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Abstract braking mechanisms, BVO is fixed with respect to the crank
Modern heavy-duty vehicles are equipped with a compredngle degrees resulting in on-off retarding mechanisms [4].
sion braking mechanism that augments their braking Capa@dective activation of the BVO of a number of Cylinders can
ity and reduces the wear of the conventional friction brakeBrovide discretely variable retarding power as in [5]. The re-
In this paper we consider a vehicle speed control pr0b|eﬁ\rding mechanism we consider here allows continuouslyvari-
using a continuously variable compression braking mechable retarding power through control of BVO [6]. The timing
nism. The variability of the compression brake is achieve®f BVO (specified in crank angle degrees) is the input signal
through the control of the brake valve of the vehicle’s turto the compression braking mechanism and is physically lim-
bocharged diesel engine. An adaptive controller is designé@d to the rang@cy min = 620 toVey max = 680 degrees after
to ensure good speed tracking performance in brake-by-wifp Dead Center (TDC) (see Figure 1).
or vehicle-following, driving scenarios even during large vari-
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ations in mass and road grade. Our approach is to first con: 0 - Exhaust T mtake :\Brake
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Speed-Gradient procedure. Then, the actuator dynamics are
included in the design via the use of the backstepping pro-
cedure. The backstepping controller is implemented with g
simplified numerical differentiator-based approximation.

igure1: Lift profiles for exhaust, intake and brake events.

The variable compression brake increases the overall decel-
erating capability of the vehicle and can be used as the sole
decelerating actuator without the assistance of friction brakes
In Intelligent Vehicle Highway Systems (IVHS), the majorduring non-aggressive maneuvers. Consequently, the applica-
goals are to increase highway capacity and to enhance dtion and intensity of the friction brakes can be reduced result-

ing safety by automatic longitudinal and lateral control of veing in a significant decrease in the vehicle maintenance costs.

hicles [1]-[3]. Modern Heavy Duty Vehicles (HDV) operateThPS, in this paper we concentrate on the longitudinal speed

very close to the speed, acceleration and headway range_Q | brobl . | iabl ion braki
assenger vehicles. At the same time, their mass and ineﬁ?gtr_o problem using only variab’e compression braxing. We
gre much larger Heﬁce owerful acceIération/deceleration é:g_ngder braking control for a Class-8 HDV during operation
tuation is negdéd to enapble the driver to safely merge follo%] a descending grade with the objective to achieve vehicle
X y ge, speed tracking despite unknown road conditions. To ensure
and react to traffic flow changes.

good speed tracking even during large variations in vehicle
To improve the braking performance of the HDVs, additionahass (payload) and road grade, an adaptive controller is de-
braking mechanisms, such as a compression brake, are freloped.

quently used. In the compression braking mode the CONVERe first results on adaptive longitudinal control design for
tional gas exchange process of the turbocharged diesel

) i - OV in [7 h h h |
gine that powers the HDV is altered and the engine is trans- are presented in [7, 8], w ere the aut. ors d'ev.e op
formed into a compressor that absorbs kinetic eneray froan adaptive controller for a HDV with conventional friction
the crankshaft Dur?n compression braking mode thegf)lljel iET_E'akes using the direct adaptation of PIQ controller gains. In
jection and co.mbustign arepinhibited Thegkinetic ener %is paper, we derive a Model Reference Adaptive Controller
Jecti ' . 9 1B terms of system parameter estimates. The updates for the
dissipated through the work done by the pistons to compres

the air charge. The compressed air is consequently releaes‘fgmates are generated using the Speed-Gradient technique

in the exhaust manifold through a secondary opening of iy’ Our control design approach is to first consider the model

) h i k ics. Then th -
exhaust valve at the end of the compression stroke. We c\g” out compression brake actuator dynamics en the ac

. tuator dynamics are accounted for in the controller through
the secondary opening of the exhaust valve as Brake Valye y g
Opening (BVO). Due to geometric constraints, the valve IiTItr

1 Introduction

! e use of a backstepping procedure. The backstepping con-
t

L ; . oller is implemented using a numerical differentiator based
profile is considerably different for the exhaust and the brake S Imp 9

7 . .aﬁproxmatmn.
events, as shown in Figure 1. In conventional compressio
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in [10]. The control design in this paper is based on a reducezbefficient (assumed to be known constants)

order nonlinear approximation of the crankangle-based mode|:[3(m, B) is the force due to road gradB)((assumed to be
developed in [11]. an unknown constant) and the rolling resistance of the pad(

In addition to speed tracking we are also able, under addig(m B) = —hgmcosB — mgsinf
tional persistence of excitation type conditions, to estimate theTg, is the shaft torque applied by the engine to the driveshaft
unknown parameters, namely vehicle mass and road gra@gipposed to be negative during compression braking).

These estimates can be used for other purposes in Advanggl sneed control problem is to ensure that the engine rota-
Vehicle Control Systems (AVCS). As we will show, the Congion | speeds tracks the desired reference speegit) as the
vergence of the estimates is ensured when the desired Sp\?@ﬂcle proceeds the descending grages wq(t). This en-

value changes in a step-wise or other periodic fashion. Thisd§yes thay - vy (t) as long as the gear ratio remains constant.
typically guaranteed in urban driving cycles. If the excitation

does not occur during normal driving, it has to be introducedemark 1. We assume the existence of a higher level super-
artificially. visory controller which selects transmission gear ratiQ,if

. , ) a frequent saturation of BVO timing is detected. Specifically,
The paper is organized as follows. In Sections 2 and 3 W&pe jimits of the compression braking torque are frequently
review the models for longitudinal vehicle speed and comahed, a different transmission gear ratio can be selected.
pression brake actuator dynamics and we formally state fj&, an appropriate gear selection one can effectively “size”
control problem. Sensitivity of the input-output response dyge hower due to gravity that is reflected on the engine shatft,
to variations in mass and road grade is shown in Section &e (1). The control scheme we develop below can be easily

The observed sensitivity serves as a motivation for us to PWysended to include gear ratio optimization and selection.
sue the adaptive control approach. In Section 5 we develop a

Model Reference Adaptive Controller (MRAC) assuming inRémark 2: We assume that the desired vehicle spegdt) is
stantaneous actuator response. In Section 6, we extend 4fgved from the driver's brake pedal position through a cali-
control design to the case with the actuator dynamics. TRE&tion map. These calibration maps are typically developed

controller performance is demonstrated through simulatioRY Skilled drivers and can be used in a brake-by-wire mode. In
in Section 7. Automated Highway Systems (AHS) the valuewaf(t) may

be generated from a lead vehicle.
2 Vehicle Dynamics Model

Consider the vehicle operation during a driving maneuver on
a descending grade wifh degrees inclination = 0 corre- N [10] we have developed a detailed crank angle based engine
sponds to no inclinatior < 0 corresponds to a descendingnodel that describes the engine dynamics during compres-
grade). Itis assumed that during the descent, the engine is fi@n braking and transition between fueling and compression

fueled and is operated in the compression braking mode. braking modes. This high-order dynamic model captures the
_manifold and cylinder emptying/filling dynamics and the tur-

A Iumpe_:d param_ete_r model approxima_ltion is used tc_) descr'gécharger rotational dynamics. In [11] we show that the high-
_the veh|c_le longitudinal dynamlcs du_rlng compression b_ra%'rder model can be approximated by a lower-order model.
ing. For fixed gear operation the engine crankshaft rOtat'orﬁE\mely, the compression brake torque on the crankshat,

speedg, is expressed by is calculated using the following first order differential equa-

3 BrakeActuator Dynamics

where, P Teb = —Acb(Tep — Tat), 73
‘wis the engine rotational speed, (rad/sec), related to the Vgyere) o, is approximated with a linear function of the en-
hicle speed value = wrg,(m/sec) gine speed,A¢p = No+ N1w . The value ofAg, is implicitly

rg= ﬁ is the total gear ratio, whem, is the wheel di- Iimitgd by upper and IOW(_er I_imits on the engine speed. The
ameterg; is the transmission gear ratigsq is the final drive feasible values oke, are within the rang&ch,min = Ach(@Wnin)
gear ratio (assumed to be known constants) t0 Acp,max = Ach(Wmax). The steady-state braking torquy,

) S is a nonlinear function of the engine spewdnd the BVO
J = mrs + Je is the total vehicle inertia reflected to the eNtiming vep:

gine shaft (unknown constant, depends on the vehicle loading
conditions), wherdg is the engine crankshaft inertia Tet (0, Vep) = Ol + 010+ OaVeh + O3VepW+ o’ (3)

mis the mass of the vehicle (unknown constant, depends«?ﬂe fact that\g, depends orw is due to the turbocharger
the mass of payload), (kg) and manifold filling dynamics that become faster as the en-

Faar = Cqrgw? is the quadratic resistive force (primarily,gine speed increases. We assume that the BVO timing can be
force due to aerodynamic resistance, but we also include frigontrolled instantaneously or considerably faster then the en-
tion resistive terms) gine dynamics in (2). Engine manufacturers are intensively

Cq= C“TA” + Cs is the quadratic resistive coefficient, whergursuing the development of appropriate hardware [6]. Con-
Cq is the aerodynamic drag coefficiem, is ambient air- sequently, we assume for now that the system (2), (3) repre-
density, A is the frontal area of the vehicl€; is the friction sents the dominant compression brake actuator dynamics. The



BVO timing limits translate into limits on the braking torqueparametric form is
Tet,min(®) = Tg (Veb,max, W), Tgt,max(®) = T (Veb,min, ). ,
¢,min(W) s (Veb,max; 09), Tet,max (@) g (Veb,min, W) w:eil(u—rgcawz—l-ez), 4)

The controlleris designed directly in terms of torqug while
the corresponding value of the BVO timing, is obtained by whereu is the shaft torqudy,, and6;, 8, are unknown pa-

inverting the static torque regression (3). rameters. In particula; = J > 0, 02 =rgFs.
o . Remark: Note that the sign 08, which is the total vehicle
4 Sensitivity Analysis inertia is always positive. This property is critical to being

A sensitivity analysis and an evaluation of the model variable to develop a MRAC design.

tions and uncertainties across operating regimes allows ”STB)design MRAC we introduce a reference model that cap-
assess the difficulties in the control design. In particular, vagly o< the desired closed-loop behavior. Specifically
ations in the vehicle mass greatly affect the vehicle dynam- '

ics. The mass for the system can vary as much as 400 percent Wm = —AWm + Awyg, (5)
from a configuration of being a tractor only, to a configuration

of being a tractor and one or more trailers. Figure 2 demoiherewq(t) is the desired vehicle speed ahd- 0 controls
strates the differences in the linearized open loop system ff8e speed of response, whereby larger valuesafrrespond
quency response for different values of the vehicle mass. Siff-faster responses.

ilar trends can be ascertained for the road grade and gear rgighoting the tracking error by= w— w, we obtain:
variations. Clearly, adaptation is needed to ensure that the ve-

hicle response remains the same irrespective of these parame- e= Gil(u - rSCaooz + 62) + Awm — Awy. (6)
ter variations.

Using the certainty equivalence principle, 8f, 62 were
known we would define the feedback law as follows:

U= r3Caw” — 82+ B2\ (W — wy). 7)

Gain [dB]
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If 81, 82 were known, this controller would guaranteg) —
0 0. Since the parameters are unknown, we replace them by
their estimates;, 62 in the control law (7):
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The parametery, 6, will be adjusted by the adaptation law.
The error model is given by:
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T LS &= —Ae+ 67\ (w—cg) (81— B1) + 6710, —8,).  (9)

Figure 2: Frequency response of the transfer function f@wg, to  The update laws are obtained using the Speed Gradient
Aw for various values of the vehicle mass and gear ratio. This plgfethodology [9]. This is a general technique for controlling
is from _[10] wherg additional dynamics were introduced by a BVQonlinear systems through an appropriate selection and min-
hydraulic mechanism (not treated here). imization of a goal function. The controller is designed to
provide the decrease of the goal function along the trajecto-
ries of the system. The goal functighis selected to address

5 Model Reference Adaptive Controller " 4 track biect o) = e > 0. No
. . : 1e speed tracking objective, namé)e) = e~ > 0. Note
In this section we develop a Model Reference Adaptive CoﬂwatQ(e) > 0if e 0 becaus®; > 0. Then,

troller (MRAC) which ensures the vehicle speed tracking dur-

ing braking irrespective of variations in vehicle mass and roadQ = 9,ee = —\81€% + er(w— wq)(0y — él) +e(6— éz)’

grade. The design of the controller algorithm is first done for

the case without the actuator dynamics. In Section 6 we exAd in accordance with the SG approach, we calculate the
tend the controller algorithm to account for the actuator dyderivative ofQ with respect td; and®; (the gradient of the

namics. "speed” ) and define the following adaptation laws:

Let us assume that the marm)f the vehicle (which de_pgnds_ 6, = —yalg 0= vieA (@), V1> 0. (10)
on the mass of payload) is an unknown constant. This implies 1

that the total vehicle inertid (m) is an unknown constant as B, = —VZDQZQ —voe 2> 0. (11)

long as the gear ratio remains fixed. Moreover, assume that
the road grad@ (i.e. the hill inclination angle) is an unknown tne stability results can be proved using the following Lya-
constant, which implies that the forég(m,) due to road punov function:

grade ) and the rolling resistance of the rogg (s an un-

known constant as well. Then the vehicle model (1) in the V(e,8) =Q(e) +0.5y; 182 + 05y, 82 >0, (12



where® = [6; 8,]7,and8 =6, —6;, i=1,2 Calculating The error betweefiy, anda is denoted by:

the time derivative o¥, using the adaptation laws (10)-(11), 7= Tup— (e, B, 6)
= lcb— y I1,92) -

we obtain
T 1m A To account for this error, we augment the Lyapunov function
V= Q- vy 0101~ y; 10,02 = ~A01¢” < 0. (12) with the term (622 :

The last inequality means thate(t), 8(t)) is a non-increasing Va(e z,61,8,) = V(e 81,6,) + 0.5 (16)

function of time. It implies boundedness'éfe(t), 6(t)) and

Q(e(t)) that, in turn, means boundednes®(), 6(t) (thanks The time-derivative 0¥/, along the trajectories of the closed-
to radial unboundedness Qf(e)). Moreover, using the Bar- |oop system (13), (14), (15), (10),(11) is given by

balat's lemma, we can prove theft) — 0 (i.e. W — Wm). , . ox - ox )

Coupled withwm — wy, this implies that — wq(t), i.e. the Va = 0168—y;10101 — 51020, + 2(Top— 01) =

speed tracking goal is achieved. = —OAE+ Z(e—Ap(Tep — Tg) — Q) (17)
Remark: In the actual implementation of (10)-(11) we em- . o .

ploy the feasible range projection whereby the updates argerefore, to guarantee negative definitenesafe need to
stopped if the parameter estimates attempt to leave the regflP0S€Ts to make the last term of (17) to be equal-téz,
where the parameters are known to physically lie in. Th}ghere_k > 0 is a controller gain. This is achieved with the
is done to improve parameter estimate transient behavior dRowing control law:

also to ensure that the estimates always lie within a physically Te = Tep+ At (—kz— e+ @) (18)
reasonable range.

- 3\, A A -~ .
Notice that the time derivative of the Lyapunov function dewhered = (2Cqrg)w—A(w— )01 — 62 + B1Aey.
pends only ore(t) and does not depend di(t), i.e. the so- Sincez= Ty, —a,

lution e(t),6(t) is stable but not asymptotically stable (with 1 1 3
respect to the whole state vector). In order to guarantee Te = (1-KA\g)Tw— Ay (e—ka —a) (19)

the convergence of the estimat8s(t), 82(t) to their true Note that (18) (or (19)) depend on several quantities that we
values6y, 62, we need to require that the vector functiojo not measure directly. In particular, we do not measure the

R=[1 A w—owq)]" is persistently excited [13]. Practi-shaft torqueTy,. To deal with this issue, we use an open-loop
cally, the persistent excitation condition can be satisfied if thgyserver,

value wy varies significantly (e.g., includes at least 2 sinu- -i‘cb = —Aep(Tep — Tg),
soids: one of the two sinusoids can be a constant function
i.e. a sinusoid with zero frequency, the other one shouiid1
have a non-zero frequency). In this case, we can guard®emark: In order to guarantee thaft) — O, z(t) — 0 with
tee the identifying properties of our control algorithm, i.ethe observer, the gaikin (18) (or (19)) has to be selected
liMm_eb1 =01, lim_ w0, = 6,. This implies that the esti- SO thatk > Acpmax/4. Indeed, defin@q, = Tep — Teo. Then,
mates of the vehicle masa and road grad@ will tend t0 €&y = —Agp€eh, and Ty = Tep + € +)\gb1(—kz— e+a). Let
their true values. The simulation results which demonstrajg, =/, + %egb. Calculating the derivative 8fa;

the parameter convergence are shown in Section 7.

d use the estimafigy, in place ofTg,.

Var = —A&—KZ+2Apecp— Acp€p =
6 Controller Design Including Brake Actuator Dynamics = A —(K—Ap/HZ — Aep(€h —0.5-2)?,

In this section, we extend the design to include the brake age obtain thaw,: is negative definite with respect eandz
tuator dynamics (2). The system with the actuator dynamigsk > A, max(@) /4 > Agp(w) /4.

is given by: . L .
'S gven by Note that (18) also depends on the time derivatived@fhich

o = ch+rg(_cqr§w2+ Fp) (13) is not measured (unless there is an accelerometer on-board).
Therefore, to make the above controller implementable, we

To = —Aap(Ter—Ta), (14 have to introduce an approximation of the derivative operator
whereTy is now considered as a control input akg, is a (so called" dirty derivative”.[S], which is given by a transfer
function of engine speew. function o5, 1> 0) for . Then the control law (19) is

modified as follows:
The higher order controller that takes the dynamics in (2) into . W

account is designed using a backstepping approach [12]. I T¢ = (1-k\g)Tew— Ay (e—ka—a)
accordance with this iterative procedure we have to consider 3y PN - R

Tep as avirtual input of the first-order system (13) and design | (chrgzwf M= )81 — 8 + BrAcy

a stabilizing control lava (e, 61,82) and the update laws for Tw = —Awb(Tn—Ta)

81, 62 for (13) as the first step. This has been done in the Qf = T(w— o). (20)

previous Section and
With the approximation of the derivative, only semi-global

a(e 61,82) = riCaw® — 02— B1A(w—wqy).  (15) practical stability results can be guaranteed, see the general
procedure for deriving such results in [14].



7 Simulation Results x10*

To illustrate the operation of the adaptive controller we have  *°

designed, we consider the response to a desired vehicle speec
profile wq, given by a step-wise periodic function that may
be encountered in typical urban driving scenarios. Initially,
large parameter errors result in a poor tracking performance.
The tracking improves as the adaptation proceeds. During this
particular periodic excitation imgy the vehicle mass and road -05
grade estimates tend to their true values in 45 sec as shownin -
Figure 5. From Figure 4 we note tha}, saturates during the -15
transients (the saturation limits are indicated by dash-dotted
lines). To provide some compensation for saturation we use
an approach from [15]. The idea is to replaog by wq,
wheredyq s = —Af(wg,f —wg) +, whereht is large and is 0 10 2 % me [sec) % 50 &
selected to preserve the valuegfwhen saturation occurs and
itis zero if there is no saturation. Unlike in [15], the schemgjgyre 5: Convergence of vehicle mass and road grade parameter
is here applied to an adaptive system. In particular, the satura- estimates. The true values are given by the dash-dotted
tion compensation scheme is active during the last downward lines, the estimates by the solid lines.
step inwy (see Figure 3) and one can observe that the virtual
referencewq ¢ slows down to enable the system to catch up
fcaion performed wel for all he criving scenarios we tesie[l, S.E: Siadoveet . "Automa vetile corirl develope:
) . . ..ments in the PATH Program|EEE Trans. on \ehicular Technology,
through simulations. The analysis of the closed-loop stabilify) 40(1), 1991, pp.114-130.

properties for this more complex application is left for futurgz]  p. joannou, C.C. Chien, “Autonomous intelligent cruise con-
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Figure 3: Vehicle speedb (solid) in response to desired spaagl
(dash-dot) and reference model trajectary (dash).
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