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Abstract
Speedregulationof Heavy-Duty Vehiclesequippedwith

variablecompressionbrake is consideredin this paper. Use
of compressionbrake reducesthe wear of the conventional
friction brakes,andit is, thus,a preferredway of controlling
thevehiclespeedduringasteadydescentor non-criticalbrak-
ing maneuvers.To performmoreaggressive(critical) braking
maneuversor control vehiclespeedduring large changesin
the grade,the compressionbrake must be coordinatedwith
gear ratio adjustmentsand friction brakes. In this paper
we develop nonlinearcontrollersthat accomplishboth crit-
ical andnon-critical maneuversaswell as in-traffic vehicle
following objectives. The designtechniqueis basedon the
Speed-Gradientapproach,wherebycontrolactionis selected
in themaximumdescentdirectionfor a scalargoal function.
The nominal goal function is selectedto addressthe speed
regulationobjective and, then, is appropriatelymodifiedby
barrierfunctionsto captureconstraintsdueto complimentary
driving objectives.

1 Intr oduction

Thelasttenyearshavewitnessedasignificantincreasein
theefficiency andoperationalspeedof theHeavy-Duty Vehi-
cle (HDV) powertrains.It is ironic thatwhile increasedfuel
efficiency resultsin highaccelerationperformance,it alsore-
ducesthevehiclenaturalretardingcapability, andhence,lim-
its thedecelerationperformanceof HDVs. Themainvehicle
retarders,namely, the friction brakeshave well known limi-
tationassociatedwith overheating(Gerdeset al., 1995),sat-
uration,andactuatordelays(Yanakiev andKanellakopoulos,
1997). Thecurrentpracticeof “snubbing” ratherthan“drag-
ging” theservicebrakesexemplifiestheselimitations(Fitch,
1994). Operationalspeedscomperableto passengervehi-
cles,wheresafebrakingcanbeachieved,requirehigh retard-
ing powerwith consistentmagnitudeandunlimitedduration.
Thus, augmentingthe braking performanceof HDVs with
auxiliary retardingmechanismsis increasinglyimportantin
orderto integrateHDVs in advancedtransitandhighwaysys-
tems. Indeed,vehicle manufacturersaggressively develop
retardingmechanismswith low weight andmaintenancere-
quirementso they do not offset the recentimprovementsin
powertrainefficiency.

A retardingmechanismthat satisfiesthe above require-
mentsis theenginecompressionbrake. During compression
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braking modethe enginedissipatesthe vehicle kinetic en-
ergy throughthe work doneby the pistonsto compressthe
air duringthecompressionstroke. Thecompressedair is con-
sequentlyreleasedinto the exhaustmanifold througha sec-
ondaryopeningof the exhaustvalve at the endof the com-
pressionstroke. Wecall thesecondaryopeningof theexhaust
valveasBrakeValveOpening(BVO). Dueto geometriccon-
straints,thevalve lift profile is considerablydifferentfor the
exhaustandbrakeevents(seeFigure1). In conventionalcom-
pressionbrakingmechanisms,BVO is fixed with respectto
the crankangledegreesresultingin on-off retardingmecha-
nisms(Cummins,1966).Selectiveactivationof theBVO in a
numberof cylinderscanprovidediscretelyvariableretarding
power(JacobsVehicleSystems,1999).Theretardingmecha-
nismweconsiderhereallowscontinuouslyvariableretarding
power throughcontrolof BVO (Hu et al., 1997).Thetiming
of BVO (specifiedin crankangledegrees)is the input signal
to thecompressionbrakingmechanismandis physicallylim-
ited to the rangeumin

cb
� 620to umax

cb
� 680degreesafterTop

DeadCenter(TDC) asshown in Figure1.
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Figure1: Lift profilesfor exhaust,intakeandbrakeevents.

In this paperwe concentrateon the longitudinalcontrol
problemusing compressionbraking to its maximumextent
in an effort to minimize the conventionalfriction brake us-
ageand,hence,thefriction brake wear. It is well known that
wearandoverheatingreducestheDC authorityof thefriction
brakesand introduceslarge parametervariations. Adaptive
algorithmshave beendevelopedby IoannouandXu (1994)
to addressunpredictablechangesin brake model parame-
ters. Recentwork by Maciuca and Hedrick (1998) shows
that non-smoothestimationand adaptationtechniquescan
be usedto achieve a reasonablebrake friction force control.
The delaysassociatedwith the pneumaticactivation of fric-
tion brakesimposeoneof themainobstaclesin autonomous
heavy vehicle following scenarios.Thesedifficulties in au-
tonomousHDVs aremitigatedby usingaggressiveprediction
algorithms(Yanakiev andKanellakopoulos,1997). Thepre-
diction algorithms,however, assumeaccurateknowledgeof
thedelaysanddo not performwell duringa totally uncertain
brakemaneuver. To reducetheapplicationandintensityof the
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friction brakes,compressionbrake canpotentiallybeusedas
a soledeceleratingactuatorduring low decelerationrequests
(i.e., non-criticalbrakingmaneuvers)andcombinedwith the
friction brakesduringhighdecelerationrequests(i.e.,critical
brakingmaneuvers).

In particular, we consideran automaticvehicle speed
controlproblem,namely, theregulationof vehiclespeeddur-
ing a long descentdown a grade. To sustainthe desiredve-
hicle speedduring non-critical maneuverssuchas a steady
descent,we usecompressionbrake only. To perform more
aggressive (critical) maneuversor control vehiclespeeddur-
ing largechangesin thegrade,thecompressionbrakemustbe
coordinatedwith gearratioadjustmentsandfriction brakesto
supplementthe compressionbrakingcapability. Thecontrol
designis basedon a reduced-ordernonlinearapproximation
of the crankangle-basedenginemodeldevelopedin (Mokle-
gaardet al., 2000). The brakingtorquedueto compression
is a nonlinearfunctionof the timing of BVO andthe engine
(i.e., vehicle)speed. This nonlineardependenceintroduces
additionaldifficultieson theactuatorlevel.

We develop nonlinearcontrollersthat accomplishboth
critical and non-critical maneuvers as well as in-traffic ve-
hicle following objectives. The controllersaredesignedus-
ing the Speed-Gradient(SG) methodology(Fradkov, 1979;
Fradkov andPogromsky, 1999). This is a generaltechnique
for controlling nonlinearsystemsthroughan appropriatese-
lection andminimizationof the goal function. The nominal
goal function is selectedto addressthe speedregulationob-
jective and, then, is appropriatelymodifiedby barrier func-
tionsto captureconstraintsdueto complimentarydriving ob-
jectives. The controller is designedto provide the decrease
of thegoalfunctionalongthetrajectoriesof thesystem.The
localclosed-loopstability is verifiedanalyticallyby checking
theachievability condition.It is shown thatthecontrollerhas
alargeregionof attractioncoveringaveryreasonableinterval
of initial valuesfor thevehiclespeed.

Thepaperisorganizedasfollows.Themodelfor longitu-
dinalvehiclespeedis describedin Section2. In Section3 we
review thenecessaryresultsof theSpeedGradientmethodol-
ogy. In Section4 we developa Speed-Gradientalgorithmfor
speedcontrolusingonly compressionbrakeanddemonstrate
thecontrollerperformanceduringsmallchangesin thegrade.
For largechangesin thegradethecompressionbrakemustbe
coordinatedwith gearratio adjustmentsand an appropriate
controller for doing this is alsodescribedin Section4. The
coordinationwith friction brake is describedin Section5. In
Sections6,7 we addresscritical maneuvers,in particularag-
gressivebrakingand“vehicle-following” areconsidered.The
closed-loopperformancefor all traffic scenariosis demon-
stratedthroughsimulations.

2 VehicleDynamicsModel

Considerthevehicleoperationduringadrivingmaneuver
on a descendinggradewith β degreesinclination(β " 0 cor-
respondsto no inclination,β # 0 correspondsto adescending
grade).It is assumedthatduringthedescent,theengineis not
fueledandis operatedin thecompressionbrakingmode.

A lumpedparametermodelapproximationis usedto de-
scribethevehiclelongitudinaldynamicsduringcompression
braking. For fixedgearoperationtheenginecrankshaftrota-
tional speed,ω, is expressedby:

Jtω̇ " Tcb $ rg
%
Fβ & Fqdr $ Ff b' (1)

where,
ω is the enginerotationalspeed,(rad/sec),relatedto the

vehiclespeedvalue,v, (m/sec),by thefollowing relation

v " ωrg ( (2)

rg " rω
gtgf d

is the total gearratio, whererω is thewheeldi-

ameter, gt is thetransmissiongearratio,gf d is thefinal drive
gearratio (assumedto beknown)

Jt " mr2g $ Je is thetotal vehicleinertiareflectedto theen-
gineshaft(dependson thevehicleloadingconditions),where
Je is theenginecrankshaftinertia

m is the massof the vehicle(dependson the massof pay-
load),(kg)

Fqdr " Cqv2 " Cqr2
gω2 is the quadraticresistive force (pri-

marily, force dueto aerodynamicresistance,but we alsoin-
cludefriction resistive terms)

Cq " CdAρ
2 $ Cf is thequadraticresistive coefficient,where

Cd is the aerodynamicdrag coefficient, ρ is ambient air-
density, A is thefrontal areaof thevehicle,Cf is thefriction
coefficient (assumedto beknown)

Fβ
%
m( β ' is the force dueto roadgrade(β) andthe rolling

resistanceof theroad(µ):

Fβ
%
m( β ' " & µgmcosβ & mgsinβ

g is theaccelerationdueto gravity

Ff b is theforceonthevehicledueto applicationof thecon-
ventionalfriction brake(negativeduringfriction braking)

Tcb is theshafttorqueappliedby theengineto thedriveshaft
(negativeduringcompressionbraking).

The speedcontrol problemis to ensurethat the vehicle
speedv

%
t ' tracksthedesiredreferencevehiclespeedvd asthe

truck proceedsthe descendinggrade:v ) vd * Sincethe en-
gine rotationalspeedω

%
t ' is relatedto the vehiclespeedby

v " ωrg, this ensuresthat ω ) ωd whereωd " vd
rg

is the de-
siredenginespeed.Additionally, we assumethat thebraking
with the compressionbrake is preferable,becausewe want
to preserve the friction brake andusethe friction brake only
whenabsolutelynecessary.

The desired controller is designedusing the Speed-
Gradient(SG)methodology(Fradkov andPogromsky, 1999)
reviewedin Section3. This is ageneraltechniquefor control-
ling nonlinearsystemsthroughan appropriateselectionand
minimization of the goal function. The goal function Q is
selectedto addressthespeedregulationobjective,i.e.

Q " Jtγ0

2

%
v & vd ' 2 + 0 ( γ0 , 0 * (3)

Thecontrolleris designedto providetheconvergenceto zero
of the goal function (3) alongthe trajectoriesof the system
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(1) thatimpliestheachievementof thespeedregulationprob-
lem v - vd . Taking into accounttherelationbetweenengine
andvehiclespeeds(2), thegoal functioncanberewritten as
follows:

Q / Jtγ
2

0
ω 1 ωd 2 2 3 0 4 γ / γ0 5 r2

g 6 0 . (4)

3 Speed-GradientMethodology

In this sectionwe review the necessaryresultsof the
Speed-Gradient(SG) Control Methodology(Fradkov, 1979;
Fradkov andPogromsky, 1999).Considera nonlinearsystem
modelof theform

ẋ / f
0
x2 7 g

0
x2 u 4 (5)

wherex 8 Rn is the statevector, u 8 Rm is the control input
vector, f

0
x2 and g

0
x2 are continuoslydifferentiablevector-

functions.
Thecontroldesignobjectiveis to stabilizeadesiredequi-

librium x / xd (thatsatisfiesf
0
xd 2 7 g

0
xd 2 ud / 0) while at the

sametimeshapingthetransientresponsevia theminimization
of thefollowing scalargoalfunction

Q
0
x
0
t 2 2 - 0 4 when t - ∞ 4 (6)

where Q
0
x2 is assumedto be twice continuouslydifferen-

tiableandradiallyunboundedfunctionthatsatisfiesQ
0
x2 3 0,

Q
0
xd 2 / 0 . The function Q may, for example, representa

weightedsumof thesquaresof thedeviationsof thedifferent
componentsof x from the correspondingcomponentsof xd.
We first presentan intuitive argumentleadingto the deriva-
tion of the SG controller. Considerthe evolution of Q

0
x
0
t 2 2

over a sufficiently small time interval 9 t 4 t 7 ∆t : . Then, the
objectiveof minimizingQ canberestatedas

Q
0
t 7 ∆t 2<; Q

0
t 2 7 ω

0
x
0
t 2 4 u 0 t 2 2 ∆t - min 4

wherethefunctionω
0
x 4 u2 is determinedasa time derivative

of Q
0
x2 alongthetrajectoriesof thesystem(5) (i.e. thespeed

of changeof Q):

ω
0
x 4 u2 / Q̇ / ∂Q

∂x

0
f
0
x2 7 g

0
x2 u2 .

To prevent largecontrol excursionsfrom the desiredsteady-
statevalue,ud, wecanaugmentacontrolpenaltyandconsider
theminimizationof thefunction

Q
0
t 2 7 ω

0
x
0
t 2 4 u2 ∆t 7 1

2

0
u 1 ud 2 T 0 Π∆t 2 = 1 0 u 1 ud 2 - min

u
4 Π 6 0 .

(7)
Sinceω

0
x
0
t 2 4 u2 is affine in u the minimizer is obtainedby

settingthegradientwith respectto u to zero.This leadsto the
controller

u
0
t 2 / ud 1 ΠΨ

0
x2 4 (8)

whereΨ is the gradientof the “speed”Q̇ / ω
0
x
0
t 2 4 u2 with

respectto u:

Ψ
0
x2 ∆/ ∇uω

0
x
0
t 2 4 u2 / 0 ∂Q

∂x
g
0
x2 2 T . (9)

This controller is referredto as the Speed-GradientPropor-
tional (SG-P)controller. Onecanalsoaugmenta penaltyon
thecontrolincrementandconsidertheminimizationof

Q
0
t 2 7 ω

0
x
0
t 2 4 u2 ∆t 7 1

2

0
u
0
t 2 1 u

0
t 1 ∆t 2 2 TΓ = 1 0 u 0 t 2 11 u

0
t 1 ∆t 2 2 - min

u > t ? 4 Γ 6 0 . (10)

This resultsin theSpeed-GradientIntegral (SG-I) controller:

u̇
0
t 2@; u

0
t 2 1 u

0
t 1 ∆t 2

∆t
/A1 Γ∇uω

0
x
0
t 2 4 u2 /B1 ΓΨ

0
x2 . (11)

The generalclassof controllersof interestfor this paperare
Speed-GradientProportionalplusIntegral(SG-PI)controllers
of theform:

u
0
t 2 / ud 1 ΠΨ

0
x
0
t 2 2 1 Γ C t

0
Ψ
0
x
0
s2 2 ds. (12)

In general,thereis no guaranteethat thecontrollerresultsin
the stableclosedloop systemand is robust to disturbances.
However, one may provide some stability and robustness
propertiesundersomeadditionalassumptions.Rewrite the
controllaw (12) in a moreconvenientequivalentform:

u / ud 1 ΠΨ
0
x2 7 θ 4 θ̇ /B1 ΓΨ

0
x2

whereθ is the integratorstate.Let usconsiderthefollowing
Lyapunov function

V
0
x 4 θ 2 / Q

0
x2 7 1

2
θTΓ = 1θ 3 0 (13)

andcalculateits time-derivative alongthe trajectoriesof the
closedloop system(5), (12):

V̇ / ∂Q
∂x

0
f
0
x2 7 g

0
x2 ud 2 1 ΨT 0 x2 ΠΨ

0
x2 . (14)

Now, let usdeterminethefollowing sets:

ϒC
∆/BD x : Q

0
x2FE C G 4 ΩC

∆/BD 0 x 4 θ 2 : V
0
x 4 θ 2HE C G 4

andsupposethatthesocalledachievability conditionholds:

∂Q
∂x

0
f
0
x2 7 g

0
x2 ud 2FE 1 ρ

0
Q
0
x2 2 for all x 8 ϒC 4 (15)

whereρ is acontinuouslydifferentiablefunctionthatsatisfies
ρ
0
02 / 0 4 ρ

0
z2 6 0 if z I/ 0. Sincetheachievability condi-

tion holdsfor x
0
t 2 8 ϒC, thenV̇

0
t 2HE 0 aslong asx

0
t 2 8 ϒC.

Assumethat the initial conditionat time t / 0 is
0
x
0
02 4 θ 0 02 2

suchthat
0
x
0
02 4 θ 0 02 2 8 ΩC, i.e. x

0
02 4 θ 0 02 satisfythefollow-

ing inequalities:

Q
0
x
0
02 2FE C J λ 4 1

2
θ
0
02 TΓ = 1θ

0
02HE C J 0 1 1 λ 2 4 0 E λ E 1 .

Then, for all t, V
0
x
0
t 2 4 θ 0 t 2 2KE V

0
x
0
02 4 θ 0 02 2LE C and

Q
0
x
0
t 2 2ME C so that the achievability condition holds on

the trajectory x
0
t 4 x 0 02 4 θ 0 02 2 , θ

0
t 4 x 0 02 4 θ 0 02 2 . Therefore,
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V N x N t O P θ N t O andQ N x N t O O areboundedandtheclosed-loopsys-
tem trajectoriesx N t O P θ N t O are boundedas well due to radial
unboundnessof Q N xO . Thenfrom Barbalat’s lemma,we ob-
tain thatQ N x N t O OFQ 0 ast Q ∞. Additionally, assumingthat
Q N xd OFR 0, Q N xOTS 0 for x UR xd, we get x Q xd. Hence,the
abovefactsprovethefollowing result.

Theorem 1: ConsidertheSG-PIcontroller (12) applied
to the system(5). Assumethat the achievability condition
(15) holds for all x V ϒC. Then for all initial conditionsN x N 0O P θ N 0O O in ΩC theclosedloop trajectoriessatisfy

lim
t W ∞

Q N x N t O O@R 0 X
Moreover, if Q N xO satisfiesQ N xd OYR 0 and Q N xOZS 0 for
x UR xd, the closedloop systemmeetsthe control objective
limt W ∞ x N t O@R xd X

Remark 1: ThesetΩC R\[ N x P θ O : Q N xO ] 1
2θTΓ ^ 1θ _ C `

describesthe region of attractionof the equilibrium N xd P 0O .
Typically, θ N 0O is setto zero,andthenall initial statesx N 0O in
ϒC Ra[ x : Q N xOF_ C ` areguaranteedto berecoverableby the
controller(12).

Remark 2: Thesameresultcanbeprovedfor theSG-P
controller(8). Indeed,in this casethe Lyapunov functionV
coincideswith the objective functionQ N xO andthe region of
attractionis thesetϒC.

Thevectorud in theSG-Pcontroller(8) andSG-PIcon-
troller (12) canbe interpretedasan ideal feedforward term:
f N xd Ob] g N xd O ud R 0 X Due to plant parametervariations,ud

may be unknown. However, in the caseof the SG-PI con-
troller (sincethe controller employs an integral action), we
expectsomerobustnesspropertiesto disturbancesthataread-
ditive to theplantinput. Let w beanunknown constantaddi-
tivedisturbanceaffectingtheplantinput. Usingw to represent
the error in the feedforward term, the controllerthencanbe
viewedasapplyinganerroneousfeedforward ũd in the form
ũd R ud ] w. Thus,the SG-PIcontrollercanbe represented
as

u R ud c ΠΨ N xO ] θ ] wP θ̇ R c ΓΨ N xO P (16)

whereθ can be interpretedas an estimateof c w. The de-
sirablepropertyθ N t OTQ c w, and, therefore,ũd ] θ N t OHQ ud

meansthat the integrator statecorrectsfor the error in the
feedforwardasymptotically.

Considerthefollowing Lyapunov function

Ṽ N x P θ OFR Q N xO ] 1
2
N θ ] wO TΓ ^ 1 N θ ] wO (17)

anddeterminetheset:

Ω̃C
∆Ra[ N x P θ O : Ṽ N x P θ OH_ C ` X

Theorem 2: ConsidertheSG-PIcontroller (16) applied
to the system(5). Assumethat the achievability condition
(15) holds for all x V ϒC. Then for all the initial condi-
tions N x N 0O P θ N 0O O in Ω̃C the closedloop trajectoriessatisfy:
limt W ∞ Q N x N t O OdR 0 X Moreover, if Q N xO satisfiesQ N xd OdR 0
and Q N xOeS 0 for x UR xd, the closed-loopsystemmeetsthe
control objectivelimt W ∞ x N t OFR xd X If, furthermore, then f m

matrix g N xd O has a full column rank, then limt W ∞ θ N t OeRc wP limt W ∞ N ũd ] θ N t O O@R ud X
Remark 3: The set Ω̃C Rg[ N x P θ O : Q N xOH] 1

2 N θ ]
wO TΓ ^ 1 N θ ] wOe_ C ` describesthe set of initial conditions
for which theclosedloopsystemtrajectoriesmeetthecontrol
objective (6). Although it is advantageousto have an initial
estimateof c w, θ N 0O , ascloseaspossibleto c w, we typi-
cally setθ N 0O to zero,becausew is unknown. Then,thesetof
initial statesx N 0O thatareguaranteedto berecoverableby the
controller(12),decreaseswhenw increases.

Remark 4: To checktheachievability condition(15) the
following procedureis used.Assumethat ϒC RB[ x : Q N xOH_
C ` for someC S 0 is a compactset with xd in its interior
andQ N xOTS 0 if x UR xd, Q N xd OFR 0. We needto find a value
of C̃ suchthat for all x V ϒC̃ Rh[ x : Q N xOd_ C̃ ` the strong
achievability condition

Q̇ N x P ud O@R ∂Q
∂x
N f N xO ] g N xO ud OF_ c εQ N xO P (18)

whereε S 0, holds.Essentially, ε is a low boundon a rateof
convergenceof Q N xO to zeroon the trajectoriesof the open-
loop system.Let usdefinethefollowing function

κ N CO ∆R max
Qi xj k C l Q̇N x P ud O

Q N xOnm X (19)

Note that κ N CO , in general,may take an infinite valuesince

Q N xd OFR 0. On the otherhand,Q̇ N xd P ud OHR 0 and,hence,Q̇Q
may have a removable singularity at 0 and we can, there-

fore, set Q̇ N xd P ud O o Q N xd OeR lim p p x p p W xd

Q̇ i xq ud j
Q i xj X In this case

κ N CO takesa finite valuedueto the compactnessof ϒC. The

casethat Q̇
Q has a removable singularity at xd is, actually,

ratherusual in many applications. Moreover, κ N CO is non-
decreasingin C. The valueof κ N CO canbe calculatedusing
numericaloptimization. From the graph of κ N CO we may
be able to specifyC̃ S 0 suchthat κ N COdr 0 for all C _ C̃.
Then,Q̇ N x P ud OF_ c εQ N xO aslongasQ N xO@_ C̃, i.e., thestrong
achievability condition(18)holds.

4 Speedcontrol usingonly compressionbrake

Considerthesystemwith compressionbrakeonly

Jt ω̇ R Tcb ] rg N c Fqdr ] Fβ O X (20)

In (Moklegaardet al., 2000)we developa crank-anglebased
enginemodel that capturesthe effects of the compression
braking. As a resultof modelreductionit is shown in (Mok-
legaardet al., 2000a)that the compressionbrake torqueon
the crankshaftTcb canbe calculatedusinga staticnonlinear
functionof theenginespeedω andthetiming of BVO ucb:

Tcb N ω P ucbOFR α0 ] α1ω ] α2ucb ] α3ucbω X (21)

The timing of brake valve openingis limited to the range
umin

cb R 620 to umax
cb R 680 degrees. Thesetranslateinto

the limits on the torqueTmin
cb N ω OHR Tcb N umax

cb P ω O , Tmax
cb N ω OHR
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Tcb s umin
cb t ω u . Then the systemunderconsiderationlooks as

follows:

Jt ω̇ v α0 w α1ω w α2ucb w α3ωucb w rg s x Fqdr w Fβ u t (22)

In accordancewith SG method, we first calculatea time
derivative of thegoal functionQ v Jt γ

2 s ω x ωd u 2 y 0 t where
ωd v vd z rg, alongthetrajectoriesof (22):

Q̇ v γ s ω x ωd u<{ α0 w α1ω w α2ucb w α3ucbω w rg s x Fqdr w Fβ u |
andthederivativeof Q̇ with respectto ucb (”speed-gradient”):

∇ucbQ̇ v γ s ω x ωd u s α2 w α3ω u }
ThentheSG-PIcontrollaw looksasfollows:

ucb v ud x kp∇ucbQ̇ s ω u x ki ~ t

0
∇ucbQ̇ω s su ds (23)

whereud is thefeedforwardof desiredvaluefor theinput:

ud v rg s Cqv2
d x Fβ u x α0 x α1ωd

α2 w α3ωd
} (24)

Note that (23) canbe interpretedastraditionalPI controller
but with nonlineargainswhich dependon enginespeedω.
As shown in Section3, theimplementationof theSG-PIcon-
troller (23) is possiblewithoutknowing preciselythevalueof
thefeedforwardtermud, dueto theintegral term.

Theverificationof theclosed-loopstability requirements
is donein accordancewith the procedurein Remark4 (see
Section3). Accordingto theprocedurelet usconsidera set

ϒC vB� ω : Q s ω uF� C �dvB� ω : s ω x ωd u 2 � 2C
Jtγ
�

for someC � 0 andthenspecifya valueof C̃ suchthat for
all ω � ϒC̃ the achievability condition Q̇ s ω t ud uT� x εQ s ω u t
whereε � 0, holds. Calculatingthe ratio Q̇ � ω � ud �

Q� ω � andtaking
into accountthe expression(24) for the feedforward ud, we
get:

Q̇ s ω t ud u
Q s ω u v x 2Cqr3

g

Jt
s ω w D u } (25)

It canbeverifiednumericallythatD v ωd x α3ud � α1
Cqr3

g
is always

positivefor all physicallyfeasiblevaluesof thegradeβ, mass
m anddesiredenginespeedωd.

Notethat(25)reachesits maximumvalueonthecompact

setϒC at ω v ωd x\� 2C
Jt γ , i.e.,

max
ϒC � Q̇ s ω t ud u

Q s ω un� v x 2Cqr3
g

Jt
s ωd x\� 2C

Jtγ
w D u } (26)

Then, we can guaranteethat the achievability condition al-
waysholdsfor all ω � ϒC̃ va� ω : Q s ω uF� C̃ � , whereC̃ is any
positivenumbersuchthat

C̃ � Jtγ
2 s ωd w D u 2 }

In particular, sinceD � 0, we canselectC̃ v Jt γ
2 ω2

d. Then,
thesetof initial statesω s 0u in ϒC̃ vB� ω : s ω x ωd u 2 � ω2

d � }

is guaranteedto be recoverableby the controller (23) with
θ s 0u@v 0 providedthatw v 0. This impliesthatthecontroller
(23)hasalargeregionof attractioncoveringaveryreasonable
intervalof initial valuesfor thevehiclespeedthatcorresponds
to theenginespeedinterval of � 0 t 2ωd � , whereωd v vd z rg is
thedesiredenginespeed.

We testedthroughsimulationsthe operationof the SG-
PI controllerduringanon-criticalmaneuver, whenonly com-
pressionbrakingis usedto sustainthe desiredvehiclespeed
during a long descent.The vehiclemassis 20t 000 kg, and
the valueof desiredvehiclespeedvd v 8 } 78 m/sec(or 31} 6
km/h)correspondsto desiredenginespeedωd v 1500rpmin
thegearnumberseven. Figures2, 3 illustratetheSG-PIcon-
troller responseto unmeasuredchangesin roadgrade. The
implementationof the controller is donewith a valueof the
feedforwardtermud calculatedassuminga gradeof β v 2 } 5
deg while the actualgradechangesfrom 1 } 8 to 4 } 2 degrees.
Theunknowngradecreatesanunmeasureddisturbancewhich
is additive to thecontrolinput. As shown in Theorem2 (Sec-
tion 3), theSG-PIcontrollerensuresrobustnesspropertiesto
suchkind of disturbancessincethecontrollerhasan integral
statewhichcorrectstheerrorin thefeedforwardud. Thecom-
pressionbrake is usedasthe soledeceleratingactuator, i.e.,
withoutactivatingfriction brakes.It canbeseenthatalthough
thetiming of BVO,ucb, saturatesduringthetransientsthean-
tiwindupcompensationthatweusedin combinationwith our
controllerpreservesgoodspeedregulationperformance.
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Figure 2: Controller responsesto disturbancein roadgradefrom
1.8to4.2degrees:trajectoriesof grade,enginespeedand
vehiclespeed.Thedesiredengineandvehiclespeedsare
shown by thedashedline.

Sincethe braking torqueis limited, in steady-statethe
compressionbrakecanonly supportacertainrangeof vehicle
speeds,vd (or ωd), for agivengrade,β. Or, stateddifferently,
giventhedesiredvehiclevelocity, vd, wecanonly drivedown
a hill of a gradethat falls within a certainrange. To calcu-
latethis range,considerthesteady-statebalanceof forces(or
torques): x Tcb z rg w Fqdr s vt rg uFv Fβ s mt β u }
Given desiredvelocity vd, gearratio rg andvehiclemassm,
thedeterminationof feasiblegraderangeβmin, βmax is anele-
mentaryroot-findingproblem:x µgmcosβmin x mgsinβmin v x Tmax

cb s vd u r � 1
g w Cqv2

d t
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Figure 3: Controller responsesto disturbancein roadgradefrom
1.8 to 4.2degrees:trajectoriesof BVO timing andcom-
pressiontorque.� µgmcosβmax

� mgsinβmax � � Tmin
cb � vd � r � 1

g � Cqv2
d �

In the driving scenario,shown in Figure2, the feasible
valuesfor the road gradeare within the rangeβmin � 1 � 62
degrees,βmax � 4 � 37 degrees. Therefore,for given vehicle
massandgearratio the resultingcompressionbrake is capa-
ble to supportthe desiredspeedvd during the maneuver on
a descendinggradewith inclination from 1 � 8 to 4 � 2 degrees.
However, if we operatedon a gradeβ thatexceedsthe max-
imum valueβmax, the compressionbrake would not be able
to supportthe desiredvelocity vd underthe samevaluesof
the massandgearratio. In this casewe needto switch the
gearnumberto a lower one(downshift) in orderto increase
the braking capability. The gearswitching can be doneby
following rule: we downshift from the gearnumberk to the
gearnumberk � 1 if the timing of BVO ucb saturates,(i.e.
ucb � umax

cb ) andthespeedfails to decrease,i.e., ω̇ � 0. If the
gear � k � 1� is not sufficient ( i.e, still ucb � umax

cb andω̇ � 0)
we downshift to gearnumber � k � 2� , etc. Note that in this
scenarioit canhappenthat thereexists no gearratio which
would be able to guaranteethe desiredspeedvd for given
gradeβ. In this casewe needto activate the friction brake
to supplementthe lack of compressionbrakingcapability. A
similarprocedureis usedfor theupshiftingbasedon thecon-
dition ucb � umin

cb andω̇ � 0.
Figures4, 5 illustratethedriving maneuveronadescend-

ing gradewhich changesfrom 1 � 8 to 7 deg. Thevalueof the
desiredvehiclespeedis vd � 8 � 78 m/sec(or 31� 6 km/h). The
switch from the gearnumberseven to the gearnumbersix
takesplaceat t � 10 seconds.The valueof desiredvehicle
speedvd � 8 � 78 m/sec(or 31� 6 km/h) correspondsto desired
enginespeedωd � 1500rpm in the gearnumberseven and
ωd � 1955rpm in thegearnumbersix.

5 Coordination with friction brake

As can be seenfrom Section4, the compressionbrak-
ing torquecan be potentially usedas the sole decelerating
actuatorat all potentialgearswithout the assistanceof fric-
tion brakesduringnon-criticalmaneuvers.Althoughwe con-
centrateon speedcontrol usingonly the compressionbrake,
our approachcanbeextendedto coordinatethecompression
brakewith thefriction brakeswhenit is necessary(i.e.,during
aggressiveor critical maneuvers).

The conventionalfriction brake force on the wheelFf b
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Figure 4: Controllerresponsesto a disturbancedueto roadgrade
changefrom 1.8 to 7 degrees:trajectoriesof grade,en-
ginespeed,vehiclespeed,gearratio. Thedesiredengine
andvehiclespeedareshown by thedashedlines.
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Figure 5: Controller responsesto disturbancein roadgradefrom
1.8 to 7 degrees: trajectoriesof BVO timing andcom-
pressiontorque.

canbeconsideredasastaticnonlinearanduncertainfunction
of the pneumaticfriction brake actuatortemperatureT and
thecontrolsignaluf b:

Ff b � f f b � T � uf b � �
Recallthat thebrakingwith thecompressionbrake is prefer-
able,becausewe want to preserve thefriction brake. Hence,
we use the friction brake only when absolutelynecessary.
Specifically, if ucb saturates,( i.e., ucb � umax

cb or ucb � umin
cb )

we calculatethetorquedeficit

∆TQcb � TQcb � ω � ucb� � TQcb � ω � sat � ucb� �
anddeliver it with the friction brake, Ff b � ∆TQcb

rg
. Having

madethis convention,it is sufficient to considerthecompres-
sionbrakeonly with theideathatany extra brakingeffort re-
quiredwill besupplementedby thefriction brake, according
to theexpressionthatwegave.

6 Speedcontrol during aggressivebraking maneuvers

Consideragainthesystem(22). An additionalobjective
is to ensureaggressive braking maneuverswhen the differ-
encebetweenthe currentvehiclevelocity, v, andthedesired
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one,vd, is sufficiently large, i.e., when � v � vd � doesbecome
greaterthena given numberε1 � 0 � Assumingthat the gear
ratio rg remainsconstant,the aggressive braking is needed
when �ω � ωd � � ε � whereε   ε1 ¡ rg, ωd   vd ¡ rg. To cap-
ture thenew requirement,thenew objective functionQ1 has
to includethe nominalobjective function Q   Jt γ

2 ¢ ω � ωd £ 2
andasmoothbarrierfunctionφ1 which is zerowhen �ω � ωd �
is smallerthanε andis monotonicallyandrapidly increasing
when �ω � ωd � is largerthanε:

Q1   Jtγ
2 ¢ ω � ωd £ 2 ¤ Jtγ1

3
φ1 ¢ ω � ωd £ � 0 � γ1 � 0 �

where(seeFigure6)

φ1 ¢ ω � ωd £  ¦¥§ ¨ 0 � if ω � ωd © ε¢ ω � ωd � ε £ 3 � if ω � ωd � ε� ¢ ω � ωd
¤ ε £ 3 � if ω � ωd ª � ε

0 





Φ (x) 

x

 -(x+ε)   






3

ε−ε

1

(x-ε)   
3
«

Figure6: Barrierfunctionfor aggressivebrakingmaneuver

In thiscasetheSGcontrollerlooksasfollows:

ucb   ud � kp∇ucbQ̇1 � ki ¬ t

0
∇ucbQ̇1 ¢ ω ¢ s£ £ ds�

where∇ucbQ̇1  ¥§ ¨ γ ¢ ω � ωd £ ¢ α2
¤ α3ω £ � if ω � ωd © ε­

γ ¢ ω � ωd £ ¤ γ1 ¢ ω � ωd � ε £ 2 ® ¢ α2
¤ α3ω £ � if ω � ωd � ε­

γ ¢ ω � ωd £ � γ1 ¢ ω � ωd
¤ ε £ 2 ® ¢ α2

¤ α3ω £ � if ω � ωd ª � ε

It meansthatif the �ω � ωd � fallsoutsidetheacceptablerange¯ � ε ε° thenφ1 takesa large valueandforcesthe controller
to respondrapidly. Thus,thiscontroldesignensuresthatnor-
mally thespeedcontrolis accomplishedwith thecompression
brake only but if we needto brake suddenlythebarrierfunc-
tion amplifiesthe braking action andpotentially causesthe
friction brake to engage.In this critical maneuver both the
compressionbrake andfriction brake arecoordinatedto de-
celeraterapidly.

Figures7, 8 illustrate the critical driving scenariowith
aggressive braking. The valueof ε1   0 � 29 m/sec(or 1 � 05
km/h) correspondsto ε   50 rpm in the gearnumberseven.
In Figure7 we comparetheengineandvehiclespeedduring
aggressive control actionwith the engineandvehiclespeed
duringnominalcontrolaction. As canbeseen,the response
of thecontrollerwith thebarrierfunction is muchfasterthan
thatof thenominaldesign.Note thecurvaturechangein the
vehiclespeedtrajectoryataboutt   0 � 3 sec.whenthebarrier
function action vanishesas the enginespeedis sufficiently
closeto thedesiredvalue.
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Figure 7: Theengineandvehiclespeedduringaggressive control
action (solid lines) andnominal control action (dashed
lines). Thedesiredengineandvehiclespeedareshown
by dash-dottedlines.
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Figure 8: BVO timing andfriction forceduringaggressive control
action(solid lines)andnominalcontrolaction(dashedlines).

7 Speedcontrol within traffic

We next study a problemwhereour vehicle follows a
leadingvehicle(alsoa truck). This is an importantautoma-
tizeddriving scenarioin AutomatedHighwaySystems(AHS)
(seeShladover et al., 1991; IoannouandChien,1993;Chen
andTomizuka,1995;Yanakiev andKanellakopoulos,1996).
We want to avoid any collisionsbetweenour vehicleandthe
leadingtruck. It meansthat we want to ensurethat thereis
a sufficient distancebetweenour vehicleand the vehicle in
front of our vehicle. Let s be the positionof our truck as it
goesdown thehill, sothat ṡ   v� andsl bethepositionof the
leadingvehicleasit goesdown thehill.

The objective is then to always ensurethat the separa-
tion distance(in secondsof travel) doesnot fall below agiven
numberδ1 � 0

sl � s
v
� δ1 � (27)

As in Section6, herewe assumethat the gearratio rg re-
mainsconstant.Therefore,theobjective (27) canberestated
as sl ± s

ω � δ � whereδ   δ1 ¡ rg andthenew objective function
Q2, whichcapturesthenew requirement(27)will includethe
nominalobjective function Q   Jt γ

2 ¢ ω � ωd £ 2 anda smooth
barrierfunctionφ2 thatpenalizesthesmallheadwaybetween
thetrucksin seconds,i.e.,

Q2   Jtγ
2 ¢ ω � ωd £ 2 ¤ Jtγ2φ2 ¢ sl � s

ω £ � 0 � γ2 � 0 �
whereφ2 hasto bezerowhen � sl ± s

ω � is largerthanδ andmono-
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tonicallyandrapidly increasingwhen ² sl ³ s
ω ² is smallerthanδ.

Becauseof s ´ sl µ 0 ( sinceourtruckfollowstheleading
vehicle),thefunctionφ2 canbeintroducedasfollows:

φ2 ¶ x·@¸h¹ ´ 1 ´ δ
x if x µ ´ δ

0 otherwise,

whereδ is the minimumheadway distanceallowed between
thetrucks(seeFigure9).

Φ º » ¼½
0

δ

− δ »»−1− 

δ

Figure9: Barrierfunctionfor ”vehicle-following” maneuver.

ThentheSG-PIcontrollerhasthefollowing form:

ucb ¸ ud ´ kp∇ucbQ̇2 ´ ki ¾ t

0
∇ucbQ̇2 ¶ ω ¶ s· · ds¿

where

∇ucbQ̇ ¸B¹ ¶ γ ¶ ω ´ ωd ·b´ γ2
δ

s³ sl
· ¶ α2 À α3ω · if s³ sl

ω µ ´ δ
γ ¶ ω ´ ωd · ¶ α2 À α3ω · otherwise

This control designensuresthat normally the speedcontrol
is accomplishedwith thecompressionbrake but if ² sl ³ s

ω ² be-
comessmallerthanδ, a high gainbrakingactionis produced
and both the compressionbrake and friction brake are en-
gagedto preventthecollision.

The ideaof the simulationscenariois that the leadve-
hicle deceleratesto 0 Á 5vd at t ¸ 5 secondsandthenacceler-
atesagainto vd at t ¸ 10 seconds.Theminimumdistanceis
δ ¸ 10 seconds(correspondingto δ1 ¸ 0 Á 56) is allowed.The
responsesareshown in Figures10, 11. Note the aggressive
brakingactionthatthecontrollerusesto preventthecollision
with a deceleratingleadingvehicle.
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Figure 10: Theenginespeed,vehiclespeed,vehiclepositiondur-
ingvehicle-following maneuver(solidlines).Thedash-
dottedline shows thedesiredengineandvehiclespeeds
while the dashedlines show the vehicle and position
trajectoryof theleadingvehicle.
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Figure11: BVO timing andfriction forceduringvehicle-following
maneuver.
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