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Abstract

Speedegulationof Heary-Duty Vehiclesequippedwith
variablecompressiorbrake is consideredn this paper Use
of compressiorbrake reducesthe wear of the corventional
friction brakes,andit is, thus,a preferredway of controlling
thevehiclespeediuringasteadydescenbr non-criticalbrak-
ing maneuers.To performmoreaggressie (critical) braking
maneuersor control vehicle speedduring large changesn
the grade,the compressiorbrake must be coordinatedwith
gear ratio adjustmentsand friction brakes. In this paper
we develop nonlinearcontrollersthat accomplishboth crit-
ical and non-critical maneuersaswell asin-traffic vehicle
following objectives. The designtechniqueis basedon the
Speed-Gradierapproachwherebycontrol actionis selected
in the maximumdescentirectionfor a scalargoalfunction.
The nominal goal function is selectedto addresghe speed
regulation objective and, then, is appropriatelymodified by
barrierfunctionsto captureconstraintdueto complimentary
driving objecties.

1 Intr oduction

Thelasttenyearshave withessed significantincreasen
theefficiency andoperationabpeedf the Heary-Duty Vehi-
cle (HDV) powertrains. It is ironic that while increaseduel
efficiency resultsin high acceleratiorperformanceit alsore-
duceghevehiclenaturalretardingcapability andhencejim-
its the deceleratiorperformanceof HDVs. The mainvehicle
retardersnamely the friction brakeshave well known limi-
tation associatedavith overheating(Gerdeset al., 1995),sat-
uration,andactuatordelays(Yanakier andKanellalopoulos,
1997). The currentpracticeof “snubbing” ratherthan“drag-
ging” the servicebrakesexemplifiestheselimitations (Fitch,
1994). Operationalspeedscomperableto passengewrehi-
cles,wheresafebrakingcanbeachiesed,requirehigh retard-
ing power with consistentmagnitudeandunlimited duration.
Thus, augmentingthe braking performanceof HDVs with
auxiliary retardingmechanismss increasinglyimportantin
orderto integrateHDVs in advancedransitandhighway sys-
tems. Indeed, vehicle manufcturersaggressiely develop
retardingmechanismsvith low weight and maintenancee-
quirementso they do not offset the recentimprovementsin
powertrainefficiency.

A retardingmechanisnthat satisfiesthe above require-
mentsis the enginecompressiorbrake. During compression
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braking mode the enginedissipatesthe vehicle kinetic en-
ergy throughthe work doneby the pistonsto compresshe
air duringthecompressiostroke. Thecompressedir is con-
sequentlyreleasednto the exhaustmanifold througha sec-
ondaryopeningof the exhaustvalve at the end of the com-
pressiorstroke. We call thesecondarppeningof the exhaust
valve asBrake Valve Opening(BVO). Dueto geometriccon-
straints,the valve lift profile is considerablydifferentfor the
exhaustandbrake events(seeFigurel). In corventionalcom-
pressionbraking mechanismsBVO is fixed with respectto

the crankangledegreesresultingin on-off retardingmecha-
nisms(Cummins,1966).Selectve activationof theBVO in a
numberof cylinderscanprovide discretelyvariableretarding
power (Jacobs/ehicleSystems1999). Theretardingmecha-
nismwe considethereallows continuouslyariableretarding
power throughcontrolof BVO (Hu etal., 1997). Thetiming

of BVO (specifiedin crankangledegrees)is theinput signal
to thecompressiomrakingmechanisnandis physicallylim-

ited to the rangeu" = 620to Ul = 680 degreesafter Top

DeadCenter(TDC) asshavn in Figurel.
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Figure1: Lift profilesfor exhaustjntake andbrake events.

In this paperwe concentraten the longitudinal control
problemusing compressiorbraking to its maximum extent
in an effort to minimize the corventionalfriction brake us-
ageand,hencethefriction brake wear It is well known that
wearandoverheatingeduceghe DC authorityof thefriction
brakes andintroduceslarge parametewariations. Adaptive
algorithmshave beendevelopedby loannouand Xu (1994)
to addressunpredictablechangesin bralke model parame-
ters. Recentwork by Maciucaand Hedrick (1998) showvs
that non-smoothestimationand adaptationtechniquescan
be usedto achieve a reasonablérake friction force control.
The delaysassociatedvith the pneumaticactivation of fric-
tion brakesimposeoneof the main obstaclesn autonomous
heary vehiclefollowing scenarios.Thesedifficulties in au-
tonomoudHDVs aremitigatedby usingaggressie prediction
algorithms(Yanakier and Kanellalkopoulos,1997). The pre-
diction algorithms,however, assumeaccurateknowledgeof
the delaysanddo not performwell duringatotally uncertain
brake maneuer. To reduceheapplicationandintensityof the
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friction brakes,compressiomrake canpotentiallybe usedas
a soledeceleratingactuatorduring low deceleratiomequests
(i.e., non-criticalbrakingmaneuers)andcombinedwith the
friction brakesduring high deceleratiorequestgi.e., critical
brakingmaneuers).

In particular we consideran automaticvehicle speed
controlproblem,namely theregulationof vehiclespeediur-
ing along descendown a grade. To sustainthe desiredve-
hicle speedduring non-critical maneuers suchas a steady
descentwe usecompressiorbrake only. To perform more
aggressie (critical) maneuersor control vehiclespeeddur-
ing largechangesn thegrade thecompressiofrake mustbe
coordinatedvith gearratio adjustmentsndfriction brakesto
supplementhe compressiorbraking capability The control
designis basedon a reduced-ordenonlinearapproximation
of the crankangle-baseenginemodeldevelopedin (Mokle-
gaardet al., 2000). The brakingtorquedueto compression
is a nonlinearfunction of the timing of BVO andthe engine
(i.e., vehicle) speed. This nonlineardependencéntroduces
additionaldifficultieson the actuatorevel.

We develop nonlinearcontrollersthat accomplishboth
critical and non-critical maneuers as well as in-traffic ve-
hicle following objectives. The controllersare designedus-
ing the Speed-Gradien{SG) methodology(Fradlov, 1979;
Fradlov and Pogromslk, 1999). This is a generaltechnique
for controlling nonlinearsystemshroughan appropriatese-
lection and minimization of the goal function. The nominal
goal functionis selectedo addresshe speedregulationob-
jective and, then, is appropriatelymodified by barrier func-
tionsto captureconstraintsdueto complimentarydriving ob-
jectives. The controlleris designedo provide the decrease
of the goalfunctionalongthetrajectoriesof the system.The
local closed-loogstability is verifiedanalyticallyby checking
theachievability condition. It is showvn thatthe controllerhas
alargeregionof attractioncoveringaveryreasonabliterval
of initial valuesfor thevehiclespeed.

Thepapelis organizedasfollows. Themodelfor longitu-
dinalvehiclespeeds describedn Section2. In Section3 we
review the necessaryesultsof the SpeedGradientmethodol-
ogy. In Section4 we developa Speed-Gradieralgorithmfor
speedcontrolusingonly compressiorbrake anddemonstrate
thecontrollerperformanceluringsmallchangeén thegrade.
For largechangesn thegradethecompressiorake mustbe
coordinatedwith gearratio adjustmentsand an appropriate
controllerfor doing this is alsodescribedn Section4. The
coordinationwith friction brake is describedn Section5. In
Sectionss,7 we addres<ritical maneuers,in particularag-
gressive brakingand“v ehicle-folloving” areconsideredThe
closed-loopperformancefor all traffic scenariods demon-
stratecthroughsimulations.

2 Vehicle Dynamics Model

Considethevehicleoperatiorduringadriving maneuer
on adescendinggradewith (3 degreesinclination (8 = O cor-
respondso noinclination,3 < 0 correspondso adescending
grade).lt is assumedhatduringthedescenttheengineis not
fueledandis operatedn the compressiomrakingmode.

A lumpedparametemodelapproximationis usedto de-
scribethe vehiclelongitudinaldynamicsduring compression
braking. For fixed gearoperationthe enginecrankshaftota-
tional speedw, is expressedy:

@ = Ten+ rg(Fg — Fgar + Fib) 1)

where,
w is the enginerotational speed,(rad/sec) relatedto the
vehiclespeedvalue,v, (m/sec) by thefollowing relation

V= (k)rg,

2)
rg= glg is thetotal gearratio, wherer,, is the wheel di-

ametey g; is thetransmissiorgearratio, g4 is thefinal drive
gearratio (assumedo be known)

J = mré + Je is the total vehicleinertiareflectedto the en-
gineshaft(depend®nthevehicleloadingconditions) where
Je is theenginecrankshafinertia

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

Faar = CqV? = Cgraw? is the quadraticresistire force (pri-
marily, force dueto aerodynamiagesistanceput we alsoin-
cludefriction resistve terms)

Cq= % + Cs is the quadratiaesistve coeficient,where
Cqy is the aerodynamicdrag coeficient, p is ambientair-
density A is thefrontal areaof the vehicle,C; is thefriction
coeficient (assumedo be known)

Fg(m,B) is the force dueto roadgrade(B) andthe rolling
resistancef theroad(y):

Fa(m, B) = —ugmcosB — mgsing

g istheacceleratiordueto gravity

Fsp is theforceonthevehicledueto applicationof thecon-
ventionalfriction brake (negative duringfriction braking)

Tep istheshafttorqueappliedby theengineto thedriveshaft
(negative duringcompressiotraking).

The speedcontrol problemis to ensurethat the vehicle
speedv(t) tracksthedesiredreferencesehiclespeedsy asthe
truck proceedghe descendinggrade: v — vy. Sincethe en-
gine rotationalspeedw(t) is relatedto the vehiclespeedby
V = wrg, this ensureghat w — wy wherewy = ¢ is the de-
siredenginespeed Additionally, we assumehatthe braking
with the compressiorbrake is preferable becauseve want
to presenre the friction brake andusethe friction brake only
whenabsolutelynecessary

The desired controller is designedusing the Speed-
Gradient(SG) methodology(Fradkov andPogromsl, 1999)
reviewedin Section3. Thisis ageneratechniqueor control-
ling nonlinearsystemsthroughan appropriateselectionand
minimization of the goal function. The goal function Q is
selectedo addresshe speedegulationobjective,i.e.

Jtvo(

Q= Va)2>0, Yo>O0. ©)

Thecontrolleris designedo provide the corvergenceo zero
of the goal function (3) alongthe trajectoriesof the system
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(1) thatimpliestheachiasementof the speedegulationprob-
lemv — vg4. Takinginto accountherelationbetweerengine
andvehiclespeedq?), the goal function canbe rewritten as
follows:

= ﬂ(m—md)z >0, y=Yo/r5>0.

Q=7

(4)

3 Speed-GradientMethodology
In this sectionwe review the necessaryesultsof the
Speed-GradienfSG) Control Methodology(Fradkov, 1979;
Fradlov andPogromsly, 1999). Considera nonlinearsystem
modelof theform

x= 10 +g(u, (5)

wherex € R" is the statevector, u € R™ is the control input
vector f(x) and g(x) are continuoslydifferentiablevector
functions.

Thecontroldesignobjectiveis to stabilizea desiredequi-
librium x = xq4 (thatsatisfiesf (x4) + g(Xq)uqg = 0) while atthe
samdime shapinghetransienresponse&ia theminimization
of thefollowing scalargoalfunction

Q(x(t)) = 0, when t — oo, (6)
where Q(x) is assumedo be twice continuouslydifferen-
tiableandradially unboundedunctionthatsatisfieQ(x) > 0,
Q(xq) = 0. The function Q may, for example, representa
weightedsumof thesquare®f the deviationsof the different
component®of x from the correspondingomponentof xg.
We first presentan intuitive argumentleadingto the deriva-
tion of the SG controller Considerthe evolution of Q(x(t))
over a sufficiently smalltime interval [t, t + At]. Then,the
objective of minimizing Q canberestatedas

Q(t + At) = Q(t) + w(x(t),u(t))At — min,

wherethe function w(x, u) is determinechsa time deriative
of Q(x) alongthetrajectorief the system(5) (i.e. thespeed
of changeof Q):

2Q
(X +909u).

(*)(Xa U) = Q =
To preventlarge control excursionsfrom the desiredsteady-
statevalue,uq, we canaugment controlpenaltyandconsider
theminimizationof thefunction

1 M .
QL) + w(X(t), u)At+ 5 (u= ud)T(E)_l(u— Ug) = min, >0,
(7)
Since w(x(t),u) is affine in u the minimizer is obtainedby
settingthe gradientwith respecto u to zero. This leadsto the
controller

u(t) = ug — NMY¥(x), (8)

whereW is the gradientof the “speed”Q = w(x(t),u) with
respecto u:

W) 2 Duelx(t), u) = (2geo)T.

I (9)

This controlleris referredto asthe Speed-GradienPropor
tional (SG-P)controller Onecanalsoaugmenta penaltyon
the controlincrementandconsiderthe minimizationof

Q(t) + w(x(t), u)At + :—Zl(u(t) —u(t—At) ) -

—u(t—At)) = min, T > 0. (10)
u(t)

Thisresultsin the Speed-Gradierntegral (SG-I) controller:

u(t) — u(t — At)
At

u(t) ~ = —IOyw(x(t),u) = —T'PY(x). (11)
The generalclassof controllersof interestfor this paperare
Speed-Gradier®roportionaplusintegral (SG-Pl)controllers
of theform:
t
u(t) = Ug — MW(x(t)) = T / WYx9)ds  (12)
0
In generalthereis no guaranteahatthe controllerresultsin
the stableclosedloop systemand is robustto disturbances.
However, one may provide some stability and robustness
propertiesunder someadditionalassumptions.Rewrite the
controllaw (12) in amorecorvenientequivalentform:
u=ug— NP +6, 8=-TYX

where® is the integratorstate.Let us considerthe following
Lyapuna function

V(x,8) = Q) + %eTr—le >0 (13)

and calculateits time-dervative alongthe trajectoriesof the
closedloop system(5), (12):

_Q

V=3 (F00+90ua) - WTNW().  (14)

Now, let usdetermineghefollowing sets:

Ye£{x: QX <C}, QcE{(x6): V(x8) <C},
andsupposehatthe socalledachievability conditionholds:

9Q

forall x € Yg,
ox

(f() +9(ua) < —p(QA(x)) (15)
wherep is acontinuouslyifferentiablefunctionthatsatisfies
p(0)=0, p(z)>0if z#0.Sincetheachiesability condi-
tion holdsfor x(t) € Y¢, thenV (t) < 0 aslong asx(t) € Yc.
Assumethattheinitial conditionattimet = 0 is (x(0),6(0))
suchthat(x(0),0(0)) € Qc, i.e. x(0),6(0) satisfythefollow-
ing inequalities:

%B(O)TF‘lG(O) <C-(1-\), 0<A<L
Then, for all t, V(x(t),8()) < V(x(0),6(0)) < C and
Q(x(t)) < C so that the achievability condition holds on
the trajectory x(t,x(0),0(0)), 6(t,x(0),6(0)). Therefore,

Q(x(0)) <C-A,
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V(x(t),0(t) andQ(x(t)) areboundedandtheclosed-loopsys-
tem trajectoriesx(t),0(t) are boundedaswell dueto radial
unboundnessf Q(x). Thenfrom Barbalats lemma,we ob-
tain that Q(x(t)) — 0 ast — . Additionally, assuminghat
Q(xd) =0, Q(x) > 0 for x # X4, we getx — X4. Hence,the
above factsprove the following result.

Theorem 1: Considerthe SG-Plcontmoller (12) applied
to the system(5). Assumethat the achievability condition
(15) holds for all x € Yc. Thenfor all initial conditions
(x(0),6(0)) in Qc theclosedloop trajectoriessatisfy

Jim Q(x(t)) = 0.

Moreover, if Q(x) satisfiesQ(xq) = 0 and Q(x) > O for
X # X4, the closedloop systemmeetsthe contmol objective
lim¢_ye X(t) = Xg.

Remark 1: ThesetQc = {(x,6) : Q(x)+36Tr~16< C}
describeghe region of attractionof the equilibrium (xg,0).
Typically, 6(0) is setto zero,andthenall initial states«(0) in
Ye ={x: Q(x) < C} areguaranteetb berecorerableby the
controller(12).

Remark 2: The sameresultcanbe provedfor the SG-P
controller(8). Indeed,in this casethe Lyapunw functionV
coincideswith the objective function Q(x) andthe region of
attractionis thesetYg.

Thevectoruy in the SG-Pcontroller(8) andSG-Plcon-
troller (12) canbe interpretedas an ideal feedforward term:
f(xd) + 9(Xq)ug = 0. Due to plant parametewariations,uq
may be unknovn. However, in the caseof the SG-Plcon-
troller (sincethe controlleremplgys an integral action), we
expectsomerobustnespropertiego disturbancethataread-
ditive to the plantinput. Let w be anunknown constantaddi-
tivedisturbanceaffectingtheplantinput. Usingwto represent
the errorin the feedforward term, the controllerthencanbe
viewed asapplyingan erroneoudeedforward (g in the form
Ug = uqg + w. Thus,the SG-Plcontrollercanbe represented
as

U=ug—N¥YX) +6+w, 6=—-T¥(x), (16)

where@ canbe interpretedas an estimateof —w. The de-
sirableproperty6(t) — —w, and, therefore,lg + 6(t) — ug
meansthat the integrator state correctsfor the error in the
feedforwardasymptotically

Considetthefollowing Lyapuna function

V(x,6) = Q(x) + %(9+W)T|__1(9+W) 17)

anddeterminegheset:
Oc 2 {(%0): V(x8) <C}.

Theorem 2: Considerthe SG-Plcontmoller (16) applied
to the system(5). Assumethat the achievability condition
(15) holds for all x € Yc. Thenfor all the initial condi-
tions (x(0),6(0)) in Qc the closedloop trajectoriessatisfy:
lim{_ Q(X(t)) = 0. Moreover, if Q(x) satisfiesQ(xg) = 0
and Q(x) > 0 for x # x4, the closed-loopsystemmeetsthe
contmol objectivelim;_,. X(t) = Xg. If, furthermoe, then x m

matrix g(xq) has a full column rank, then limi_. 8(t) =
=W, im0 (g4 0(t)) = ug.

Remark 3: The set Qc = {(x,6) : Q(X) + (6 +
w)"r~1(8 4 w) < C} describesghe setof initial conditions
for which theclosedloop systentrajectoriesneetthecontrol
objective (6). Althoughit is advantageous$o have aninitial
estimateof —w, 6(0), ascloseas possibleto —w, we typi-
cally setf(0) to zero,becausev is unknonn. Then,the setof
initial statesx(0) thatareguaranteedio berecoverableby the
controller(12), decreasewhenw increases.

Remark 4: To checktheachiesability condition(15) the
following procedures used. Assumethat Yc = {x: Q(x) <
C} for someC > 0 is a compactsetwith Xy in its interior
andQ(x) > 0'if X # x4, Q(Xg) = 0. We needto find a value
of € suchthatfor all x € Yz = {x: Q(x) < C} the strong
achievability condition

A g) = 22(£(%) + g(¥)ue) < ~£Q(X),

™ (18)

wheree > 0, holds. Essentiallye is alow boundon a rateof
cornvergenceof Q(X) to zeroon the trajectoriesof the open-
loop system Let usdefinethefollowing function

N Q(X, Ug)
“©)= Q?‘f‘xc( QW) ) ‘

Note thatk(C), in general,may take an infinite value since

Q(x4) = 0. Onthe otherhand,Q(x4, us) = 0 and,hence,3

may have a removable singularity at 0 and we can, there-
fore, set Q(xg,Ud)/Q(Xd) = 1im 1 —sxg Qg(’)‘(’)d). In this case
K(C) takesa finite valuedueto the compactnessf Yc. The
casethat 8 has a removable singularity at x4 is, actually

ratherusualin mary applications. Moreover, k(C) is non-
decreasingn C. Thevalueof k(C) canbe calculatedusing
numerical optimization. From the graphof k(C) we may
be ableto specifyC > 0 suchthatk(C) < 0 for all C < C.

Then,Q(x,uq) < —eQ(x) aslongasQ(x) < C, i.e., thestrong
achievability condition(18) holds.

(19)

4 Speedcontrol using only compressionbrake
Considerthe systemwith compressiomorake only

\][0.): ch+ rg(—qur + FB) (20)
In (Moklegaardet al., 2000)we developa crank-angléased
engine model that capturesthe effects of the compression
braking. As aresultof modelreductionit is shovn in (Mok-
legaardet al., 2000a)that the compressiorbrake torqueon
the crankshaftT, canbe calculatedusinga staticnonlinear
functionof the enginespeedw andthetiming of BVO ugy:
ch((.v.), Ucb) = Olp+ 01W—+ O2Ucp + O 3UchW. (21)
The timing of brake valve openingis limited to the range
ugy" = 620 to U = 680 degrees. Thesetranslateinto
the limits on the torque TH"™(w) = Tep(UFE™ W), TH W) =
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ch(ug"gn, w). Thenthe systemunderconsideratiorlooks as
follows:

Jw= 0o+ 10+ O2Uch + 03Wlch + Fg(—Fgar + Fp), (22)

In accordancewith SG method, we first calculatea time
derivative of the goalfunctionQ = J‘—zy(w— wq)? > 0, where
Wy = Vg/rg, alongthetrajectoriesof (22):

Q= Y(00— ) (0o + 010+ AUy + AUy + Fg(—Far + Fp))
andthederivative of Q with respecto ug, ("speed-gradient”):
D, Q@ = Y(W— wq) (02 + 030).
Thenthe SG-Plcontrollaw looksasfollows:
. t .
Lo = g — ko, Q) — i | Dy Qui9)ds  (23)

whereuy is thefeedforward of desiredvaluefor theinput:

_ rg(Cqv3 — Fp) — dlo — 010y
02 + O30y '

Note that (23) canbe interpretedastraditional PI controller
but with nonlinear gainswhich dependon enginespeedw.
As shown in Section3, theimplementatiorof the SG-Plcon-
troller (23)is possiblewithoutknowing preciselythevalueof
thefeedforwardtermuy, dueto theintegral term.
Theverificationof the closed-loogstability requirements
is donein accordancevith the procedurein Remark4 (see
Section3). Accordingto theprocedurdet usconsidera set
2C
Yo={0: Q) <C}={o: (0-wy)’ < T}
for someC > 0 andthen specify a value of € suchthat for
all w € Yg the achievability condition Q(w,uq) < —€Q(w),
wheree > 0, holds. Calculatingthe ratio % andtaking
into accountthe expression(24) for the feedforward ug, we
get:

Ud (24)

Qwug) _  2Cqrg
ow % @rb

It canbeverifiednumericallythatD = wq — “3(‘3‘2—;“1 is always
*]

(25)

positive for all physicallyfeasiblevaluesof thegradef3, mass
m anddesiredenginespeeduy.

Notethat(25) reachedts maximumvalueonthecompact
2C

setYc atw=wy— J[—y,i.e.,
Qoun)\ _ Lerg, |
”ii‘x( Aw) )_ 3 Ty TR @O

Then, we can guaranteehat the achievability condition al-
waysholdsfor all w € Yg = {w: Q(w) < C}, whereCisary
positve numbersuchthat

C< Jt%(md + D)2

is guaranteedo be recoverableby the controller (23) with
6(0) = 0 providedthatw = 0. Thisimpliesthatthe controller
(23)hasalargeregionof attractioncoveringaveryreasonable
interval of initial valuesfor thevehiclespeedhatcorresponds
to the enginespeednterval of [0, 2wy], wherewy = vy/rg iS
thedesiredenginespeed.

We testedthroughsimulationsthe operationof the SG-
PI controllerduringanon-criticalmaneuer, whenonly com-
pressionbrakingis usedto sustainthe desiredvehiclespeed
during a long descent. The vehicle massis 20,000 kg, and
the value of desiredvehicle speedvy = 8.78 m/sec(or 31.6
km/h) correspond$o desiredenginespeedy = 1500rpmin
the gearnumberseren. Figures2, 3 illustratethe SG-Plcon-
troller responseo unmeasureadthangesn road grade. The
implementatiorof the controlleris donewith a value of the
feedforwardtermuy calculatedassuminga gradeof 3 = 2.5
deg while the actualgradechangedrom 1.8 to 4.2 degrees.
Theunknowvn gradecreateanunmeasuredisturbancevhich
is additive to the controlinput. As shavn in Theorenm?2 (Sec-
tion 3), the SG-Plcontrollerensuresobustnesgpropertieso
suchkind of disturbancesincethe controllerhasanintegral
statewhich correctgheerrorin thefeedforwardugy. Thecom-
pressionbrake is usedasthe sole deceleratingactuatoyi.e.,
withoutactivatingfriction brakes. It canbeseernthatalthough
thetiming of BVO, ugp, saturatesluringthetransientghean-
tiwindup compensatiothatwe usedin combinatiorwith our
controllerpreseresgoodspeedegulationperformance.

Grade, [deg]
o N S o
T

30 I I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20

Time [sec]

Figure 2: Controllerresponseso disturbancen roadgradefrom
1.8to4.2degreestrajectorief grade enginespeedand
vehiclespeed Thedesiredengineandvehiclespeedsare
shavn by thedashedine.

Sincethe braking torqueis limited, in steady-statehe
compressiomrake canonly supporta certainrangeof vehicle
speedsyy (or wy), for agivengrade . Or, stateddifferently,
giventhedesiredvehiclevelocity, vy, we canonly drive down
a hill of a gradethat falls within a certainrange. To calcu-
latethis range considerthe steady-statbalanceof forces(or
torques):

—ch/rg + qur(Va rg) = Fﬁ(ma B).
Givendesiredvelocity vy, gearratio rg andvehicle massm,
thedeterminatiorof feasiblegraderangeBmin, Bmaxis anele-
mentaryroot-findingproblem:

—HgMCOSBrmin — MgSiNBmin = —TH>(Va)ry * +CaVa,
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Figure 3: Controllerresponseso disturbancen road gradefrom
1.8t0 4.2 dgyrees:trajectoriesof BVO timing andcom-
pressiortorque.

—HgMCOPBmax— MYSINBmax= —Tc'Bm(Vd)ral + Cqu

In the driving scenarioshavn in Figure 2, the feasible
valuesfor the road gradeare within the rangeBmin = 1.62
degrees,Pmax = 4.37 degrees. Therefore,for given vehicle
massandgearratio the resultingcompressiorbrake is capa-
ble to supportthe desiredspeedvy during the maneuer on
adescendingyradewith inclinationfrom 1.8 to 4.2 degrees.
However, if we operatedon a gradep thatexceedshe max-
imum value Bnax the compressiorbrake would not be able
to supportthe desiredvelocity vq 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 ug, saturates(i.e.
Uch = UZ) andthe speedfailsto decreasd,e.,w> 0. If the
gear(k— 1) is notsufficient ( i.e, still usp = ug*andw > 0)
we downshift to gearnumber(k — 2), etc. Note thatin this
scenarioit can happenthat there exists no gearratio which
would be able to guaranteethe desiredspeedvy for given
gradef. In this casewe needto activate the friction brake
to supplementhe lack of compressiorrakingcapability A
similar proceduras usedfor the upshiftingbasedn the con-
dition ugp = U andéo < 0.

Figures4, 5illustratethedriving maneueronadescend-
ing gradewhich changedgrom 1.8 to 7 deg. Thevalueof the
desiredvehiclespeeds vy = 8.78 m/sec(or 31.6 km/h). The
switch from the gearnumberseven to the gearnumbersix
takesplaceatt = 10 seconds.The value of desiredvehicle
speedvy = 8.78 m/sec(or 31.6 km/h) correspondso desired
enginespeedwy = 1500rpm in the gearnumbersevenand
wy = 1955rpmin the gearnumbersix.

5 Coordination with friction brake

As can be seenfrom Section4, the compressiorbrak-
ing torque can be potentially usedas the sole decelerating
actuatorat all potentialgearswithout the assistanc®f fric-
tion brakesduringnon-criticalmaneuers. Althoughwe con-
centrateon speedcontrol usingonly the compressiorbrake,
our approactcanbe extendedto coordinatethe compression
brakewith thefriction brakeswhenit is necessarti.e.,during
aggressie or critical maneuers).

The corventionalfriction brake force on the wheel F¢y,

Grade, [deg]
»
T
I

0 2 4 6 8 10 12 14 16 18 20
Time [sec]

Figure 4: Controllerresponseso a disturbancedueto roadgrade
changefrom 1.8to 7 degrees:trajectoriesof grade,en-
ginespeedyehiclespeedgearratio. Thedesiredengine
andvehiclespeedareshavn by thedashedines.
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Figure 5: Controllerresponseso disturbancen roadgradefrom
1.8to 7 degrees: trajectoriesof BVO timing and com-
pressiortorque.

canbeconsidereasa staticnonlinearanduncertairfunction
of the pneumaticfriction brake actuatortemperaturel and
thecontrolsignalusp:

Frb = fo(T, Usb)-

Recallthatthe brakingwith the compressiorbrake is prefer
able,becauseave wantto presere the friction brake. Hence,
we use the friction brake only when absolutelynecessary
Specifically if ucp saturates( i.e., ucp > UF* or ugp < ug"b‘”
we calculatethe torquedeficit

AT Qch = T Qcb(W, Ueh) — TQcb(w, sét (Uen))

anddeliver it with the friction brake, Fsp, = %_ Having
madethis corvention,it is sufficientto consideithe compres-
sionbrake only with theideathatary extra brakingeffort re-
quiredwill be supplementedby thefriction brake, according
to theexpressiorthatwe gave.

6 Speedcontrol during aggressve braking maneuvers

Consideragainthe system(22). An additionalobjective
is to ensureaggressie braking maneuerswhenthe differ-
encebetweerthe currentvehiclevelocity, v, andthe desired
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one, vy, is sufficiently large,i.e., when|v — vy| doesbecome
greaterthena given numbere; > 0. Assumingthatthe gear
ratio ry remainsconstant,the aggressie braking is needed
when|w— wqg| > €, wheree = €1/rg, wy = Vy/rq. ToO cap-
ture the new requirementthe new objective function Q1 has
to include the nominal objective function Q = (w wg)?
andasmoothbarrierfunction@; whichis zerowhen|w oY
is smallerthane andis monotonicallyandrapidly increasing
when|w— wy| is largerthane:

Q= Yw-wp+ La@-0)>0, >0,
Where(seeFigureG)
if wo—wg<e
o (w—0y) = (oo -3,  fw—wy>e
—(w— ood+s) if w— oy < —¢€
@,(x)
-(x+s)3 (x-s)3
X
—€ 0 € ”

Figure 6: Barrierfunctionfor aggressie brakingmaneuer

In this casethe SG controllerlooks asfollows:

. t .
Ueb = Ud — kpJuy Ot — ki /0 D Q1 (0(9))ds,
whereDuchl =

y(w— wyg) (a2 + ozw), if w—wg<e
(V(w— oq) +y2(0— Wy — €)%) (02 + 030, if w— 0y >€
(V00— o) — y1(w— wg +£)?) (02 + 03w), if 00—y < —¢

It meanghatif the|w— wy]| falls outsidetheacceptableange
[—€ €] thenq, takesa large value andforcesthe controller
to respondapidly. Thus,this controldesignensureghatnor-
mally thespeedcontrolis accomplishedavith thecompression
brake only but if we needto brake suddenlythe barrierfunc-
tion amplifiesthe braking action and potentially causeshe
friction brake to engage.In this critical maneuer both the
compressiorbrake andfriction brake are coordinatedo de-
celeraterapidly.

Figures?, 8 illustrate the critical driving scenariowith
aggressie braking. The value of €1 = 0.29 m/sec(or 1.05
km/h) correspondso € = 50 rpm in the gearnumberseven.
In Figure7 we comparethe engineandvehiclespeedduring
aggressie control actionwith the engineand vehicle speed
duringnominalcontrol action. As canbe seentheresponse
of the controllerwith the barrierfunctionis muchfasterthan
that of the nominaldesign.Notethe curvaturechangen the
vehiclespeedrajectoryataboutt = 0.3 sec.whenthebarrier
function action vanishesas the enginespeedis sufficiently
closeto thedesiredvalue.

1800 h q

Ne [rpm]
,

1600 - ~ -

1400 4

40

v,V d(AEkm/h]

30 q

Time [sec]

Figure 7: The engineandvehicle speedduring aggressie control
action (solid lines) and nominal control action (dashed
lines). The desiredengineandvehicle speedare shavn
by dash-dottedines.

=)

Friction force, [N]
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Figure 8: BVO timing andfriction force during aggressie control
action(solid lines)andnominalcontrol action(dashedines).

7 Speedcontrol within traffic

We next study a problemwhere our vehicle follows a
leadingvehicle (alsoa truck). This is animportantautoma-
tizeddriving scenaridn AutomatedHighway SystemgAHS)
(seeShladweret al., 1991; loannouand Chien,1993; Chen
andTomizuka,1995; Yanakier andKanellalopoulos,1996).
We wantto avoid ary collisionsbetweenour vehicleandthe
leadingtruck. It meansthatwe wantto ensurethatthereis
a sufficient distancebetweenour vehicle andthe vehiclein
front of our vehicle. Let s be the positionof our truck asit
goesdown thehill, sothats=v, andg bethepositionof the
leadingvehicleasit goesdown thehill.

The objectie is thento always ensurethat the separa-
tion distancgin second®f travel) doesnotfall belowv agiven
numberd; >0

(27)

As in Section6, herewe assumethat the gearratio rg re-

mainsconstant.Therefore the objectve (27) canberestated
ass%S > 3, whered = &, /rg andthe new objective function

Qz2, which captureghe new requirement27) will includethe

nominal objective function Q = %Y 5 (w— wy)? anda smooth
barrierfunction ¢, thatpenallzesthe smallheadvay between
thetrucksin secondsi.e.,

HY (0 )+ dyo (32

Q2= >

)>o o> 0,

whereq, hasto bezerowhen|2=2| is largerthand andmono-
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tonically andrapidly increasingvhen| 5%5| is smallerthand.
Becausef s—g < 0 ( sinceourtruckfollowstheleading
vehicle),thefunction@, canbeintroducedasfollows:

[ —1-2% ifx<-3
cpz(x)_{ 0 otherwise,

whered is the minimum headvay distanceallowed between
thetrucks(seeFigure9).

Figure 9: Barrierfunctionfor "vehicle-folloving” maneuer.

Thenthe SG-Plcontrollerhasthefollowing form:

. t .
Ut = g = ko, Q2K [ Dy Qal@(9)ls
where

Ty Q= { (V(@— ) = Va5) (2 +030) i SZE <=3

Y(w— wy) (02 + 03w) otherwise
This control designensureghat normally the speedcontrol
is accomplishedwith the compressiorbrale but if |2=2| be-
comessmallerthand, a high gainbrakingactionis produced
and both the compressiorbrale and friction brake are en-
gagedo preventthecollision.

The ideaof the simulationscenariois that the lead ve-
hicle decelerateso 0.5vy att = 5 secondsandthenacceler
atesagainto vy att = 10 seconds.The minimumdistances
8 = 10secondgcorrespondingo 6; = 0.56) s allowed. The
responsesireshavn in Figures10, 11. Note the aggressie
brakingactionthatthe controllerusesto preventthecollision
with a deceleratindeadingvehicle.
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Figure 10: The enginespeedyehiclespeedyehiclepositiondur
ing vehicle-folloving maneuer (solidlines). Thedash-
dottedline shavs thedesiredengineandvehiclespeeds
while the dashedines shav the vehicle and position
trajectoryof theleadingvehicle.
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Figure 11: BVOtiming andfriction forceduringvehicle-follaving
maneuer.
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