHSC demonstrationasa
basis.Eachobserver wasprogrammedasa separateC functionwhich is calledduring the longi-
tudinalcontrolcalculations.Theremainingpartsof this sectionwill describethetestsandresults
for eachof theobservers.

4.5.1 Inter -vehicleDistanceObserver

A simplifiedfaultdiagnosticandmanagementsystemwasimplementedontheautomatedvehicles
in preparationfor theAugust1997NAHSCdemonstration.Thissystemwasdesignedto diagnose
andmanagefaultsin theprimarylongitudinalcontrolcomponentsconsistingof theradar, throttle
actuator, brake actuator, communicationssystemand the CAN bus. The inter-vehicledistance
observer wasincludedin this systemin orderto detectfaults in the radarrangesensorandalso
to replacethe radarrangemeasurementsin the regulationlayercontrollerin theeventof a radar
fault. Theinter-vehicledistanceobserver playeda very importantrole in ensuringsafeautomated
operationduringthedemonstration,sinceradarfaultsweredetectedandautomaticallyreplacedby
themagneticobserveron severaloccasionsduringtheautomatedplatoondemonstrations.

Figure4.16illustratestheability of theinter-vehicledistanceobserverto detectandcorrectfor
the radarfaults. Eachtestvehiclein the platoondemonstrationwasdesignedwith a rectangular
openingin the front grill so that the radarwould have a clear line of sight. The radarwasthen
mountedbehindthis grill andbelow thehoodof eachcar. In thetestrun shown in Figure4.16,a
misalignmentof thegrill mountingcausedtheradarto have anintermittentfailureon thefifth car
in theplatoon.Thereadingsof theradarjump from zeroto thecorrectspacingvaluemany times
during the run. However, the fault detectionsystemwastriggereddueto the 6 meterdifference
in the radarmeasurementand the inter-vehicle distanceobserver. In responseto the detected
radarfault, the spacingbetweenfourth andfifth carsin the platoonwas increasedto 15 meters
for the remainderof the run by the fault managementsystem. In addition, the regulation layer
controllerusedtheinter-vehicledistanceobserverestimateto replacetheradarrangemeasurement
in thecalculationsof thesyntheticacceleration.The reconfiguredcontrollerwasableto provide
anexcellentride with a spacingvariationof lessthan1.3meters.Themaximumerrorsin spacing
occurredin thepresenceof uphill anddownhill grades.

4.5.2 EngineDynamicsObserver

Thefirst stepin the real-timeperformancetestingof the fault diagnosticsystemdesignedin this
projectwasthe implementationof theenginedynamicsobserver. To verify theobserversperfor-
mance,the observer softwarewasinstalledon a singleautomatedvehicleandtestedon the low
speedtrackat theRichmondField Station(RFS)facility. Thegoalof theautomatedvehiclewas
to follow thevaryingspeedprofileshown in Figure4.17.An exampleof thetypical resultsfor the
enginedynamicsobserverusingtheactuatorcommandsis shown in Figures4.18and4.19.

Although the observer performsfairly well, the estimationof the massof air is definitely
not accurateenoughto detectfaults in the manifold pressuresensorat the resolutionusedfor
the simulationsin Section4.4. A probablereasonfor the relatively large errorsin the pressure
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Figure 4.16: Experimentalresultsfor theinter-vehicledistanceobserver duringanintermittentradarfault
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Figure 4.17: Desiredvelocityprofile for experimentaltestrunatRFS

estimationis thereducedaccuracy of thestaticenginetablesat lowerenginespeedsandmanifold
pressures.Althoughfurtherresearchis requiredto improve theaccuracy of theobserver, it could
still be usedfor fault diagnosticsalbeit with a larger minimum detectablefault magnitude.For
example,the minimum detectablefault magnitudefor a manifold pressurefault would needto
be larger than10.5KPa for the resultsshown above in orderto eliminatefalsealarmscausedby
estimationerror.
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Figure 4.18: Estimationof enginespeedduringexperimentaltestrunatRFS
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Figure 4.19: Estimationof manifoldpressureduringexperimentaltestrunat RFS
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Chapter 5

Fault ManagementSystemsfor
Longitudinal Controller

5.1 AHS Fault Tolerant Structur e

In thischapterwefollow theideaspresentedin Lygerosetal. (2000)for thedesignof ahierarchical
fault tolerantAHS.Lygerosetal. (2000)dividetheproblemof supervisingtheAHS operationinto
four majorstructures:sensor, capability, performanceandcontrolstructures.Theinformationflow
betweenthesestructuresis depictedin Figure5.1.Thesensorstructureencodesall theinformation
that is sensedat the individual vehiclelevel or at theroadsideinfrastructurelevel. Thecapability
structureis designedto determinediscretechangesin the systemcapabilitydueto faults in the
vehicleandroadsidehardware.Theobjectiveof performancestructureis to decideonany gradual
degradationin systemperformancedue to adverseenvironmentalconditionsand gradualwear
of AHS components.The control structure,finally, decideson the control actionsbasedon the
informationencodedby the threeotherstructures.In this chapterwe focuson the designof the
capabilityandperformancestructures.

ThefaultmanagementsystemworksbasedontheAHS fault tolerantcontrolstructurescheme
shown in Fig. 5.2.

Fig. 5.2 shows that the fault handlingmodulereceives information from the capabilityand
performancestructures.Thedesignproposedin Lygeroset al. (2000)for thecapabilitystructure
is in theform of ahierarchyof binarylogic predicates,while theperformancestructureis realized
througha setof mapsfrom thecausesof gradualperformancedegradationto theparametersthat
reflecttheperformanceof thesystem.Thesemapscanberealizedon-line.Figure5.3showsmore
detailsaboutthe capability structureand the performancestructuresuggestedin Lygeroset al.
(2000).

Thecapabilitystructurein Figure5.3assumestheexistenceof a setof signalscomingfrom a
fault detectionstructurealreadyin theappropriateformat.Themapsfor thecapabilitystructurein
Figure5.3are: Ã�� - mapscapabilitiesof thephysicallayerto theregulationlayer.Ã�� - mapscapabilitiesof regulatorto its supervisor.Ã�� - mapscapabilitiesof regulationlayer, communication

andneighboringvehiclesto coordinationlayersupervisor.
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Figure5.2: ExtendedhierarchicalAHS fault tolerantcontrolstructure

Themapsfor theperformancestructurein Figure5.3are:É 8 ��-���� .
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wherethe sub-indexes � , W , å , v , x and X standfor parametersrelatedto the physicallayer,
sensorstructure,regulation,link andnetwork layers,respectively.

5.2 Capability Structur e

5.2.1 Designof Capability Structure

Theoperationof thefaultdetectionandidentification(FDI) systemcanbedividedinto two primary
tasks:thegenerationof signalssensitive to faultsin the longitudinalcontrol systemcomponents
andtheir subsequentprocessingto detectthe occurancea fault aswell asthe cause.The setof
sensorsandactuatorswhich areassumedto bemonitoredin last chapterareshown in Table5.1.
In addition,the informationaboutaccelerationandvelocity of theprecedingvehicleandthe lead
vehiclein theplatoonis obtainedthroughthecommunicationchannels.

The creationof signalssensitive to control components,termedresiduals, relies on redun-
dancy in theinformationknown aboutthevehicle.This redundancy canbeachievedthroughmul-
tiple sensorsat thecostof additionalhardwareandphysicalcomplexity of thesystem.However,
modelbasedfault diagnostictechniquesovercometheseadditionalcostsby taking advantageof
themathematicalrelationshipsbetweenthephysicalcomponentsto provide thenecessaryredun-
dancy. TheFDI systemdescribedin sections4.1, 4.2and4.3givesmoredetailsaboutconstruction
of observers,residualgenerationandprocessings.Briefly, theobserversproposedareasfollows:

53



Table5.1: Componentsmonitoredby theFDI system

Sensors Actuators

Radar, manifoldpressure sensor, Brakeactuator,
enginespeedsensor, accelerometer throttle actuator

throttle anglesensor, wheelspeedsensor,
brake pressure sensor, magnetometer

Y Relativeposition observer
Therelativepositionbetweentwo vehiclesis estimatedusingthefirst orderlinearobserver:Z[\U]_^�`a^cbedgfihkjmlonqpgrtsu`vswbedgfih�xzy{` [\}|

(5.1)

where
[\

is the inter-vehicledistanceestimate,̂
~`�^cbedgfih

is the velocity differencebetween
the currentandprevious vehicle,

y
is the magneticmarker spacing,and

s�`_swbedgfih
is the

differencein thenumberof markerspassedby thetwo vehicles.� Engine speedand manifold flow rate observer A nonlineardetectionfilter basedon the
methodologypresentedin Garg andHedrick(1995)allowsestimationof themanifoldpres-
sureandenginespeedusingthefollowing secondorderobserver:������ �����

Z[� f�] �c�D���i�9�� �D����O�e�������e���g��� ��G�� ��� � �����e ¢¡¤£t¥}¦w§¨§© � jªt« r � f¬` [� fDx­j ª¨® rt¯±°²` [¯±°cxZ[¯±°³] ´_µS¶¸·�¹Sº»ri¼¬x�·�½¿¾ÁÀÂr [¯±°cxÃ`Z¯±°zÄ�r [� f�Å [¯±°�x­j ª"Æ r � f�` [� fFx­j ª"Ç rt¯±°²` [¯±°�x (5.2)

where� f and
[� f arethemeasuredandestimatedenginespeeds,

¯±°
and

[¯±°
arethemeasured

and estimatedmassof air in the intake manifold,
¹�È�fÊÉzr [� f�Å [¯±°�x is the net enginetorque,¹SºQrÊ¼¬x

is thenonlinearthrottlecharacteristicfunctionof throttleangle
¼

,
½�¾ÁÀ�r [¯±°�x

is the
pressureratio influencefunctionof thethrottlebody, and

Z¯±°zÄ�r [� fÃÅ [¯±°cx is themassflow rate
of air outof theintakemanifold.Finally,

´ËµS¶ÌÅeÍ�°GÅe¾ÎÅ�Ï¤Å�ÐÑf
areconstantvehicleparameters,

while
ªi« Å ª"® Å ª¨Æ

and
ª"Ç

arethechosenobservergains.� Vehiclespeedobserver
By usingaccelerometerandmagnetometermeasurements,Ò and Ó s respectively, thevehi-
cle’sabsolutevelocity canbeestimatedby thefollowing first orderobserver:

Z[^Ô] Ò jmlGhÕr Ó s¤y¹ ` [^�x
(5.3)

whereÓ s is thenumberof magnetspassedin time
¹

and
y

is themagnetspacing.

Thecapabilitystructureis implementedby a setof finite statemachineswhosefunction can
be viewed as transformationsthat map the set of binary numbersproducedby the FDI system
into anothersetof binarynumbers.This new setindicatestheavailability of eachregulationlayer
control law andcoordinationlayer maneuver, accordingto the patternof faultsthat is presented
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Figure 5.4: Logic structureof fault handlingfor normalmodeAHS

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

Wepresentaverysimpleexample,takenfrom Lygerosetal. (2000),to illustratethecapability
structureunderthenormalmodeof operation.Oneapproachto implementthiscapabilitystructure
examplein SHIFT is discussed.

Thecontrolschemefor normaloperatingconditionsrelieson a numberof resources:sensors,
actuatorsandcommunicationdevices 1, both on vehiclesand on the roadside. From an input-
outputpoint of view, thegoalof thecapabilitystructureis to take informationfrom this resources
andto determinethe influenceof failuresin any of theseresourceson the ability of a vehicleto
performa given maneuver. To achieve this goal Lygeroset al. (2000)proposeda designbased
on a hierarchyof logical binary predicates.In Figure5.4, eachpredicatewill monitor a single
functionalcapabilityandwill returna “1” (True) if the systempossessesa correctcapabilityor
a “0” (False)otherwise2. The valuesreturnedby the predicateshigher in the hierarchydepend,
naturally, on thevaluesof predicatesat lower levelsof thehierarchy. Theexamplein Figure5.4
illustratesthehierarchicalbinarylogic process.ThemapsÙ � and Ù�Ú canbedenotedas:

Ù �ÜÛÞÝ?ß ÅqàGá È ��§ �   È�â ���   È §"ãÊ¦w¦a`Âä Ý?ß ÅqàGá È�å ã �zæ   È�å � �Ù�Ú Û¸Ý?ß ÅqàGá È�å ã �Dæ   È�å � � `�ä Ý?ß ÅqàGá È ¦w� �
where

s�° � É , s¤nifÊÈ and
s � Ä �O� indicatethenumberof actuators,sensorsandcommunicationchannels,

1Even thoughin the fault diagnosticsystemgiven in Chapter4, we have not consideredthe communicationde-
vice faults,we assumethat thesecommunicationfaultscanbedetectedin thefault managementschemedesign,see
Sengupta(1999)and Simseket al. (1999)for detailsin communicationfault diagnostics.

2For this reasonthelogicalpredicatesareprocessedby AND operators
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respectively.
s�çèÄÊÈ�é

and
s�çè°êÉ

the numberof longitudinalandlateralcontrol laws in the regulation
layer
ë

, respectively. Finally,
s � °zÈ denotesthenumberof maneuversin thecoordinationlayer.

Fig 5.5showsthegenericfinite statemachinesthatcomposethehybridsystemimplementation
of thecapabilitystructure.
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Figure 5.5: Capabilitystructurefinite statemachines

Fault information,togetherwith thecapabilityinformation,is sentto thefaulthandlingmodule
which is locatednext to thecoordinationlayer. Dependingon thekind of fault andits severity, the
fault handlingmoduleclassifiesthefaultsandinitiatesanalternative controlstrategy or degraded
maneuver to overcomeit. In somecases,the redundancy featuresnormally availablein FDI are
exploited. For example,theoutputof the linearandnonlinearobserversis usedasanalternative
information sourcefor the measurementsthat are no longer available when a fault in a sensor
occurs. In othercases,somedegradedmaneuversmustbe executedto let the faulty vehicleexit
thehighwayor stopon thehighway for emergency vehicles.

Thefaultsamongsensor, actuatorandcommunicationdevicesareclassifiedinto two classes.
Thefirst onecorrespondsto faultswhichcanbehandledby usingtheinformationprovidedby the
observersin the control algorithmsandadjustingthe controllerparameters.For thesefaults,the
operationmodeis still normal.Thesecondclassincludesthefaultswhich requiredegradedmode
maneuvers.Thefaultsin thefirst classarelessseverethanthosein thesecondone.A description
of thehandlingproceduresfollowedby theFMS is providedbelow.

Faults that arehandled in normal mode

Radar rangeand range rate sensorfaults
Radarmeasurements,rangeandrangerateareusedin all longitudinalmaneuver control laws.
Thereforea radarfault affectsall of them. When the radarrangerate sensoris at fault, it is
possibleto usethevehiclevelocityandtheLAN communicationto estimatetherelativevelocity
to thevehicleahead.For therangemeasurement,therangeobserver in Eq. (5.1) is employedto
estimatetherelativedistancebetweentwo vehicles.
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Manif old pressure sensorfault
The manifold pressuresensoris usedto calculatethe manifold flow rateaccordingto the ideal
gaslaw. Whentheenginemanifoldpressuresensoris diagnosedwith a fault, themanifoldflow
rateobserver in Eq. (5.2) is used.This allows to usethis flow rateto derive anestimateof the
manifoldpressure,

[½ � , accordingto [½ � � ] [¯±°�¾Sée¹ � (5.4)

where
¾Sé

is a thermalcoefficient,
¹ � is the manifold temperature,and

�
is the volumeof the

manifold.

Enginespeedsensorfault
Whentheenginespeedsensorhasbeendetectedto befaulty, it is possibleto usethewheelspeed
sensormeasurementasasignalto estimatetheenginespeedundertheassumptionthatthetorque
converteris locked,i.e. [� f ] ����� Ï (5.5)

where
Ï

is thedriven-trainratio includingthetorqueconverter, transmissionandthedifferential
gears.

Wheelspeedsensorfault
If a wheel speedsensoris faulty, the vehicle speedcan be estimatedfrom a combinationof
the radarrangeratemeasurementsandthe LAN communicationinformationthat providesthe
precedingcarvelocity 3. Alternatively, it is possibleto estimatethewheelspeedusingtheengine
speedsensormeasurementsby assumingthatthetorqueconverteris locked.

Accelerometer fault
If anaccelerometerfault hasbeendetectedtherearetwo situations.In thefirst one,thevehicle
is a follower. In this casethereis no directeffect on thefollower control law givenin (Swaroop
1994); however, the incorrectaccelerationinformation is communicatedto the next follower
vehicle. To compensatefor this fault, the desiredor “synthetic” accelerationis communicated
insteadof theactualmeasuredacceleration.

If thefaultyvehicleis theleaderof theplatoon,thefeedbacksafetycontrollawsin (Li etal. 1997)
requirevehicleaccelerationinformation. In this case,velocity informationis usedto producea
numericalestimateof theacceleration.

Magnetometerfault
Whenthe magnetometerfails, the vehicleis still ableto performthebasiclongitudinalcontrol
laws4. However, aflag is setto warnthesystemof theexistenceof asinglefault.

Throttle anglesensorfault
Thethrottleanglemeasurementis notdirectlyusedby theregulationlayercontrollaws. However
a fault in this sensormostlikely will inducea throttleactuatorfault.

3Whenwheelspeed( ��� ) is usedto estimatethe vehicleabsolutevelocity ( � ), it is assumedthat thereis no slip
betweenthetiresandtheroadsurface,andthelinearrelationship���! "� � is used.

4Noticehowever thatamagnetometerfault inhibitsall lateralcontrolandthereforehasagreatimpacton vehicle’s
ability to remainin theAHS
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Brake pressure sensorfault
A brake pressuresensorfault doesnot directly affect the regulationlayercontroller, however it
canhaveadirecteffecton thebrakeactuatorandcaninducefaulty operationin it.

Sincetheaccuracy of theestimatesusedwheneverthereis a fault in thisfirst groupis assumed
to besmallerthantheaccuracy of thesensorprovidedmeasurement,in all cases,with theexcep-
tion of the last threefaults,the intra- and/orinter-platoonspaceareincreasedto

y «$#
and/or

y ®%#
,

respectively 5.

Faults that arehandled in degradedmode

LAN Communication fault
Whenthe LAN communicationchannelin a vehiclehasa fault, this vehiclecannot form part
of a platoonsinceits fault will compromisethestringstability (Swaroop1994)6. Coordination
layer maneuversareexecutedto isolatethe vehicleasa free agentassoonaspossible. If the
faultyvehicleis aplatoonleader, it commandsthesecondvehiclein theplatoonto initiateasplit
maneuver. If thefaultyvehicleis a follower, two split maneuversareexecuted;thefirst onesplits
thefaultyvehiclefrom theothervehiclesaheadandthesecondsplit separatesit from thevehicles
behind.In bothcases,thefaultyvehiclebecomesa freeagentandexits thehighway.

WAN Communication fault
If afault in WAN communicationhasbeendeclared,thefaultyvehiclecannotcoordinatewith any
othervehiclefor maneuvering.At this point thevehicleis commandedto stopin thehighway7.

Brake actuator fault
Whena fault hasbeendetectedin the brake actuator, no normalmodemaneuver canbe safely
executed. The faulty vehicleneedsassistancefrom other vehiclesin the highway to stop. A
front-dock(Lindsey 1997)maneuvermustbeinitiatedfor thefaulty vehiclethroughWAN com-
munication.With thismaneuverthepreviousplatoonhelpsthefaultyvehiclestoponthehighway.

Throttle sensor/actuatorfault
The throttle actuatorfault is detectedand identified using the enginespeedandmanifold ob-
serversin Eqs.(5.2)-(5.5).

Whena throttleactuatorfault hasbeendetected,the faulty vehiclemustbe isolatedfrom other
vehiclesand then forced to exit or to stop in the highway. If the faulty vehicle is a leader,
its follower vehiclesare commandedto split from the faulty leaderusing communication. If
the faulty vehicleis a follower, two split maneuversareperformedsuchthat the faulty vehicle
becomesa free agent. In eithercase,the inter-platoonspaceis increasedto

y ®%#
and,after the

splits are finished, the faulty vehicle will attemptto exit the highway. If the severity of the
throttleactuatorfault doesnotallow this, thevehicleis stoppedin thehighway.

5The increaseddistances,&('$) and &+*,) , arecalculatedbasedon observer accuracy andsafetydistanceunderthe
worstcasesfor theleaderandfollowersof a platoon.In theNAHSC ’97 Demonstration& '-) �/.0& ' and & *1) �2.0& * ,
respectively, where & ' and & * are the intra- andinter-platoondistance.In AHS design, & ' �43657.98 and & * �:<; 5>= ; 8 .

6Strictly speakingif thevehicleis still ableto receiveinformationit canbethelastfollowerof aplatoon,although
this is not theapproachtakenin this sectionto handletheLAN communicationfault.

7Ideally, thereshouldbesomeredundancy in theWAN communicationdevicesconsideringthebig impactof this
kind of fault in theAHS throughput.However in thissectionthis redundancy is not considered.
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5.2.2 Simulation Results

Thesimulationresultsin this sectionshow how thedesignedfault managementsystemcansafely
handletheclassof faultspresentedin this sectionfor the longitudinalmaneuver control in AHS.
In the simulations,the platoonconsistsof threeautomatedvehicleson a two lane highway as
illustratedin Fig. 5.6, producedby the simulationanimation. The samevelocity profile for the
platoonleaderasthatgivenin section4.4 is used.

Figure 5.6: Simulationscenariofor fault managementsystem

A fault in theradarof thesecondvehicleis simulatedin theresultsshown in Fig. 5.7.Thefault
is inducedat ? ]A@CBED}Í

while thethird vehicleis involvedin asplit maneuver. Thesimulationresults
show that the fault managementsystemis still ableto sustaina safenormalmodeof operation.
The third vehiclefinishesthe split maneuver and then it is commandedto performa join. The
maneuveringof thethird vehicleis notaffectedeventhoughthereis a radarfaultbecausetheFMS
decidesto usethemagnetometerobserver informationto replacetherangemeasurementfrom the
radar. Theintra-platoonspacehasbeenincreasedfrom F ¯ to

@ ¯
. Theplotsin Fig. 5.7show: a)

therelativedistancesamongthethreevehicles,b) therelativevelocities,c) theabsolutevelocities
and(d) theaccelerations.

Fig. 5.8 shows anothersimulationresult. The secondvehicle in the platoonhasa throttle
actuatorfaultat ? ]G@CBED}Í . Thefaultmanagementsystemcommandstwo split maneuvers.First the
leaderof theplatoonsplitswith respectto thesecondandthird vehiclesandthenthethird vehicle
splitsfrom thesecondvehicle.After thetwo split maneuvers,thefaulty vehiclehasbeenisolated
andwill stopor exit thehighway. Theplotsin Fig. 5.8areorderedsimilarly to Fig. 5.7.

5.3 PerformanceStructur e

Safefeedbackbasedlongitudinalmaneuversfor AHS andtheir associatedcontrol laws have been
derived in AlvarezandHorowitz (1999)andLi et al. (1997). Thesemaneuversareprovento be
safe(i.e. vehiclecollisionsneveroccur)undertheassumptionthatanupperboundonthemaximum
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Figure 5.7: Thecontrolstrategy whenthesecondcarhasradarsensorfault at UWVYX[Z]\<^
decelerationÒ �"_ È of all vehiclesis known8. This safetycritical maximumdecelerationis closely
relatedto theperformanceof vehiclesduringtheemergency brakingmaneuversthatmaybeneeded
for fault handlingpurposes(Lygeroset al. 2000). Thebrakingcapacityof vehicleschangeswith
adverseenvironmentalconditions,gradualwearof componentsandhighway topology, etc. There
aretwo main factorsthat influencethis brakingcapacity:tire/roadfriction andavailablebraking
torque.Thesefactorshavecomplex behavior andtheassociatedvariablesaredifficult to measure.

In orderto maintainAHS safetyit is imperative that the brakingcapabilitiesof all vehicles
in the systembe conservatively estimatedat all times. On the otherhand,to increasehighway
throughputit is alsonecessarythat Ò �"_ È beestimatedascloselyaspossibleto its actualvalue.

In thissectionaschemefor estimatingthetire-roadfriction coefficientof avehicleis presented
whichisguaranteedto underestimateits truevalueatall times,but convergesto thetruevalueunder
persistenceof excitationconditions.A schemefor estimatinganoverall brake systemgainis also

8In addition,themaneuversareshown to beoptimalin thesensethatthey arecompletedin minimumtime,while
satisfyingcomfortandsafetyconstraints.
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Figure 5.8: Thecontrolstrategy whenthesecondcarhasthrottleactuatorfault at U`VaX[Zb\0^
introduced.Basedon thesetwo estimationschemesanemergency brakingcontrolleris designed.

It is importantto remarkthat theknowledgeof thetire/roadfriction characteristicallows ve-
hiclesnot only to adjusttheir spacingfor safety, they canalsobroadcastthis informationto the
road-sideinfrastructurecontroller, which in turncanmodify overall traffic conditionsif necessary.

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

5.3.1 VehicleModeling

To describethevehiclelongitudinaldynamics,a quartervehiclemodelis used.The intentionof
themodelis dual: to developdynamicexpressionsto beusedlateron for controlpurposesandto
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derive thecoefficient of tire/roadfriction asa functionof thevehicledynamics.Thelongitudinal
motionc of thevehiclecanbeexpressedby

¯ Z^ ]A@ Ù�d ` Ù ° d Å (5.6)

where
^

is the longitudinalspeedof thevehicle,
¯

is its mass,Ù`d is the forceat the tire and Ù ° d
is the aerodynamicdragforce. It is assumedthat forcesat the tires areevenly distributed. The
rotationaldynamicsat thewheelis describedby

À Z� ]fe]g `ae]hO` Ù�d ¾ Å
(5.7)

where� is theangularvelocity,
À

thewheelinertia,
e]g

thedriving torque,
e]h

thebrakingtorqueand¾
theeffective rolling radius.Eqs.(5.6)and(5.7)assumethat thelongitudinalvelocity

^
andthe

wheelangularvelocity � arerelatedthroughtherelativevelocity,
B
, definedasB ]_^ ` ¾ �ji (5.8)

During braking,relative velocity
B

andslip k arerelatedby k ]lB � ^ . Thedragforceandtire
forcearemodeledby

Ù ° d ] º²° d ^ ®`m Ù�d ] `on Ùqp ] `rn ¯ts@ Å
(5.9)

with
º²° d a properlychosenconstant,

n
the tire/roadfriction and Ùqp ]Þ¯ts � @ thenormalload in

eachtire.
SubstitutingEqs.(5.9)into Eqs.(5.6)and(5.7)andusingthetimederivativeof Eq.(5.8)yields

Z^Ô] `SÍun `wv ^ ® Å
(5.10)ZBÁ] ` r Ò jmÍcx�nu`yx `yv ^ ® jzD|{}h�½"h Å
(5.11)

with Ò ] ¾ ® ¯ts � @ÑÀ , x ] ¾~ebg � À , Í ]�s
,
vJ] º²° d � ¯ and

D{] ¾ � À . As suggestedin Gerdes
andHedrick (1995), the brakingtorqueis approximatedby

e]h ]�{}hê½�h
, where

{�h
is an overall

brakessystemgainand
½"h

themastercylinderpressure.Duringbraking,
e]gq] ß is considered.The

velocity
^

andrelativevelocity
B

areassumedto beuniformly continuousfunctions.

5.3.2 Tir e/roadFriction Characteristics

Literaturefor tire/roadfriction estimationis abundant. We revise someof the relevant work for
thepurposesof this section.Bakker et al. (1987a)andBurckhardt(1993)describetwo analytical
modelsfor tire/roadbehavior that are intensively usedby researchersin the field. In thesetwo
modelsthe coefficient of friction,

n
, is mainly determinedbasedon the wheelslip k andsome

otherparameterslike speedandnormalload. Fig. 5.9presentstwo curves,obtainedfrom Harned
et al. (1969),thatrepresenttypical

n
versusk behavior.
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Figure 5.9: Variationsbetweencoefficient of roadadhesion� andlongitudinalslip �
The expressiongiven by Bakker et al. (1987a),alsoknown as“magic formula” is derived

heuristicallyfrom experimentaldatato producea goodfit. It providesthe tire/roadcoefficient of
friction

n
asa functionof theslip k . Theexpressionin Burckhardt(1993)is derivedwith asimilar

methodology. Thefinal mapexpresses
n

asa functionof k , thevehiclevelocity,
^
, andthenormal

loadon thetire, Ùqp .
Kiencke (1993)presentsa procedurefor real-timeestimationof

n
. A simplification to the

analyticalmodelby Burckhardt(1993) is introducedin sucha way that the relationbetween
n

and k is linearin theparameters.Kiencke (1993)usesa two stageidentificationalgorithm.In the
first stage,thevalueof

n
is estimated.This estimateof

n
is usedin thesecondstageto obtainthe

parametersfor thesimplified
n

versusk curve.
Thepaperby Gustafsson(1997)derivesanschemeto identify differentclassesof roads.The

hypothesisin Gustafsson(1997)is thatby combiningtheslip andtheinitial slopeof the
n

versusk curve it is possibleto distinguishbetweendifferentroadsurfaces.Theauthortestsfor asphalt,
wet asphalt,snow andice andidentifiesthe actualvalueof the slopewith a Kalmanfilter anda
leastsquaresalgorithm.

Ray(1997)estimates
n

basedonadifferentapproach.Insteadof usingtheslip informationto
deriveacharacteristiccurve,Ray(1997)estimatestheforcesonthetireswith anextendedKalman
filter. Using a tire model introducedby Szostaket al. (1988),that expressesthe tire forcesasa
functionof

n
, theauthortries this modelfor differentvaluesof

n
. A Bayesianapproachis used

to determinethevalueof
n

that is mostlikely to producethe forcesestimatedwith theextended
Kalmanfilter.

Thework in Kiencke(1993),Gustafsson(1997)andRay(1997)doesnotconsiderany velocity
dependencein thederivationof

n
, assuggestedby Burckhardt(1993)andHarnedetal. (1969).An

attemptto considerthevelocity dependencefor ABS control is presentedin Liu andSun(1995).
Theauthorsassumethetire/roadcharacteristicsto beknown. Dueto thelimitationsin theavailable
data,theauthorsarenotableto comparetheiralgorithmwith othermethods.
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Thereareotherworks relatedto the on-line identificationof the tire/roadfriction, asfor ex-
ampleLee and Tomizuka(1995) andYi and Jeong(1998). However, in thesepapersonly the
instantaneouscoefficientof friction is identified.

All theresearchaboveis basedonthepseudo-staticmodelsfor theroad/tirefriction. Recently,
a LuGredynamicmodelfor friction wasintroducedin CanudasdeWit et al. (1995).This model
is appliedto road/tirefriction in Canudasde Wit andTsiotras(1999)andCanudasde Wit and
Horowitz (1999),wherelumpedanddistributedparametermodelsderivedfrom a LuGre friction
modelarepresented.It is shown thatwith this modelit is possibleto reproducetheshapeof the
pseudo-staticmagic formula. Therearehowever someissuesregardingthe calibrationof these
modelsthat still needfurther investigation. This sectionis only concernedwith pseudo-static
friction modelsastheonesin Bakker et al. (1987a)andBurckhardt(1993),astheexperimental
dataavailablefor simulationpurposeswasderivedwith thepseudo-staticapproach.

Foremergency braking,brakingforcesarelargeandthereforehighvaluesof slipareexpected9.
If the time anddistancefor brakingareto be minimized,emergency brakingmaneuversshould
attemptto sustainmaximumfriction duringall themaneuver. For this reasonit is very important
to make anpriori estimationof thepoint of maximumfriction basedon theinformationavailable
from the instantaneouscoefficient of friction, as this maximumfriction point will be usedasa
targetslip pointby theemergency brakingcontroller. Thestrategy in thissectionis to usedifferent
pointsof the instantaneouscoefficient of friction to identify theshapeof thecurve thatdescribes
thebehavior of thecoefficient of friction. Oncethis curve is identified,it is possibleto deducta
propervaluefor themaximumcoefficientof friction.

Themodelproposedin (Burckhardt1993)isnÌ]��gº « rêà `wDÕ��� �,� x�` º Æ k+� DÕ����� h Å (5.12)

where
º « Å�·}·}·¤Åeº Ç

areconstantsandthenormalloadat thetire is keptconstant.In thisprojectthis
modelis approximatedby n ]w� « DÕ� b � � k � b � �   b � �-DÕ� b<�Êh Å (5.13)

where
� «

,
� ®

,
� Æ

,
� Ç

and
���

areparametersto bedetermined.As shown in section5.3.5,Eq. (5.13)
accuratelyapproximatesthebehavior of Eq. (5.12),particularlyin theregion k���� ß Å k �u� , wherek � is thepoint wherethemaximumcoefficientof friction

n � is attained.
After applyinga logarithmto bothsidesof Eq. (5.13)andrearrangingin vectorform� ]A����nÌ]A�/� Å

(5.14)

with
� ] � àÑÅ�` k Å k ��� k Å���� k Å�`S^ � , � ] � ��� « Å1� ® Å1� Æ Å1� Ç Å$��� � � and

��� « ]4����� «
. An estimated  � of the

vector
�

canbeobtainedvia astandardparameteradaptationalgorithm(PAA)

Z ¡ ]A¢£� �Y¤� Å (5.15)

where
¤� ] � ` [� ]¥� rK� `  �±x ]¥� ¦�

,
¢ ]§¢ �©¨ ß is a diagonalmatrix of gainsandassuming

that
n

canbeaccuratelymeasuredasdiscussedin section4.
9A valueof slip of . ;«ª is consideredhigh.
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If thevelocity is keptconstant,thepeakvalueof
n � canbederivedfrom Eq.(5.13),n �­¬¬¬ h¯®whK° ]w� « DÕ� b �,� ¦ k � b �,� ¦­  b �g�� DÕ� b � hK° Å

(5.16)

where k � , thepeakslip givenby thesolutionto� Æ k � rP��� k � j_à�xk]w� ® k � `2� Ç i (5.17)

Notice that althoughthe peakfriction valuein Eqs.(5.12)and(5.13)changeswith velocity, the
peakslip doesnot changewith velocity in thesamecurves.

5.3.3 Controller Design

In this sectiona controllerfor emergency brakingthatexploits theknowledgeof the
n

surfaceis
designed.It is assumedthatvehiclesareequippedwith anti-lockbrakingsystems(ABS) andthat
thelongitudinalandangularvelocitiescanbemeasured.In thecaseof AHS, thelongitudinalve-
locity canbederivedfrom infrastructuredevicesdesignedto facilitatevehicle’spositiondetection
(Varaiya1993)andalsocanbeobtainedfrom theobserverdesigngivenin section4.1.

Define ¤BÁ]AB `�B � Å
(5.18)

where
B � ] [k � ^

is the peakrelative velocity that correspondsto the estimatedpeakslip
[k � at

velocity
^
.
B � canbeobtainedfrom Eqs.(5.16)and(5.17)andthecurrentestimation  � . Corre-

spondingly, thevelocityerrorcouldbedefinedas
¤^Î]Ë^ `Q^±g

, with
^[g

thedesiredvelocity;however
asfor emergency braking

^±g²] ß , this definitionof
¤^

is notnecessary.
Thebrakingpressure

½"h
is setas

½�h¬] [´©hD ² r Ò jmÍcxMnQjzx�jzv ^ ® `w³ ¤B]´ Å
(5.19)

where
[´µh ] à � [{}h , with

[{�h
theestimatedvalueof

{�h
and

n
is derivedfrom Eq. (5.10)underthe

assumptionthatthelongitudinalaccelerationcanbemeasured.
SubstitutingEq.(5.19)into Eq.(5.10)yieldsZB ] `o³ ¤B `y{�h ¤´µh ² r Ò jmÍcxMn~j�xkjzv ^ ® `w³ ¤B]´

(5.20)

with
¤´µh¬] ´µh�` [´µh

.
Define ¶ ] àF ¤B ® j àF ^ ® j àF[· {}h ¤´ ®h j àF ¦� � ¢ � « ¦� i (5.21)

Takingthetimederivativeof Eq. (5.21)andusingEqs.(5.11),(5.15)and(5.20)yieldsZ¶ ] ¤B�¸�`o³ ¤B `w{�h ¤´µh ² r Ò j Í�x%n»j�x¬j�vU^ ® `w³ ¤B ´` [k � Z^W¹Ôj ^ Z^Ájz{�h ¤´µh Z¤´µh � · `º¦� � ¢�� « � ¢`� ��¤� � (5.22)
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Choose
Z¤´µh

as Z¤´©hk] · ¤B ² r Ò j Í�x%nQjzx¬j�v ^ ® `w³ ¤B]´ i (5.23)

SubstituteEq.(5.23)in Eq. (5.22)to getZ¶ ] `~³ ¤B ® j Z^ r ¤B [k � j ^�x�` ¦� � � � � ¦�¼» ß i (5.24)

In thelaststepin Eq.(5.24)thefactsthat
Z^½» ß , and

^³j ¤B [k � ]_^ÂrêàOj [k � r [k � ` k xFx ¨ ß were
used.Eq. (5.24)impliesthat

¤B
,
^
,
¤´©h

and
¦�

arebounded.Straightforwardcalculationsshow that¾¶
is bounded.Thus,applyingBarbalat’s Lemma,(SlotineandLi 1991),it follows that��¿�ÀÉÂÁ|Ã ¤B ]Ä��¿�ÀÉÂÁ|Ã ^Ô]Å��¿�ÀÉÂÁ|Ã ¤{}h�]Å��¿�ÀÉÂÁ|Ã ¤n ] ß Å (5.25)

andthereforestability of
B ]ÆB � Å=^ ] ß follows. It is importantto recall thatonly persistenceof

excitationwill guaranteethat
ªÈÇ ¯ ÉÂÁrÃÉ¦� ]AÊ

.

5.3.4 Underestimation of Friction Coefficient

Thegoalin this sectionis to find theconditionson
¡

and
[¡

underwhich

[k � » k � Å (5.26)[n � »Gn � Å (5.27)

where
n � is maximumcoefficient of friction and k � the valueof slip at which

n � occurs. The
correspondingestimatedquantitiesare denotedas

[n � and
[k � , respectively. In order to prove

Ineqs.(5.26)and(5.27)it is necessaryto introducesomepreliminaryresults.
Definethefollowing functionË

r ¡ Å k x¬] � ®� Æ `�àq`y��� k ` àk � Ç� Æ Å (5.28)

which is obtainedby taking thepartial derivative in Eq. (5.14)with respectto k anddividing by� Æ
, thethird componentof

¡
. FromEqs.(5.14)and(5.28), k � and

[k � satisfyË
r ¡ Å k � xk] ß Å (5.29)
Ë
r [¡ Å [k � x�] ß i (5.30)

NoticethatEqs.(5.29)and(5.30)imply thatthereis alwaysa slip point with maximumcoef-
ficientof friction for thesetsof realandestimatedparameters,respectively. DefineÌk � ]4ÍÏÎ¯Ð Ý À½ÍÒÑÓ � � � h n�á Å k � ]AÍÏÎ�Ð Ý À�¿��Ó � � � h n�á (5.31)

andtheinterval Ô � ] ² ß Å Ìk � ´ 10.
10For mostof thetiresreportedin theliterature ÕÖ[×ÙØ ;ÒÚ : .
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Lemma 2 If kÛ�/Ô � and
Ìk �ÝÜ � Ç � � Æ , thenthepartial derivativeof Eq. (5.28)satisfiesÞ ËÞ kGß ß i

Proof: SeeappendixB.

Lemma 3 AssumeLemma2 holdsand� ®� Æ ` [� ®[� Æ ` àÌk �Æà � Ç� Æ ` [� Ç[� Æâá » ß (5.32)

then
[k � » k � .

Proof: SeeappendixB.

Remark 1 The conditionin Ineq. (5.32)of Lemma3 canbe expressedin termsof the signsof¤� _ Å Ç ] F Å9ã�Åä@ theparameterestimationerrors.For comparablesizesof
¤� _ Å Ç ] F ÅäãwÅä@ , andconsider-

ing that
Ìk �GÜåÜ à

, thechoiceof
¤� Æ ÜJß and

¤� Ç ¨ ß is themostconvenientin orderfor Ineq.(5.32)
to hold. Once

¤� Æ Ü ß is chosen,making
¤� ® Ü�ß follows from Ineq.(5.32).

Whenthetrueparametersarefixed,theadaptationlaw in Eq.(5.15)canberewrittenasZ¤¡ ] `o¢�� r k Å=^�x � �{r k ÅF^wx ¤¡ ]fæ r k Å=^�x ¤¡ i (5.33)

By Eqs.(5.25),Eq.(5.33)canbelinearizedabout k ] [k � and
^Ô] ß to obtainZ¤¡ ]çæ r [k � Å ß x ¤¡ j Þ+æ r k ÅF^wxÞ k è k ` [k �êé j Þëæ r k Å=^�xÞ¢^ ^ i (5.34)

This linearizationcanbefurthersimplifiedif thefactthatthemaximumcoefficientof friction
is attainedwhen

^Ôä ß . Thus,neglectingthevelocity termin Eq.(5.13),it is possibleto focusthe
analysisonly in

� « Å�·}·}·¤Å1� Ç
thefirst four parametersof

¡
whenanalyzingthepoint of slip where

themaximumfriction occurs.If thedifferencek ` [k � is smalland
���

is ignored,Eq. (5.34)can
berewrittenas Z¤¡ ]4æ r [k � x ¤¡ i (5.35)

wherethevector
¡

andmatrix
æ

only considerthefirst four elementsof
¡

, i.e.,
� « Å�·}·}·¤Å1� Ç

.
SolvingEq.(5.35),theelementsof

¤¡ r ? x aregivenby¤� « r ? xk] ¤� « r ?%ì x�`Yí « ¼ r ?%ì x Ë � v¤� ® r ? xk] ¤� ® r ?%ì x­jyí ® [k � ¼²r ?%ì x Ë � v (5.36)¤� Æ r ? xk] ¤� Æ r ?%ì x�`Yí Æ [k � ��� [k � ¼ r ?%ì x Ë � v¤� Ç r ? xk] ¤� Ç r ?%ì x�`Yí Ç ��� [k � ¼²r ?%ì x Ë � v
where

í _ m Ç ] à i ·}·}·ÂÅä@ , aretheelementsof thediagonalmatrix
¢ ¨ ß ,B Ç ] ` rPí « jwí ® [k ®� jwí Æ [k ®� ��� ® [k � jwí Ç ��� ® [k � xÂÅvÎ]fí ® í Æ í Ç jwí « í ® í Æ ��� ® [k � jyí « í Æ í Ç [k ®� jyí « í ® í Ç [k ®� ��� ® [k � Å¼²r ?%ì xk] ¤� « r ?%ì x�` [k ¤� ® r ?%ì x­j [k ��� [k ¤� Æ r ?%ì x­j���� [k ¤� Ç r ?%ì xÂÅË

] ² à³`wD n � � É � É ° �P´ i
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Lemma 4 Assumethere existsa time ?%ì at which k ß k � and that the following conditionsare
satisfied:î r Ç x ¤� « r ?%ì x ß ß Å ¤� ® r ?%ì xê» ß Å ¤� Æ r ?%ì x�» ß Å ¤� Ç r ?%ì x ß ß År Ç1Ç xÒï ¤� _ r ?%ì xÒïC» ¤� � ° d Å Ç ] àGÅ�·}·}·¤Åä@ År Ç1Ç$Ç x�yuD�¯±¯ Ò ã Ï�ð ª vñB Ë ðÒò ?%ì Å

Choosethegain matrix
¢

in thePAA givenby (5.15)according toí « Ü ¤� « r ?%ì x���� ® k �\ Å
(5.37)í ® Ü ï ¤� ® r ?%ì xÒï%��� ® k �\ Ìk � Å
(5.38)í Æ Ü ï ¤� Æ r ?%ì xÒï%��� ® k �\ Ìk � ��� Ìk � Å
(5.39)í Ç ¨ à�Å
(5.40)í Æí ® ï%��� Ìk � ï ß À}Í[Ñ à àÑÅ ¤� Æ r ß x¤� Ç r ß x á Å
(5.41)

with
\ ] ¤� � ° d rzà j Ìk � j Ìk � ��� Ìk � x .

ThenIneq(5.32)in Lemma2 is satisfiedandtheestimatedpeakvaluefor thelongitudinalslip,[k � , satisfies [k � r ? x�» k � r ? x Å%ó ? ß ?%ì
Proof: SeeappendixB.

Lemma4 definesaregion in thespaceof parametersand k suchthattrajectoriesinsideit, will
remainin it. This region, however, doesnot include the casewhen k4ô ß , that is expectedto
happenif vehiclesarecruisingbeforeattemptingemergency braking. To analyzetheeffect whenk is smallconsiderthefollowing lemma.

Lemma 5 Assumethat
¤� « r ß x ß ß , ¤� ® r ß xê» ß , ¤� Æ r ß xê» ß , ¤� Ç r ß xê» ß , ¤���?r ß x�» ß and õb � � ì �õb � � ì � » b �b � . By

choosing
í _ Å Ç ] àGÅ i«i«i Åä@ asstatedin Lemma4 andin additioní Ç ß í Ç � Å (5.42)

where í Ç � ]AÀ}Í[Ñ>ö³` ¤� Ç r ß x¤� « r ß x���� Ìk � í « Å ¤� Ç r ß x Ìk �¤� ® r ß x���� Ìk � í ® Å ¤� Ç r ß x Ìk �¤� Æ r ß x í Æ�÷
then øê?%ì ¨ ß such that theconditionsin Lemma4 aresatisfiedundertheadaptationlaw for ? ß ?%ìwhen k is initially small.

Proof: SeeappendixB.
Thepreviouslemmascanbesummarizedin thefollowing theorem.

Theorem 1 Assumethat the initial conditionsfor theadaptationlaw in Eq. (5.15)are such that¤� « ß ß , ¤� ® » ß , ¤� Æ » ß , ¤� Ç » ß and
¤���/» ß . Let

í Ç
to be large relative to

í _ m Ç ] F ÅäãwÅä@ as
statedin conditionsof Lemma4. Thenaftera longenoughtime ?%ì theestimatedpeakvaluefor the
longitudinalslip,

[k � , satisfies [k � r ? x�» k � r ? x m ó ? ß ?%ì
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Proof: SeeappendixB. Finally, theotherdesiredresultis provedin thefollowing theorem.

Theorem 2 AssumethatLemma4 is satisfiedandin addition¤� « ` ¤���=^ ` ¤� Ç rzàq`y��� k � x�` ¤� Æ k � ¨ ß Å (5.43)

thentheestimatedpeakfriction,
[n � satisfies[n � »Ýn �

Proof: SeeappendixB.

Remark 2 Conditionson Theorem2 aresufficient conditionsfor underestimationof
n � . There

arecasesin whichunderestimationof
n � canbeachievedevenwhenconditionsin Theorem2 are

notsatisfied.A morerelaxedconditionfor underestimationof
n � is that¤� « ` ¤���=^ ` ¤� Ç rzàq`y��� [k � x�` ¤� Æ k � j r k � ` [k � x à � Ç[k � `/� Æ á ¨ ß i (5.44)

This conditiondoesnot dependon Lemma4 andthereforeis independentof theunderestimation
of k � .

5.3.5 Simulation Results

Datafrom Schuring(1976)tires #76, 81 and137 is usedto test the approximationpresentedin
section5.3.2for the

n
versusk and

^
surface.All the testswereperformedunderthesameroad

conditions,sametire pressures( F @]�+B Ç ), samevelocity (
ã ß ¯>� Ï ) and samenormal forces. The

nominal
nu` k curve for thetiresareshown in Figs.5.10-5.12.
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Figure 5.10: Coefficientsof roadadhesion� andlongitudinalslip � by nominalandestimatedvalues.Tire
# 76.

Figs.5.10-5.12show thattheproposedapproximationin Eq. (5.13)fits verywell thenominal
formulaof theroadfriction

n
givenby Eq.(5.12)in theregion of ��ù�ú nüûqý d � which is theregion of
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Figure 5.11: Coefficientsof roadadhesionþ andlongitudinalslip ÿ by nominalandestimatedvalues.Tire
# 81.
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Figure 5.12: Coefficientsof roadadhesionþ andlongitudinalslip ÿ by nominalandestimatedvalues.Tire
# 137.

interest.Thevelocity-dependentparameter��� is constantsincethetestsin (Schuring1976)were
performedat constantvelocity.

Simulationsof emergency brakingmaneuversusingthecontrollerintroducedin theprevious
sectionwereperformed.The“true parameters”for theapproximationin Eq. (5.13)wereobtained
with an off-line testandareshown in Table5.2 togetherwith the real valueof the brake system
gain. Figs.5.13-5.16show severalplotsthat illustratetypical simulationresultsfor anemergency
brakingmaneuver.

Fig. 5.17(a) shows oneexampleof theunderestimationof thepeakslip ratio whentheinitial
valuesof the parameterestimatessatisfy the conditionsof the Theorems. Fig. 5.17 (b) shows
the casewhen ������-ù	��
 ù which violatesone of the conditionsin the Theorems. In this case
underestimationof � û doesnotoccur.

The emergency braking maneuver was accomplishedin both simulationcases,even in the
casewhenunderestimationof � û wasnot achieved. This is happeningbecausein the controller
designan upperlimit for the admissiblevalueof the estimatedpoint of maximumslip, namely
� û , wasincluded.This limit allows theemergency brakingmaneuver to beperformed,evenwhen
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the estimatedfriction curve is incorrect11. A bad estimationof � û produces,as expected,an
increase
�

in thedistancethatvehiclesrequirefor theemergency brakingmaneuver. If thetire/road
friction estimationis to be usedfor tractioncontrol purposesotherthanemergency braking,the
casein which underestimationis achieved (Fig. 5.17 (a)) is clearly a goodapproximationto the
referencetire/roadfriction curve andwould be useful for theseotherpurposes.The othercase,
whenunderestimationis notachieved(Fig. 5.17(b)) is notusefulfor tractioncontrolpurposes.

Table5.2: Parametersfor theapproximationin Eq. (5.13)��� ��� ��� ��� ��� ���������� ����� �����! �"� ù	# ù � ù � ù �%$
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Figure 5.13: Error signals.

Theuseof this controllerprovideslesschattering,asthecontrolleravoidsexceedingthepeak
slip in thecurrenttire/roadsituation.

When thereis not persistenceof excitation andwhen the properset of initial conditionsis
chosenfor theestimationalgorithms,themaximumfriction andthepoint of maximumfriction, of& û and � û , respectively areguaranteedto beunderestimated.

Thisis averydesirablefeaturefor thedeploymentof AHS,whereit is of first importanceto en-
sureasafeoperation.For thispurposeof safety, theinformationprovidedwith theon-linetire/road
identificationschemeproposedin this reportmaybevery usefulfor on-linesafespacingcalcula-
tionsin vehiclesrunningunderAHS or intelligentcruisecontrolalgorithms.Theinformationcan
alsobeusedby theroad-sideinfrastructureto adjuston-rampmeteringcontrol.

11In thesimulationshereincluded, '(!)+*-,/. 0�1 waschosen.
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Figure 5.14: Brakingtorqueanddeceleration.
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Chapter 6

Conclusionsand Futur eWorks

This report presentedthe designmethodologyand performancetestsof a fault diagnosticand
managementsystemfor thelongitudinalvehiclecontrollerof thePATH automatedhighwaysystem
(AHS). This new fault tolerantcontroller is ableto detect,identify, andhandlefailuresin all of
the critical control componentsfor the controllerandhasthe ability to compensatefor adverse
environmentalconditions.

The fault diagnosticsystemwas developedin this project utilizes model-basedtechniques
to diagnosefaults in all of the sensorsandactuatorsinvolved in the physicallayer longitudinal
controller. A methodfor detecting,identifying andestimatingfaultsusinglinear leastsquareses-
timationwasalsopresented.Thefault diagnosticsystemwasshown to work well whensimulated
with a detailedvehiclemodel incorporatingrealisticunmodeleddynamics.Experimentalresults
usingtheintervehicleobserverto detectandcorrectfor radarfaultswereshown to work extremely
effectively, while thelimited performanceof theenginedynamicsobserver requiresfurtherstudy.

Thefault managementsystemdescribedin this projectusessaferegulationlayercontrol laws
(Li et al. 1997)andequivalentsafetyresultsfor thecoordinationlayer(Hsuet al. 1994)soasto
guaranteethat thecontrol strategiesyield safemaneuveringof vehicles.Simulationresultswere
presentedthatshow thefault tolerantcontrollersability to continuenormaloperationin thepres-
enceof non-severefaultsandto transitionfrom thenormalmodeto degradedmodeof operation
whena severefault is detected.In addition,theseresultsshow that thefault managementsystem
cansafelyhandleall faultsin thesetof sensor, actuatorsandcommunicationdevicesinvolvedin
thelongitudinalcontroller.

A performancestructurewhichmonitorsthegradualdegradationsof operationalconditionsof
AHS dueto adverseenvironmentalconditionsandgradualwearof physicalAHS componentswas
alsopresented.A controllerfor emergency brakingmaneuversof vehiclesequippedwith ABS is
designedwhich usesestimatesof thetire/roadcharacteristicsandanoverall brake systemgainto
achieve maximumbrakingeffort during the entiremaneuver. The stability of the controllerwas
provenandthecontrollersperformancewasshownto bein accordancewith thetheoreticalfindings
via simulations.

Furtherresearchis currentlyunderway in MOU 373 to further develop several ideasrelated
to this research.First, oneof the underlyingassumptionsfor the fault diagnosticsystemis that
only onefault mayoccurat any giventime. However, this conditionis not truein general.There-
fore,thedetectionof multiplesimultaneousfaultsis currentlybeinginvestigatedunderMOU 373.
Furthermore,integrationof the longitudinalfault tolerantcontrolleranda similar systemfor the
lateralcontrolsystemdevelopedby ProfessorTomizuka’s researchgroupat UC Berkeley (Surya-

75



narayananandTomizuka2000)to provide a completefault tolerantvehiclecontrolsystemis also
ongoing. The third topic underresearchconcernsthe staticrelationshipbetweenthe friction co-
efficient andlongitudinaltire slip ratio usedin the tire/roadfriction estimationschemeproposed
in this report. In reality, thetime-varyingnatureof this relationshiplimits theapplicabilityof this
estimator. Recently, a dynamicapproachto estimatethe frictions betweenthe roadandtire has
beeninvestigated(Yi et al. 2000). Thefinal taskin progressis theimplementationandtestingof
thecompletesystemon thePATH experimentalvehiclesat RichmondFieldStation.
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Appendix A

SmartAHS Implementation

The vehicle model, controllers,and diagnosticsystemsrdevelopedthroughoutthis report have
beenimplementedin theSHIFT programminglanguagedevelopedat PATH. TheSHIFT program-
ming languageis designedto simulatesystemsdescribedby finite statemachinesusinganobject
orientedprogrammingstyle. A completedescriptionof SHIFT is beyondthescopeof this report,
however the interestedreadercanfind more informationat (Deshpande,Göllü, andSemenzato
1997). For the remainderof this appendix,it will be assumedthat the readeris familiar with
SHIFT andobjectorientedprogramming.

A.1 VehicleModels

The vehiclemodelsaredescribedby a setof SHIFT typesthat representthe varioussubsystems
andphysicalcomponents.At themostabstractlevel, theparenttypeVehicleDynamicsrepresents
a standardizedsetof inputsandoutputsnecessaryfor any vehiclemodel. Eachspecificmodel
is a child type which inherits theseinputs and outputsfrom the VehicleDynamicsparenttype.
Four vehiclemodelshave currentlybeenimplementedin SHIFT to allow the userto choosean
appropriatemodelfor theirsimulationbasedonthetradeoff of modelfidelity versuscomputational
complexity. Thebasicinheritancetreefor thesefour vehiclemodelsis shown in FigureA.1.

VehicleDynamics


VehicleDynamics_2D
 VehicleDynamics_3D
 SimpleVehicleDynamics

9

k_vehicle_dynamics


Figure A.1: Basicinheritancehierarchyfor theVehicleDynamics type

This inheritanceframework andtherelatedvehiclemodelshavebeenincorporatedinto asetof
softwarelibrariescalledSmartAHS.Thepurposeof thispackageis to provideageneralautomated
highway simulationenvironmentto researchersin the field. The vehiclemodelsin SmartAHS
weredevelopedin conjunctionwith this project,however thebasicSmartAHSmodelshave been
modifiedto suit the simulationof the fault diagnosticandmanagementsystems.The following
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four sectionswill describethekey mathematicalrelationshipsof themodifiedvehiclemodelsand
their
:

implementationin SHIFT. They will bepresentedin orderof decreasingcomplexity, ie. the
mostcomplex modelis presentedin SectionA.1.1while thesimplestis describedin SectionA.1.4.

A.1.1 VehicleDynamics 3D type

TheVehicleDynamics 3D type representsthe full 6 degreeof freedomlinear androtational
modeldescribedin Chapter2. However, theVehicleDynamics 3D typeis simplyacontainer,
sinceall of thedynamicsassociatedwith this modelhave beenseparatedinto individual internal
types.This separationallows for reuseof commoncodethroughoutdifferentvehiclemodelsand
asimplifiedmeansof modifying thevehiclemodel.

A basicblockdiagramof theinternalstructureof theVehicleDynamics 3D typein SHIFT

is shown in FigureA.2. Althoughtherole of eachtyperoughlyfollows thatof a specificsections
in Chapter2, a brief descriptionof eachtypeis asfollows:

1. Powertrain: ThePowertraintypecontainsthedynamicmodelsfor theengine,intake man-
ifold, torqueconverter, transmission,andwheels.Thecloseinteractionof thesedynamics,
aswell asthediscretechangein dynamicsdueto torqueconverterlocking, requirestheuse
of sucha complicatedrepresentationof thepowertrain.However, several internaltypesare
usedto simplify thecodeasshown in FigureA.3.

2. Brake: TheBrake typecontainsboththedirectmastercylinder controlandvacuumbooster
modelsof thebrakingsystem.Thetypeof modelusedis setat thestartof thesimulation.

3. RigidBody 3D: TheRigidBody 3D typemodelsthesix degreeof freedomdynamicsas-
sociatedwith thevehiclebody.

4. Moments3D: TheMoments 3D type is usedto calculatethemomentsactingon therigid
bodyvia theforcesactingon thebodyandthebody’sspeed.

5. Suspension:TheSuspension typemodelsthesimplifiedsuspensionsystempresentedin
Section2.4.

In additionto theseinternaltypes,two externaltypesarealsorequiredby VehicleDynam-
ics 3D; theParameterstypeandtheInitialConditionstype. TheParameterstypecontainsall of
thenecessaryvehicleparametersneededfor theany of themodelsdescribedin AppendixA. The
InitialConditionstypesetstheinitial valuesof themodelstatesbasedon a giveninitial speedand
gear. Theseexternal typesprovide additionalflexibility in creatingvehiclemodelsof different
passengercarsat variousinitial conditions.

A.1.2 VehicleDynamics 2D type

While the threedimensionalvehiclemodelpresentedin Chapter2 providesa very high fidelity
representationof arealvehicle,thethreedimensionalaspectsof themodelmaybeoverly complex
for someapplications.For studiesof vehicledynamicsundernormalconditions,ie. no extreme
brakingor turningmaneuvers,a two dimensionalmodelcansuffice.

The two dimensionalvehiclemodel implementedin theVehicleDynamics 2D type is a
simplifiedversionof thesix degreeof freedommodelin whichthepitch,roll, andbouncedynamics
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Figure A.2: Schematicof theVehicleDynamics 3D type

have beenignored. Gradeandbankingof the roadarealsoneglected.Sincemuchof themodel
presentedin Chapter2 still holds, the remainderof this sectionwill only describethe changes
madeto thegoverningequationsfor themodel.

Sprung MassDynamics Basedon thesimplificationsdiscussedabove, theequationsof motion
for thesprungmassreduceto

=> ? @BAC7DFE�GIHKJ CMLONFPQPRLTS JVU>XW signY U>[Z\ ] U^ U_=^ ? @BAC7DFE�GIHK` C�LTS `aU^�W signY U^�Z\ L U> U_b�c =_ ? d E Y GeHK` E ] GeHK` W Z L d W Y GIHK`gf ] GIHK` A Z L
hi YQj�k E Y GIHKJ ElL GIHKJ W Z ]mjnk W Y GIHKJof L GIHKJ A ZgZ

SuspensionSystem Sincethebounce,or vertical,dynamicsof thevehicleareignored,thesus-
pensionmodelis neglected.Theresultsof this simplificationarethat thesuspensionforces( GFp C )
areconstant,andequalto onequarterof theweightof thevehicle.
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Figure A.3: Schematicof thePowertrain type

Tir e Model From the simplificationof the suspensionforces,only the last two equationspre-
sentedin Section2.6changeasfollowsresKtvuxw rIsKtzy|{�uQ}v~�uQ}	�B�� }

RC(skidnumber)�rIsK��uxw rIsK�"yQ{�u�}v~ouQ} ���� }
RC(skidnumber)�

TheVehicleDynamics 2D typehasalmostthesamebasicstructurein SHIFT astheVe-
hicleDynamics 3D type, sincethey differ primarily in the rigid body dynamics. The only
differenceis that the Suspensiontype is not presentbecausethe vertical dynamicsof the vehi-
cle areneglected.A simplifiedblock diagramof theVehicleDynamics 2D type is shown in
FigureA.4.

A.1.3 SimpleVehicleDynamics type

The two dimensionalmodelcanbe further simplified by reducingthecomplexity of the internal
subsystemsin the powertrainandthe tire model. The following threesubsectionswill describe
the simplificationsand their impactupon the two dimensionalvehiclemodelpresentedin Sec-
tion A.1.2.

Powertrain The simplificationsfor the powertrainmodelarebasedon the following assump-
tions:
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Figure A.4: Schematicof theVehicleDynamics 2D type

� The torqueconverteris locked andthe transmissionis rigid. This implies that the angular
wheelspeedof thedrivenwheelsandtheengineareproportionallyrelatedby thegearratio.
Limitationsof this assumptionarethat low speedsimulationof vehicledynamicscannotbe
performed,norcangearshiftingbesimulated.� Intakemanifoldandthrottleactuatordynamicsareneglected.

The result of theseassumptionsis that the powertrainand wheeldynamicscan be lumped
togetherinto asingledifferentialequation

�����e�������������v���e���� �V���M n�¡�¢� � �o£v¤a�¦¥T���8�§��¨§©�ªg«¬�e�®­°¯± ² ³F´¶µ �K·
² �

Undertheassumptionsabove,theengine,turbineandwheelspeedsarerelatedby� �¸�B� � � �V�¹� � � �
Brake System To reducethecomplexity of thevehiclemodel,only directcontrolof themaster
cylinderpressureis modeled.

Tir e Model By assumingthe low slip conditionsexist betweenthe tires and ground,the tire
forcescanbe shown 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 identical to that presentedin
Section2.6,theforcerelationshipsarenow describedbyresKtvuºw »¼t�½¡¾¿uÁÀ�{�urIsK��uÂw »¼�¢½|¾ÃuÁÀ/~�u

Thestructureof theSimpleVehicleDynamicstype in SHIFT is significantlydifferentthanthe
previously describedmodelbecauseof its simplicity. The main structuralchangeis that the dy-
namicsof eachsubsystemhave beenincludedin a singletype. For example,all of thepowertrain
and rigid body dynamicsfor the simplified two-dimensionalvehicle model are includedin the
SimpleVehicleDynamics type. This combinationof dynamicsreducestheamountof code,
howevera differentcreate statementmustbeusedin orderto properlyinitialize all of thestate
variables.

A.1.4 k vehicle dynamics type

The vehiclemodelspresentedin the previous sectionsof this chapterdescribethe vehicleasa
set of differential equationsdescribingboth the external and internal dynamicsof the vehicle.
For large scalesimulations,eventhe simplified two dimensionalmodelin SectionA.1.3 maybe
computationallyexpensive. In thesecases,a vehiclemodelbasedsolelyon simplekinematicsis
sufficient. Thiskinematicmodelcaneasilybewrittenasthefollowing setof differentialequationsÄÅ w Æ�tÇÈ w Æ��
wheredirectcontrolof thevehicle’s longitudinalaccelerationandlateralvelocity is assumedvia
inputs

Æ�t
and

ÆX�
, respectively.

Thestructureof thek vehicle dynamics typein SHIFT is identicalto thatof the
SimpleVehicleDynamics type,in thatall of thevehicledynamicsarecontainedin themain
type.

A.2 AutomatedVehiclesand Controllers

Like thevehiclemodelsin theprevioussection,thebasicSmartAHScontrollerstructureis quite
limited andrequiredsignificantmodificationto simulatethehierarchicalcontrolsystemandfault
diagnosticsystempresentedin Chapters3 and4. This sectionwill describethebasicstructureof
automatedvehiclesandthe physicallayer controllerasimplementedin the SHIFT programming
language.

A.2.1 PATHVehicle type

At themostabstractlevel,anautomatedvehicleis representedbyaninstantiationof aPATHVehicle
type. This type attemptsto model the sensors,actuators,communication,andcontrol hierarchy
that is currently implementedon the experimentalvehiclesusedat PATH. ThePATHVehicle
type containssensormodelsfor the radar, magnetometer, and communicationssystemsin the
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RadarSensor, Magnetometer, andCommunications typesrespectively. Thevehicledy-
namicsÉ arecontainedin theVehicleDynamics 2D type,asdescribedin thepreviousSection.
TheVREP, orVehicleRoadwayEnvironmentProcessorhandlestheinteractionbetweenthevehicle
andits environmentsuchastheroadwayandothervehicles.Samplingof thesensorinformationis
performedby theDataAcquisition type,andthenfed to theControlSystem typefor de-
terminationof theactuatorcommands.Finally, theScheduler typeprovidesa consistentclock
sothat thevariouscontrol tasksmaybeperformedin a serialmanner. While this mayseemcon-
trary to thehybrid systemmodelingapproach,it is necessarythatsomecontrol taskbecompleted
beforeothersmayproceed.For example,thefault diagnosticsshouldbecompletedbeforea new
setof actuatorcommandsaregivenin orderto allow for properfaultmanagement.A schematicof
thePATHVehicle typeis shown in FigureA.5.

VehicleDynamics_2D
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Figure A.5: Schematicof PATHVehicle type

A.2.2 ControlSystem and PhysicalLayer types

Within the ControlSystem type, eachlevel of the control hierarchydescribedin Chapter3
hasbeenseparatedinto different types. Currently, only the regulation layer andphysicallayer
controllershave beenimplementedfor the simulationof fault diagnostics.Theselayersof the
control hierarchyhave beenimplementedin the RegulationLayer andPhysicalLayer
types,respectively. ThePhysicalLayer typehasa structurenearlyidenticalto thatdescribed
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in Section3.1 as shown in Figure A.7. In addition, the fault diagnosticssystemis contained
within theFaultDiagnostics type. A schematicof theControlSystem type is shown in
FigureA.6.
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Sensor
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Desired

Acceleration


Actuator

Commands


Reconfiguration

Commands


ControlSystem


Reconfiguration

Commands


Figure A.6: Schematicof ControlSystem type

A.2.3 FaultDiagnostics

The FaultDiagnostics type is a simple containerfor the fault diagnosticssystemfor the
physical layer controller. The ResidualGenerator type containsthe parity equationsand
observersrequiredto form theresidualvector, while theResidualProcessor typeconducts
theleastsquaresestimation,thresholding,andidentificationof faults.Theoutputof the
ResidualProcessor typeis aflag indicatingthecurrentstatusof thevehicle.

A.3 RegulationLayer Control Systems

A.3.1 Designand Implementation of Normal Mode Control Systems

Theregulationcontrol laws is basedon thealgorithmgivenby Li et al. (1997)andmostimple-
mentationin SHIFT canbefoundin Horowitz et al. (1998).Thestructureof implementationcan
beillustratedasFig. A.9.

Theregulationlayerimplementationconsistsof two sublayers:supervisorandmaneuvercon-
trol laws. The regulationsupervisorcoordinatesbetweeneachregulationcontrol law according
to thecommandsit receivesfrom thecoordinationlayer. It createsthemaneuver control law au-
tomatonandstartsthemaneuvers,andthenkills this automatonwhenit finishes.The maneuver
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Figure A.9: A schematicof regulationlayerimplementation

controllerconsistsof four parts:controller, region automaton,boundsautomatonanddesiredve-
locity function.Moredetailsfor eachpartcanbefoundin Horowitz et al. (1998).

Currentlywe have implementedall normalmoderegulationcontrol laws. Lead,merge and
split maneuversarebasedon thecontrolalgorithmgivenin Li et al. (1997),the follow controller
is given by Swaroop(1994),andthe changelanecontrollerusesthe samesafetycriterion given
by Alvarez(1996)alongwith a simplifiedstablelateralmotioncontrol. Thesafetyis guaranteed
by thiscontrollerfor lanechange,which is differentfrom thatimplementedin SmartPATH (Eskafi
1996).Anothermaneuverhasbeenimplementedis stop-light(Chenet al. 1997).

The programsin SHIFT for the regulationcontrol laws aresameasthosegiven in Fig. A.9.
regtop.hs is theregulationsupervisorandfor eachmaneuver,maneuvername controller.hs,
maneuvername region.hs, maneuvername bound arefor thecontroller, regionautoma-
ton and accelerationboundsautomaton,respectively. For the follow controller, we have only
follow controller dueto thestring-stabilitycontroldesign(Swaroop1994).

A.3.2 Implementations of Fault ManagementSystemsin Regulation Layer
Level

Theimplementationof thefaultmanagementsystemin theregulationlevel consistsof threeparts,
asshown in Fig. A.10. TypesLogic mans andLogic laws modeltheinterfacesbetweenthe
capabilityof regulationcontrollawsandmaneuvers.TypeCapaStruc usesthosemapsbetween
fault statusandregulationcontrollawsandmaneuvers,whichhasbeendiscussedin section5.2.1.
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Figure A.10: A schematicof regulationlayerfault handlingimplementation

A.4 Coordination Layer Control Systems

A.4.1 Implementationsof Coordination Layer Control Systems

Theimplementationof communicationin SmartAHSis basedon thestructureproposedby PATH
staffs anddifferentfrom thosedonein SmartPATH (Eskafi1996).Thecommunicationcomponents
mustmodeleachlayerof theopensystemsinterconnection(OSI) referencemodel(Eskafi1998).
The OSI structurein an AHS consistsof physical,datalink, network, transportandapplication
layers.Thepurposeof thephysicallayer is to sendandreceive messages,checktheCRC,detect
errors,etc. The datalink layer is a logical link controller, and it interfacesthe physicaldevice
andthenetwork layer. Thenetwork layermanagesthenetwork configuration,addressresolution,
routingandmobility. The transportlayer interfacesthe network layer with theapplicationlayer.
Theuserinstantiatesmessagesthroughtheapplicationlayer.

In SmartAHSthereis inherentconflict in the interfaceof thecommunicationdomainandthe
vehicledomain(Murgier1998).Realhardwarecommunicationrequiresatimestepof ýÿþ������ sec.
However, simulationof vehicledynamicsatthisfrequency is impractical.Thesimulationtimeused
in SmartAHSis severalordersof magnitudelarger (aroundý þ�� ��� sec.).To reducetherequire-
mentsof modelingthe hardware,communicationis simulatedat the messagelevel. Most of the
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messagelevel approachin SmartAHShasbeencompletedseparatelyby PATH projects(Murgier
1998).

We integrateda simplifiedversionof thecommunicationstructurewhensimulatingthecoor-
dination,link andnetwork layers.We will interfacevehiclecontrolwith communicationdevices
at the messagelevel, namelyWAN and/orcommunicationbetweenvehiclesandroadside.The
developedphysicallayercommunicationcomponentsin SmartAHScanbeusedto broadcastand
transmittheinformationamongthevehicles.

PSfragreplacements

�

PlatoonA PlatoonB

PlatoonC

C1C1 C2C2

FigureA.11: Messagelevel communicationschematic

FigureA.11 showsthebasicimplementationschemeof thecommunicationamongvehiclesat
the coordinationlayer level. We will only usethe messageandphysical layer1 communication
componentsin our simulation.Thesecomponentsinclude:message, transmitter, receiver, andthe
monitor. Whenonecoordinationcontrolprotocolinitiatesa requestfor a maneuver, themessage
will becreatedandsentto thetransmitter. The transmitterbroadcaststhemessagesto thespecific
vehiclesor roadsidelink layer control systemsinvolved in the maneuver. Whenthe receiverac-
ceptsthe messageit will passit throughto the coordinationcontroller. The monitor works asa
centralizedcomponentfor the physicallayer in the communication.The monitor functionsasa
representationof a setof usersadoptingthesamephysicalmedium;in addition,it modelschan-
nel propertiesandkeepstrack of the transmitterssharingthe channel.Also the monitor models
theconnectiontype(point to point or broadcastchannel).ThevehicleID is passedaspartof the
vehicleto vehiclecommunication.

We implementedthe coordinationlayer level communicationasshown in the FigureA.11.
ThecommunicationtypeC1denotesintraplatooncommunication;for example,if thethird vehicle
in platoonA wantsto split, it sendsthesplit requestto theleaderof theplatoonby communication
type C1. This type of messagecanbe broadcastusingthe point-to-pointconnectionsinceeach
vehiclein a platoonknows the ID of the leader. Anothertypeof communication,C2, canmodel
thecoordinationcommunicationamongdifferentplatoons.In thefigure,supposeplatoonC (free
agent)wantsto change lane. It mustcommunicatewith the othervehiclesin the adjacentlanes
to requestspace.In SmartAHS,neighboringvehiclesaredetectedusinga Sensor component,
which is describedfurther in thenext section(Antoniotti et al. 1998). Throughthis mechanism,
platoonC is ableto detectwhich vehiclesarein its unsaferegion andcansendout lane-change
requeststo thosevehiclesvia theC2 typecommunication(broadcastchannel.)

Theimplementationof communicationbetweenthevehiclesandtheroadsidesystemis similar
1The terminologymessageandphysical layer comesfrom the developedcommunicationcomponentsin Smar-

tAHS (Murgier1998).
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to the coordinationlayers. The finite statemachinesfor the communicationimplementationare
listed
�

in theappendixA.4.3.

A.4.2 Implementationsof Fault ManagementSystemsin Coordination Layer
Level

	�

��� �
����
������

Coordination
Supervisor

Protocols Protocols

Normal Mode Degraded Mode

����������� � � � �"!$#&%$')(+*,���-� ')#

.0/21
3 � ���-� '4#65 3 � / ( 7�� 89')(

CoordSuper

Figure A.12: A schematicof coordinationlayerfault handlingimplementation

Thefaultmanagementin thecoordinationlayeris implementedby thetypeCoordSuper and
somedegradedmodemaneuverssuchasEmergencySplit etc.Fig. A.12 shows theschematic
of theimplementationin SmartAHS.Thefault statusandcapabilityinformationaresentto theco-
ordinationsupervisorandtheprotocolsin thecoordinationsupervisorwill decidewhichmaneuver
shouldbeexecutedbasedoncurrentfaulty information.As discussedin section5.2.1,somefaults
canbedealtwith by the fault managementsystemin theregulationlayer (seesectionA.3.2); for
moreseverefaults,degradedmodemaneuversmustbe initiated. The coordinationprotocolsfor
thesedegradedmodemaneuversandnormalmodemaneuversarethenimplementedseparatelyto
realizethecoordinationbetweenvehicles.Thedegradedmaneuverprotocolshavehigherpriorities
thanthenormalmodemaneuvers.

A.4.3 FSM of Normal Mode Maneuver Protocols

Figs A.13 – A.22 illustrate the maneuver protocolsundernormal conditions. Theseprotocols
werefirst designedin Hsuet al. (1994)andimplementedin theSmartPATH simulatorby Eskafi
(1996). However, we re-designedthemby consideringthecommunicationprotocolsanddevices
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and implementedthem in the SmartAHSusing SHIFT. The SmartAHSversionis much more
practical: andeasilyextendedandwrittencomparedwith thepreviousdesignandimplementation.

Weonlyshow thenormalmodemaneuverprotocolsherefor lead, join, change lane.
leader split, andfollower split. Degradedmodemaneuverprotocolssuchasemergency
leader split etc.aresimilar to theseexceptthey donotconsidereachsafetycheckandhand-
shake.

;�<)= >?�>9@BAC> DFEHG4I coordsuper: JLKLM NOM PRQ SUTV JHW QXJLY[Z\M P]M ^`_a M ^0b�JLc4Wdfehgjifk l
mXnLo�p4q rs`t�uwv x�y�z coordsuper: 

Figure A.13: Leadmaneuver protocol
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Figure A.14: Follow maneuver protocol
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Figure A.15: Mergemaneuver initiator protocol

A.5 FSM of CommunicationsDevicesin Coordination Layer

Communicationsin thecoordinationlayermaintainsthecoordinatedmaneuversamongdifferent
vehicleson thehighway. FigsA.23 – A.28 show theFSM diagramsfor implementationof these
communicationdevices. As we mentionedin sectionA.4.1, we only usedphysicallayer com-
ponentsin the communicationdesignsuchasMessage, Receiver, Transmitter and
Monitor. Thesetypesareshown by thefiguresillustratedin this section.Moreover, in this re-
port, we have not discussedaboutthe implementationfor communicationbetweenvehiclesand
roadsidesystemsin SmartAHSsimulator. This topic is beyond this projectandcanbe found in
MOU 383.
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Figure A.21: Changelanemaneuver initiator protocol
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Figure A.22: Changelanemaneuver responderprotocol
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Figure A.27: Coordinationlayercommunicationrejectionautomata
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Figure A.28: Coordinationlayercommunicationmonitor
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Appendix B

Proofsof UnderestimationResults

Lemma 1, Proof: Theproof followsdirectly from thepartialderivativeof Eq.(5.28)andlemma
assumptions.

Lemma 2, Proof: Eq.(5.29)togetherwith Lemma2 impliesthat������������ �-����� ����������p���������������
FromEq.(5.28)it follows that�-����� �����������������   � ¡�¢ ���� �  ���� ��£��� (B.1)

Adding andsubtractingthe term
�����¤ ���� and

  ¤ ����¥� ���£�¤ ���� � to Eq. (B.1) andusingEq. (5.30) it
follows that �-����� �������� ������ � �������� �  ���� ¦ ��£��� � ���£����¨§

By Eq.(5.31)
�����©«ª���

then�p����� �������© ������ � �������� �  ª��� ¦ ��£��� � ���£���� §
If condition(5.32)holds,

�p�"�¬� �������©��
and

�����©����
.

Lemma 3, Proof: FirstnoticethatasLemma3 is satisfiedunderassumption
�8­"­�­r�

of theLemma,
then ����¥�H®6¯���©����°�±®6¯���²

Using
�H­r�

and
�8­�­K�

in Lemmaassumptions,it follows that

³ �H®6¯'��©µ´� �-¶6·%�  ¹¸ ª��� ¸ ª���º¡�¢ ª��������»¼¾½�¿�À ¸ ¿ £ ¡F¢ � � � ½�¿ £ ¡�¢ � � � (B.2)  ½Á�   �ÃÂ*Ä £�Å4Æ�Ç¨Æ_ÈGÉ �ËÊÌ®Í½�®6¯
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Assume
¿ £ÏÎ  

then
¼ Î ¡�¢ � � �

, thenÐÒÑ ²��"Ój²4ÔÖÕ×��Ø ´� À��H®	� Î �ÙÊÌ®�½�®6¯ÐÒÑ ²��"Ój²4Ô×ÚÖ��Ø ´��� �H®	�����ÙÊÌ®�½�®6¯
(B.3)ÐÒÑ ²��"Ój²4Ô×ÛÖ��Ø ´��� �H®	�����ÙÊÌ®�½�®6¯ÐÒÑ ²��"Ój²!ÜÖ�Ö��Ø ´��£ �H®	� Î ´�f£ �H®6¯�� Î �ÙÊÌ®Í½�®6¯

Analyzing
´��� �±®	� and

´��£ �±®	� in Ineqs.(B.3) it follows that

�  ���� ¦ ��£ �±®	���� �±®	� � ���£ �±®	����� �±®	� § ����²
(B.4)

Therefore,for Ineq.(5.32)to hold it is sufficient that������Ò� ���� �H®6¯������ �H®6¯�� ½ ������Ý� ���� �±®	����� �±®	� ² (B.5)

UsingIneqs.(B.3) in Ineq.(B.5) impliesthat���� �±®6¯������ �±®	� ½ ���� �H®6¯'����� �±®	� (B.6)

For Ineq. (B.6) to hold the ratio in the error reductionfor
´��� hasto be smalleror equalthan

thatof
´��� . Thiscanbeaccomplishedby Eq.(5.41)

FromIneqs.(B.3), (B.4) (B.6) and(5.41)it follows thatcondition(5.32)still holdsfor
®Þ½ß®6¯

andtherefore ����¥�±®	�Í©����à�H®	���6ÊÌ®�½�®6¯
Lemma 4, Proof: To analyzethe PAA when

�
is small considerthat the adaptationlaw in

Eq.(5.14)canbeexpressedcomponent-wiseasá´ À� � � ¿�À�´âá´ �� ��¿ � �¹´âá´ �� � � ¿ � �Ï¡F¢Þ�¹´âá´ £� � � ¿ £ ¡�¢ã��´âá´%ä� ��¿ ä�å ´â
Theterm

´â �çæ ´�
is givenby´â �è´� À � ´��� � ¸ ´��� �Ï¡F¢Þ� ¸ ´��£ ¡�¢ã� � ´� äéå

Notice thatwhen
�ëêì�

, the term
´�f£ ¡F¢ã� dominateśâ . Therearetwo possiblecasesto consider:´��£ �8�Ö��½��

and
´�f£ �"�Ö��©��

.
Case1: Supposé�f£ �"�Ö�í½î�

, then
´â �"�×�Ëê ´��£ �"�×�f¡�¢Þ�ï©î�

when
�

is small. Let
®Gð

be the time
when

´â changessignfrom negative to positive, i.e.
´â �H®	�à©ñ�f��ÊÌ®°ò�ó��f��®Gð�ô

and
®rõ

bethefirst time
parameterś� õ6�±®	� changesigns,respectively, for

­C�   ��öj�'Ôf�éÜ���Ó
. Therefore,´� À��±®	�Í½��j� ´� õ6�±®	��©��f� ­C�çö%�'Ôf��Ü��'Ój� ÊÌ®�òÃó��f��®Gð?ô
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Let
®6÷í�ÁøËùF¢nú*® � ��® £?û thenby definitionof

®rõ
andthefactsthat

´��£ �"�Ö�°½Á�
and

´��� �"�×��©ü�
, we

ha
ý

ve ´��� �H®	��©��f� ´��£ �H®	��½��f� Êà®�òÃó��f��®6÷×ô
(B.7)

consider
´� õG�H®	��þÿ� � õ � �� õ6�H®	� . Thus,by Eq. (B.7),��£��� ½ ���£ �±®	����� �±®	� � Ê¥®�ò�ó!�f��®6÷×ô

To applyLemma4 it is necessaryto checktheotherconditionsof Lemma3. Notethatá´���á´��� � � ¿ �¿ � ¡F¢ã� Î �
andthen ¼¼×® ¦ ´���´���¨§ � ´��� á´���´� �� � ´���´��� � á´���á´����� � ´��� á´���´� �� � ´���´��� ¸ ¿ �¿ � ¡�¢ã� �
by theconditionsin Lemma4 it is known that

´��� �H®	�Í©��f� á´��� �H®	�Í©ß�j�jÊà®Íò ó��f��®Gð?ô
, thenif

¿ � and¿ � arechosensuchthat ¿ �¿ ��� ¡F¢ ª��� � ½ ´��� �8�Ö�´��� �8�Ö� �
then ¼¼×® ¦ ´���´��� § ©��

(B.10)

if theinitial valuesfor
´��� �"�Ö� and

´��� �8�Ö� arechosensuchthat´��� �8�Ö�´��� �8�Ö� © ������ �
thenby condition(B.10) ´��� �H®	�´��� �H®	� © ������ � Ê¥®�òÃó��f��®Gð?ô

(B.12)

and ������ © ���� �H®	����� �H®	� � Ê¥®�òÃó��f��®Gð?ô
Pick

®6¯Þ�çø¾ù�¢Ìú*®6÷���®Gð û , thenall conditionsfor Lemma3 to hold aresatisfiedandthusLemma
4 applies.
Case2: Supposé��£ �8�Ö�¾©ì�

, then
´â �8�Ö��ê ´��£ �"�×�f¡�¢Þ��½µ�

when
�

is small. Let
®Gð

and
®rõ

be the
first time thatparameterś� õ6�H®	� changesigns,respectively asbeforein case1 for

­¥�   ��öj��Ôf��Ü���Ó
.

Therefore, ´� À��±®	�Í©��j� ´� õ6�±®	��½��f� ­C�çö%�'Ôf��Ü��'Ój� ÊÌ®�òÃó��f��®Gð?ô
Noticethatfor

Êà®�òÃó!�j��®Gð*ôá´��£ �±®	�á´� À��±®	� � ¿ £¿�À ¡F¢ã� ���f� á´��£ �H®	�á´��� �H®	� � � ¿ £ ¡F¢ã�¿ � � Î �f� á´��£ �±®	�á´��� �±®	� � ¿ £¿ � � Î �f�
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denote
®Gð�õ ��øËùF¢nú*®rõ��é®Gð û � ­-�   ��öj��Ôf��Ü���Ó

. Similarly asin case1,¼¼Ö® ¦ ´�f£´� À § � á´� À´� À �
á´�f£á´� À � ´�f£´� À � � á´� À´� À � ¿ £¿�À ¡F¢ã� � ´��£´� À � ²

Usingthefacts ´� À��±®	��½��f� á´� À��±®	��©��f� Ê¥®�ò�ó!�f�	®Gð?À6ô
then ¼¼×® ¦ ´��£´� À § ½��f� Ê¥®�ò�ó!�f�	®Gð?À6ô×²

Noticing that ���� Å ¯ É��
	 Å ¯ É ���
andby picking

¿ £�¤ ¿�À largeenoughsuchthat¿ £¿�À � ¡�¢ ª��� � ½ � ´��£ �8�Ö�´� À��8�Ö� � � (B.13)

then
®Gð £ ©�®Gð�À

, namely,
´�f£ �H®	� changessignbefore

´� À��H®	� .
Similarly, ¼¼×® ¦ ´��£´��� § � á´���´��� �

á´��£á´��� � ´��£´��� � � á´���´��� � � ¿ £ ¡F¢ã�¿ � � � ´��£´��� � ²
Choosing

¿ � and
¿ £ suchthat ¿ £¿ � � ¡F¢ ª��� �ª��� ½ ´��£ �8�Ö�´��� �8�Ö� � (B.14)

then
®Gð £ ©�®Gð � , namely,

´�f£ �H®	� changessignbefore
´��� �H®	� . To make

®Gð £ ©�®Gð � it is necessarythat¿ £¿ �  ª��� ½ ´��£ �8�Ö�´��� �8�Ö� ² (B.15)

Thus,from theconditions(B.13),(B.14)and(B.15),if Ineq.(5.42)in Lemma4andIneq.(5.41)
in Lemma3 hold, thenat

®6¯���®Gð £ , by (B.12)and(5.42),´��£ �±®6¯���½��f� ´��� �H®6¯��´��� �H®6¯�� © ������ � ´� ÀÍ½��j��´� õ�©��f� ­C�çö%�'Ôf��Ó��
Applying Lemma4 thenit is possibleto achieve����°�±®	��©ç���¥�H®	��� Ê¥®�½�®6¯

Theorem 1, Proof: Followsdirectly from Lemmas2 to 5.

Theorem 2, Proof: Proving thetheoremis equivalentto show that � � ¤ �� ��½  
. By definitionof� ,

�� andtherelationshipâ ��¡�¢ � , it is equivalentto show´â ��þÿ� â � � �â ��½��
(B.16)

106



notethat â �Ã� � À � ��� ��� ¸ ��� ��� ¡F¢ã��� ¸ ��£ ¡�¢ã��� � � ä'å�â �Ã� �� À � ���� ���� ¸ ���� ���� ¡F¢ ���� ¸ ���£ ¡�¢ ���� � �� ä'å
thenplug aboveequationsin Eq. (B.16)´â � � ´� À � ´� äéå � ��� ��� ¸ ��� ��� ¡�¢ã��� ¸ ��£ ¡�¢ã��� ¸ ���� ���� � ���� ���� ¡�¢ ���� � ��f£ ¡F¢ ���� (B.17)

Recallthattheslip point of maximumfriction satisfiesEq.(5.29)andtherefore��� ���º¡�¢ã��� � ��� ��� ¸ ��£ � � ��� ��� (B.18)

UsingEq.(B.18)andasimilarexpressiondevelopedfrom Eq.(5.30)into Eq.(B.17)it follows
that ´â � � ´� À � ´� ä�å � ´��£ � ��� ��� ¸ ��£ ¡�¢ã��� ¸ ���� ���� � ���£ ¡�¢ ���� (B.19)

Expanding
¡�¢Þ���

in aTaylor seriesabout
����

andtakingthefirt two terms´â � � ´� À � ´� ä�å � ´��£ � ´��� ��� � ��� ����� � ������ ¸ ´��£ ¡F¢ ���� ¸ �f£���� �"��� � ������
� ´� À � ´� ä�å � ´��£ �   � ¡F¢ ������ � ´��� ��� ¸ ����� � ������ ¦ ��£���� � ��� § ²

By Lemma3, ����� � ������ ¦ ��£���� � ��� § Î �Í�
(B.20)

and

� ´��� ���� Î � ´��� � � ��   � ¡�¢ ���� � � �   � � � � �
andthereforefor

´â � Î �
it is sufficient that´� À � ´� ä�å � ´��£ �   � ¡�¢ã� � � � ´��� � � Î �Í²

thatis theconditionrequiredin thetheorem.
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