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Mechanical Engineering Department, Modern heavy-duty vehicles are equipped with compression braking mechanisms that
University of Michigan, augment their braking capability and reduce wear of the conventional friction brakes. In
Ann Arbor, MI 48197 this paper we consider a heavy-duty vehicle equipped with a continuously variable com-

pression braking mechanism. The variability of the compression braking torque is
achieved through controlling a secondary opening of the exhaust valve of the vehicle’s

Lasse Moklegaard turbocharged diesel engine using a variable valve timing actuator. A model reference
Mechanical and Environmental adaptive controller is designed to ensure good vehicle speed tracking performance in
Engineering Department, brake-by-vyire driving scgnarios in presence of large payload and road grade variations.
University of California, The adaptive controller is integrated with backstepping procedure to account for com-
Santa Barbara, CA 93106 pression braking actuator dynamics, with observers for various unmeasured quantities

and with compensation schemes for actuator saturation. In addition to speed tracking, the
vehicle mass and road grade are simultaneously estimated if persistence of excitation-type
conditions hold. The final version of the controller is successfully evaluated on a high
order crank angle model of a vehicle with a six-cylinder engine.
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1 Introduction camshaft phasing actuatql) varying the number of cylinders

. . - . that are operating under compression mode. With the latter ver-
Increased highway capacity and enhanced driving satettich sion of the compression braking mechanism only a finite number

S:Ji;h%rrwrgr?wre%?;lsrggL?grt?é?l?stegnHrlgg Vrv(%gsﬁtﬁg}sg%é%}akpf possible braking torque values can be achieved for a given

control of modern Heavy Duty Vehiclé$iDVs). Although, con- ine speed. The number_ of p055|b_le dlsc_rete torque yalues de-

ventional service brakedriction pads on the \./vheel$an’theo- pends on the number of cylinders activated in compression mode.
P The finest quantization of engine braking torque that can be

retlicallty provide afrctert]ardinr(;;_ [l)ovxéﬁr ten timetsbhighe[j thant_the akchieved with this approach is defined by the number of cylinders
celeraning power of the VERicie, they cannot be usec ContiNUOoUy e engine. A further quantization of the braking torque deliv-

because of the generated heat that may cause *brake fading” a(ﬂ'éd to the wheels can be achieved through the gear selection in
excessive wear of the friction conta¢td. The presence of delays

; - : . . he driveline. Thus, the request of negative torque can be approxi-
assouat_ed with the_ pneumatic or the hydraulic actuation s \ately matched by combining a certain number of “braking” cyl-
system impose additional constraints on the longitudinal contilyers and a certain choice of gear ratio. This capability is utilized

of HDVs [51' To maintain operational speeds comparable to PAF the Eaton-Vorad collision-warning system EVT-300 with
senger vehicles, without compromising safe braking perfo.rman@martCruise that activates compression braking automatically
h'g.h re_tardlng_ power with consistent mf’;\gnltu_de and unlimited QWhen a collision is imminent. It is not clear, however, that a ve-
ration is required. Faced with these difficulties, fleet and Engiicle following can be realized, unless the service brakes that are

manufacturers are introducing additional retarding mechanisrlq rmally controlled by the driver can smoothly compensate for

\cl)vflftgetl(me\/::cl:ge?]tt ﬁrz]drowgmteenqzqge équel;'trrzmeenftﬁ;gn?ey do n e compression braking torque deficit at a given speed. The strin-
P P Y. ent requirements of HDV following scenarios and other applica-

A. promising retard_lng mechanism _that sa_t|sf|es the_ above | ns in Intelligent Transportation necessitate continuous variation
maintenance and weight-to-power ratio requirements is the eng!ne
8_

. . : the compression braking torque. Thus, continuously variable
compression brake that relies on converting the turbocharged mpression braking achieved through a continuous variation in
sel engine, that powers HDVS, into a compressor that absoj ke valve timing(option (a)) is currently under active investi-
klnet_lc_ energy from th‘? crankshd#, 7). .It is based on inhibiting ation [8]. This is the type of actuator that we focus on in our
fuel injection and altering the conventional gas exchange proc%asper '
in the cylinders of the engine through a secondary opening of t °To :study the effects of the continuously varying brake valve

exhaust valve at the end of the compression stroke. We call ing we developed a detailed crank angle based model appro-
secondary opening of the exhaust valve when the air is relea

; . . %Gf' te for longitudinal control of a typical Class 8 highway truck
into the exhaust as Brake Valve Openif8VO) (or braking equipped with compression brake. The model accurately repre-

e;:en;) gngn\.'xe rsferBrtgktahi/éogeﬁ;?ﬂg/g-r;lmén%g;ggﬁ eXh;ugtents the transient and nonlinear behavior of the engine and the
valve opening as ve Timi - Specifically, We -y opicle during combustion and braking modes, and during the

define BVT as the number of crank angle degrees from the t Ansition between those modE]. Applying numerical model

dead-center at the beginning of the power stroke to the Openmgo?aher reduction techniques to this model we have developed a set

the br.akt.e.valve, as shown n Fig. 1. . . of low order models that can be used for control analysis and
Variability of the compression braking torque can be achiev sign[10]

by (@ varying the brake valve timing using a variable exhaus In this paper, we concentrate on the longitudinal speed control

problem using only variable compression braking in an effort to

Contributed by the Dynamic Systems and Control Division for publication in th : i B ;
JOURNAL OF DYNAMIC SYSTEMS, MEASUREMENT, AND CONTROL. Manuscript fncrease HDV retarding capability, accommodate higher operating

received by the Dynamic Systems and Control Division March 1, 2000. AssocisdPeeds and minimi;e the use of the conventional friction brake
Editor: S. Sivashankar. and, hence, the friction brake wear. To ensure good and consistent
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much as 400 percelifrom a configuration of being just a tractor

to having one or more trailersesulting in drastically different
closed loop performance. The experiments on an HD3] indi-

cate that the conventional controllers, such as a fixed gain PID,
have limited capability to handle the large parameter variations of
HDV. Road grade changes are the second most important issue
that present strong challenges, especially combined with uncer-
tainties in the vehicle mass.

A very promising approach to enhance the conventional control
algorithms is that of on-line parameter estimation and controller
adaptation. Several adaptive algorithms related to automotive
speed control applications have been introduced in prior literature
(see, e.9.[]16-21)). In particular, in[16] the authors develop an

Y
EV VT A BV
L Pistpn Brake /\ ]
Mabion ; ‘Valvel ) optimization-type direct adaptation algorithm that adjusts the

D

0 100 200 700 gains of a PI controller to minimize a cost functional that reflects
vehicle performance objectives over varying road conditions. The
authors of 17] use an indirect adaptive scheme with the recursive
least-squares method to identify parameters in a linearized vehicle
model. A least-square estimator that provides vehicle mass, aero-
) ) o ) dynamic drag and rolling resistance estimates is describgtBin
speed tracking performance despite large variations in the vehigle n pe used to implement algorithms for indirect adaptive con-
mass and road grade, we pursue an adaptive control approach-gjf¢ agaptive algorithms have been developed 6] to address

first consider the model without compression brake actuator d_é(ﬁpredictable changes in parameters of conventional service

namics and derive a Model _Reference Adaptive Controller Brakes. Recent work20] shows that nonsmooth estimation and
terms of system parameter estimates|. The update laws for the ;y301ation techniques can be used to achieve a reasonable control
parameter estimates are generated using the Speed-Gradient techr braking force of conventional service brakes

nique[12]. Then the actuator dynamics are accounted for in the The first results on adaptive longitudinal control design for

controller design through the_ use of a backste_pping procedu V are presented if5,21]. There the authors develop an adap-
The backstepping controller is implemented using observers Je controller for an HDV with conventional friction brakes using

various unmeasured variables and the S.tab'“ty of the schemetH direct adaptation of PIQ controller gains. The novelty of our
rlgorously analyzed. We, fu_rthermore, outline several ways to d% rk is in using an indirect adaptive control method applied di-
W'.t.h actuator saturation. Finally, the schemg developed on a si ctly to nonlinear longitudinal vehicle dynamics model and com-
plified model is sut_:cessfully applle_d toa h'gh order crar_1kang ession braking actuation mechanism. In particular, a Model Ref-
_based model of a diesel engine equipped with a compression br 2nce Adaptive Controller is derived in terms of two system
ing actuatof13]. In order to compensate for undesirable effects arameter estimates, namely vehicle mass and road gidle

the high order model such as cylinder-to-cylinder interactions, oth of these parameters are found to be critical in longitudinal

employ additional measures to enhance our scheme robustnggﬁtrol since they have the most impact on the longitudinal
Specifically, the dead-zone and adaptation disabling in fast tran'rformance[14] y P 9
sients are introduced to deal with unmodeled dynamics. Their & - : . .
fect is to stop adaptation when the unmodeled dynamics are dom._In addition to speed tracking we are also able, under persistence

nant. Good tracking performance and identifying properties of Y aes);cgﬁgorg%per;ggd\'/t;gnssﬁotv?/ ﬁeﬁﬁﬂoﬂ?&exigﬁmﬁie o
final version of the controller for vehicle mass and road grade a 9 : 9

demonstrated on crankangle based engine model simulation. estimates is assured when the desired speed value changes in a

The paper is organized as follows. In the immediately followin ‘eP‘WiS.e or other periodic fashigthat is typically guaranteed in
pan driving cycles

section we review the key issues and challenges of longitudi ) : L .
control of HDVs and summarize the related literature and the Reliable on-line HDV parameter estimation has a large impact

contribution of our paper. In Section 3 we describe a model f&p" réducing emissions, increasing fuel efficiency and enhancing

longitudinal vehicle dynamics and compression braking actuafefiely of automated vehicles. In light of HDV automation an ac-

dynamics. In Section 4 we develop a Model Reference Adaptifrate payload mass estimation is critical for implementing a con-
Controller(MRAC) assuming, first, the instantaneous actuator rér-_°| scheme propos_ed (4], where referenc_e commands to indi-
sponse. We then extend the control design to the case with fjgu@l trucks are adjusted so that all trucks in a platoon can follow
actuator dynamics. In Section 5 we consider different approacH§ reference command from the leading truck without saturating
to deal with the actuator saturation. We then introduce modific§1€ir actuators. Moreover, estimation of payload mass in HDVs is
tions to enhance the control scheme robustness. With these my&0Y important and it is used nowadays by fueling algorithms to
fications the controller is successfully applied to the full orddieduce smoke and by the transmission shift strategy to eliminate

model and the results are reported in Section 6. Concluding r&€ar hunting.” An electronically controlled HDV powertrain can
marks follow in Section 7. accomplish online mass parameter estimation using two primary

methodsia) acceleration data during a step change in fueling rate,
2 Challenges in Longitudinal Control and Parameter Erk])) acceleration or deceleration data during a gear shift. In §|| of_
. . ese methods, changes in road grade confuse the mass estimation

Estimation of HDVs algorithms by biasing the driveline torque that is available for

To guarantee safe and reliable operation of automated vehiclasgeleration or deceleration. Meth@ is more accurate because
modern speed control systems are designed to provide good spigedbes not depend on a feedforward steady-state combustion
tracking performance and robustness for a multitude of operatit@yque estimator that is prone to errors due to engine aging. How-
conditions such as vehicle mass, road grade, gear combinatiangr, it is expected that shift duration will be shortened in the
aerodynamic drag, etc. A sensitivity analysis of the HDV modéduture to reduce speed loss and consequently smoke emission gen-
variations(see[10,14]) clearly indicates that more sophisticateceration during gear shifts, and, thus, methbd will be increas-
control schemes have to be introduced to meet the stringent pegly difficult to apply for parameter estimation. Grade informa-
formance requirements. The issue of vehicle load changes istioh can be potentially obtained using road map information and
particular concern in HDV, since the HDV’s mass can vary asatellite communication. 1114] a two-antenna GPS system is

600
Crankangle [deg]

Fig. 1 Lift profiles for exhaust, intake and brake events
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Based on averaging and identification of the instantaneous torque
. response for changes in brake valve timing and engine speed, a
r § low order control oriented engine model has been derivédah

- ‘ ‘ . ] The lower plot in Fig. 2 shows the cycle-averaged torque response
3 4 5 6 7 8 9 10 obtained by processing the summation of individual cylinder
torque in the crank angle domaimiddle plotg with a third order

so%f\’\f\f\’\,\,\,\f\f\f\f\M\M\f\ Mf\M MM\r\ r\MM\ MAM Butterworth filter. The cutoff frequency corresponds to one engine

=TTV 25 e o sty et o e

5 4 3 3 7 8 9 30 compression braking torque on the crankshaft,, is calculated
using the following first order differential equation with the time

.€800 3 Averaged torque 1 constant ]xcb:
%820 3 \ 1 .
™ 840 Teb=—NeolTeb— Tso), 2

3 7 ) 9 jo  where the steady-state braking torqtig,, is calculated as a non-
Engine Cycles linear function of the engine speedand the brake valve timing

Ugp -
Fig. 2 The instantaneous shaft torque response to a step cb
change in BVT from 685 deg to 692 deg. The third plot shows Ts(w,Ucp) = ap+ 1o+ asUcp+ azUcpw. (3)
the event-averaged torque response. Source: [10]. . . . .
The regressiof3) has been obtained [A10] by fitting the simu-

lation results from the full order model. The brake valve timing

used for road grade measurements within a least-square ba“gml s impose limits on the braking torqueTs,mirc)

estimation scheme. The adaptive scheme proposed in this pap ‘égg‘;ﬁ“g‘gglgpsmg’ég;]Ttsr‘fgcg’;‘g‘a’lag]; high pressure valve actua-
provides mass and road grade estimation without any additio a

sensors or measurements, but it is limited by the fact that t
estimation happens only during compression braking periods.

n hydraulics(see e.g.[8]) allow us to assume that the actuator
Bening the brake valve is considerably faster than the engine
manifold filling and turbocharger dynamics. Thus, the brake valve
o . timing u., can be treated as a control input. The controller in this
3 Longitudinal Vehicle Model paper is designed directly in terms of torglig from (2) through
Consider the vehicle operation during a driving maneuver onkckstepping, while the corresponding value of the brake
descending grade witB degrees inclinatioli3=0 corresponds to valve timing, ug,, is obtained by inverting the static torque
no inclination, 3<0 corresponds to a descending gradeis as- regressior(3).
sumed that during the descent, the engine is not fueled and isThe speed control problem is to ensure that the engine rota-
operated in the compression braking mode. A lumped parameti@nal speedw tracks the desired reference speeg(t) as the
model approximation is used to describe the vehicle longitudingghicle proceeds the descending grade: wqy(t). This ensures
dynamics during compression braking. For fixed gear operatiéhatv—vq(t) as long as the gear ratio remains constant. We as-

the engine crankshaft rotational speexljs expressed by: sume that the desired speegi(t) is derived from the driver's
) brake pedal position through a calibration map. These calibration
Jiwo=Tep+1g(Fg—Fqar), (1) maps are typically developed by skilled drivers and can be used in

whereT,, is the engine torque applied to the cranksliaéigative @ brake-by-wire mode. In Automated Highway Syste(A$iS)
during compression brakingd,=Mr+J, is the total vehicle in- the value ofwy(t) may be generated from a lead vehicle.
ertia reflected to the engine shaff, is the engine crankshaft

inertia, M is the mass of the vehicledepends on the mass of4 Model Reference Adaptive Controller

payload. The total gear ratiory, is given byry=r,/9Q9r.  The sensitivity analysis and, in particular, significant variations
wherer, is the wheel diameteg, is the transmission gear ratio, i, the vehicle response characteristics to an application of com-
94 Is the final drive gear ratid= , is the quadratic resistive force hression brake clearly indicate the need for nonlinear and adaptive
(primarily, force due to aerodynamic resistance, but we also iRpnro| design to ensure good and consistent HDV speed tracking
clude friction resistive terms performance for a multitude of vehicle mass, road grade and gear
Foar=Cql 202, combinationg10]. The design of such nonlinear adaptive control-

q a9 ler is the topic of this section. Specifically, we develop a Model
whereCq=CgyAp/2+ C; is the quadratic resistive coefficier@qy  Reference Adaptive Controller that is derived in terms of two
is the aerodynamic drag coefficieptis ambient air-densityd is  system parameter estimates, namely vehicle mass and road grade.
the frontal area of the vehicle ai@} is the friction coefficientF;  Both of these parameters are found to be critical in longitudinal
is the force due to road gradg) and the rolling resistance of the control since they have the most impact on longitudinal perfor-
road (f): mance[14].

__ _ ; The design of the controller algorithm is first done for the sys-
Fp=—TigMcosg—Mgsing, tem without the actuator dynamics. The actuator dynamics need to
whereg is the acceleration due to gravity. The engine speds be taken into account if higher levels of performartegy., faster
proportional to the vehicle speed i.e.,v=wrg, as long as the response, disturbance rejecticare desired from the closed loop
gear ratio remains constant. system. In Subsection 4.3 we extend the controller algorithm to
In [9] we have developed a detailed crank angle based modekount for the actuator dynamics. The simulation results on the
for the compression braking torque. This high-order dynamieduced order model in Subsection 4.4 provide the benchmark
model is based on energy conservation principles in addition performance for comparison controller performance on the full
static engine maps provided by the manufacturers, and it is egder model in the following sections.
pable of describing the intrinsic interactions between individual
cylinder intake and exhaust processes, and turbocharger dynamic$é.1 Controller Design Without the Actuator Dynamics.
during combustion and braking modes and during the transitidke assume that the massof the vehicle(which depends on the
between the modesee the crank angle based model simulatiomass of payloadand the road grad@ are unknown constants.
for a step change in BVT from 685 deg to 692 deg in Figy. 2This implies that the total vehicle inerti&(m) and the force
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Fs(m,B) due to road gradés) and the rolling resistance of the Thus V(e(t), 9(t)) is a non-increasing function of time and

road (f,) are unknown constants as well. Then the vehicle m°d9|(e(t),0(t)), Q(e(t)) are bounded. There(t), ~0(t) are also

in the parametric form is bounded. Fron{9), assuming thai(t), t=0, is boundedg(t),
_ 1 . ) t;o, is bounded as weII..The Barbalat's lemma can now be ap-
= e—l(u—rgcqw +6,), 4) _pl|ed to show thae(t) —0, i.e.,w(t)— wy(t), ast—o. Note that
if wq(t)=wy=const fort=t’, w(t)— wy.
whereu is the shaft torqud,, andd,, 6, are unknown param-  To ensure that the parameter estimates are bounded within a
eters,0,=J;>0, ,=r4F ;. Note thatd,, which is the total ve- realistic feasible range and to improve the parameter estimate
hicle inertia, is always positive. This property is critical to beingransient behavior we can augment a projection algorith(d@p-
able to develop a MRAC design. (12). Supposedy min<01< 01 maxs O2min<02=<0max- The param-
To design MRAC we introduce a reference model that capturgger updates are stoppedsif, 6, attempt to leave their respective
the desired closed-loop behavior. Specifically, the reference moggisible intervals:
trajectoryw,, is given by

om=—Nont+Nog, (5) blzprojl['yle)\(w_wd)lbl]f (13)

where wy(t) is the desired vehicle speed and-0 controls the EZZPrsz[ 7291:92], (14)
speed of response, whereby larger values obrrespond to faster
responses. The speed reference model approach is particulaiere fori=1,2,
suitable for operating trucks in a vehicle following scheme within
an AHS environment because heavy vehicle response should not
vary too much when operating conditions change to avoid adverse Proji[x,y]=1 O, if X<0, Y<6; min.
effect on traffic flow.

Denoting the tracking error bg= v — w,,, we obtain:

0, if x=0, y=6; max

X, otherwise

When the projection is employed, the time-derivativé/dfias the

o1 .
6= o= (U=15Cqw>+ ;) +hon—Nag. () form:
. N . o ! V=—\6,e2+ ], (15)
Using the certainty equivalence principle, we define the feed-
back law as follows: where
U=rCqw?— 6,— O\ (0 — wy). @) D29, (eN(w—wg)— Projy[ex(w—wg), 01])
If 6,, 6, were known, this controller would guarantee tleét) +0,(e—Proj,[e,6,]). (16)

—0. Since the parameters are unknown, we replace them by their . o .
estimatesﬁl, bz, in the control law(7): From 9i,min§9§9i,max, and definition ofProj; it is §tra|ghtfor-
A ward to verify thatd=<0, and, henceg(t), 6(t) remain bounded.
uzrgcqwz— 0,— 01\ (0 — wyg). (8) Assuming thaiwy(t), t=0, is bounded, the uniform continuity of
A A . . e%(t), t=0, follows from boundness d(t) in (9). Hence, the
The parameters, , 0, will be adjusted by the adaptation law. Theconyergence(t)— 0 ast— = follows from the Barbalat's lemma.
error model is given by:
) - - 4.2 On-line Parameter Estimation. We next study the
e=—\e+0; No—wg)(0,— 0,)+ 0, (6,—6,). (9) identifying properties of our algorithm and demonstrate that our

The parameter update laws are derived using the Speed Gr&g0lr! scheme will provide mass and road grade estimation under
ent methodology12]. This is a general technique for controllingadd't'onal persistence of excitation type conditions. Specifically, if

nonlinear systems through an appropriate selection and minimiP&rameter convergence,(t)—6,, 0,(t)—0, as t—x= takes
tion of a goal function. The controller is designed to provide Blace then accurate estimates of the mmassd of the road grade

decrease in the goal function along the trajectories of the systefcan be backtracked fromy andé,. The error mode(9) can be
The goal functionQ is selected to reflect the speed tracking obrewritten in the form:
jective, specifically:Q(e) = 0,€%/2=0. Note thatQ(e)>0 if e

#0 becaus&;>0. Then,

0= —}\0162+e)\(w—wd)(01—A01)+e( 02_;92) where R=[N(o—wy) 1]T is the regressor _function,79
=a[_01 6,]". Frome(t)—0, (13), (14) it follows that 6(t)—0 as
V& oo, Using the Barbalat's lemma we can show thét) —0 as
well. From(17) this implies thaiR(t) T6(t) —0 ast—o. Suppose
wg(t)=const fort=t". Then, o(t)—wy(t)—0 ast— and
;“9 =V, O=veNw— ' >0, 10) 02(t)—0 ast—o. Unfortunately, the convergence &f does not

1= 7% Q=reMe= ), 7 (10) iiow us to simultaneously identify both the road grade and the

> - vehicle mass. To obtain both the convergenggt)—0 and

0,=—y,V, Q= y,e, >0, 11) ~ .

2 2 HZQ 2 2 (11) 0,(t)—0 ast—x, wy(t) should not be constant, and additional
wherey,, y,>0 are positive adaptation gains. The convergen&®nditions orR(t) are needed. Specifically, the matft) must
e(t)—0 can be proved using the following Lyapunov function: be persistently exciting22]. In practice, this persistent excitation
condition can be enforced b4 is not a constant and provides a
sufficiently rich excitation to the system, e.g., changes in a step-
wise or other periodic fashion. This is typically guaranteed in
urban driving cycles.

9.6=—\6,6+R'0, 17)

and in accordance with the SG approach, we calculate the deri

tive of Q with respect tod, and 6, (the gradient of the “speed”
and define the following adaptation laws:

V(e 0)=Q(e)+ ! 92+ ! 92=0 (12)
e,0)=Q(e)+ — — 05=0,
2y, . 2y, 2

Where~0:[~01792]T, and79i: 0,— bi , 1=1,2. Calculating the time

derivative ofV, using the adaptation lawd0)—(11), we obtain 4.3 Including Compression Braking Dynamics. We fur-
. ther extend the design to include the brake actuator dynat®ics
V=—\6,e><0. The system with the actuator dynamics is given by:
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Jio=Tep+Tq(—Cyr2w?+F 18 ' ' ' i '
t . ch g( q'g ,B) ( ) —‘1550 . .

Ten=—Neo(Teo— T, (19) E1500

whereT,, is now considered as a control input. The higher orde 1450
controller that takes the actuator dynamicg 2 into account is L L ; L L L
designed using a backstepping approg3i. In accordance with 0 10 20 30 40 50 60 70
this iterative design procedure we have to trégf as avirtual ¢ 0 ' ' T ' i
input to the first-order systertl8) and, as a first step, design az‘-zoo

stabilizing control IaWa(e,bl,bz) for (18) and the update laws 3

= _
trol | 52 \/V'JMY‘/\J\\/,\/\V——
for 61, 6,. This, in fact, has already been done in the previo,g

section and . : . . . .
a(e,01,0,) =13Cqw%— ,— O\ (0~ wy). (20) S 700f
The error betweenTg, and « is denoted by z=T, §650
—a(e,f;,0,). To account for this error, we augment thek '
Lyapunov function(12) with the term 1/22: m 600| |
I -~ 1 0 10 20 30 40 50 60 70
Vai(€.2,01,02)=V(e,0,0,) + 5 2% (21) Time [sec]

The time-derivative o¥,; along the trajectories of the closed-Fig. 3 Upper plot: engine speed  w (solid) in response to de-

loop system(18), (19), (20), (13), (14) is given by sired speed , (dash-dot ) and reference model trajectory @,
(dash). Lower plots: the trajectories of torque T, and brake

: . 1 1A : . valve timing u, (solid). u ,u ., are indicated by dash-
Va: glee_ v 10101_ Yz 19202+Z(ch_ a) dotted |inesg_ cb cb,max cb,min y
=— N2+ D+z(e— Nep(Tep— Te) — @). (22)

Therefore, to guarantee negative definitenes‘#a@fwe need to | he sh .
chooseT, to make the last term of22) equal to—kz, wherek We also do not measure the shaft torqug. To estimateTy,
>0 is a controller gain. This is achieved with the following conW& May use an open-loop observer,
trol law: > A

1 . Teb= —Nen(Tep— Tso)-
Tsi=Tept Ay (—kz—eta), (23) . ,
The estimatél ¢y, replacesTy, in the control lawm(25). Because the
solution of e,,=—A\¢p€ep, Where eq,=T.,— T, €Xxponentially
) 3 L. AR A converges to zero, it can be verified that the algorithm properties
a=(2Crgo= 0N o—Nw=wg) 1= 0+ 01hog.  (24)  gre preserved with this observer. Note that the effectiveness of the

where

Sincez=T.y— a, open-loop observer depends on knowing accurately the value of
) \cp- The use of this open-loop observer can be avoided altogether
To= (1= KA ;) Tep— Aoy (e—ka—a). (25) in vehicles equipped with a torque sensor, wh&gg would be

girectly measured. There may also be alternative procedures for

estimatingT ., from the driveline/transmission side that also avoid

the time derivative ofv which is not measure@inless there is an using the openjlqop _observer. In our case the actual braking
'Iorque, that exhibits higher frequency content, was neglected by

accelerometer on-boardTherefore, to make the above controllet e onen loon observer model. Despite the unmodeled high order
implementable, we have to introduce an approximation of the de- P P : P 9

rivative operator(so called ‘dirty derivative' [5], which is given ynamics ;ve confirm in Secﬂog G that the speed .tragklng p%rfo.r-
by a transfer functiors/(s/ 7+ 1), 7>0) for @. Then the control Mance an parameter error reduction are maintained even during

law (25) is modified as follows: simulation with the full order model.
4.4 Simulation Results on Reduced Order Model. To il-

_ -1 -1 A-
Ts=(1=Khep ) Tep=Aep (e~ ka—a) lustrate the operation of our adaptive controller given(®§) and
_ .3 2.5 _ 7 _ (3), we consider a response to a desired vehicle speed pagfile
a=gCqw" = 0~ 1k (0~ wg), given by a step-wise periodic function that slightly exaggerates an
urban driving scenario. The vehicle operates in fifth gear. The
(26) initial parameter estimates are 60 percent off the true values of the
mass and grade, thus resulting in poor tracking performésee
Fig. 3. The tracking improves as the adaptation proceeds. During
this particular periodic excitation im4 the vehicle mass and road
grade estimates tend to their true values in 35 s as shown in Fig.
S ) A 4. The variations in the engine speed in Fig. 6 correspond to
0,=Proj,[ v.e,0,]. variations in the desired vehicle speed between 18.3 km/h and
The analysis of this controller algorithm with the dirty deriva-19.6 km/h. This is a very small variation in the vehicle speed that
tive approximation is presented in the Appendix. The properties ould be hardly noticable to the driver. In fact, this excitation
the original algorithm are essentially recoveredyif, y,, k, - May be imposed artificially by the control system on top of the
are sufficiently large. The backstepping procedures that rely on th@minal desired vehicle speed set by the driver.
dirty derivative approximation are analyzed [24] for the non- These .results are obtqlned gnder thg assumption that the regres-
adaptive case. From these non-adaptive results, we would expaef (3) is accurate. Simulations using a perturbed model of
that k and 7 need to be sufficiently large. As is shown in thesteady-state torqugs, demonstrates a reasonable sensitivity to the
Appendix, in the adaptive case, the adaptation gains need alsarégression errors. For example, a 10 percent persistent mismatch
sufficiently high. caused by multiplicative uncertainty between the modeled and

Note that(23) (or (25)) depend on several quantities that we d
not measure directly. In particular, the control |626) depends on

&=(2Cq 30— 10 i — N — wq) 1~ O5+ 1\ ivg

w1=1(0— wf),

:912 Proji[yien(o— wd),bl]:
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Fig. 4 Convergence of vehicle mass and road grade param- Fig. 5 Upper plot: engine speed  (solid ) in response to de-
eter estimates. The true values are given by the dash-dotted sired speed w, ; (dash-dot ) and reference model trajectory e,
lines, the estimates by the solid lines. (dash). Lower plot: the trajectories of brake valve timing Ucp

(solid ). Ucp max» Ueh,min @re indicated by dash-dotted lines.

actual torque i‘stz 1.1T,) results in 10 percent steady-state error ) ) ] )
in the estimate of the vehicle mass and 1 percent error in ti@p properties for this more complex scheme with saturation
estimate of the road grade. Note that the speed tracking perfé@mpensation will be reported in the future work.

mance does not deteriorate even in the presence of this modehng2 Coordination With Gear.

In order to avoid actuator
error.

saturation, an alternative approach can be used. Specifically, if the
. . limits of the compression braking torque are frequently reached, a
5 Saturation Compensation Schemes different transmission gear ratio can be selected. With an appro-
Since the range of brake valve opening timing is limited, actug@riate gear ratio selection one can effectively “size” the power
tor saturation may occur. From Fig. 3 we note thg saturates due to gravity that is reflected on the engine shaft, (dg¢eThe
during transients(the saturation limits are indicated by dashselection of the transmission gear rat@, would typically be
dotted line$. The closed loop controller responses may diverge @fone by a higher level supervisory controller if a frequent satura-
the saturation is not properly handled. The actuator saturation dam of brake valve timing is detected. The control algorithm we
be handled within the control design in two different ways dehave developed in the previous sections can be extended to in-
scribed below. clude gear ratio optimization and selection. A similar gear selec-

I . . tion scheme has been developed26).
5.1 Reference Modification. To provide compensation for pedzs]

actuator saturation we use the approacH2H]|. The idea is to 6. Adaptive Controller Implementation on Full Order
preserve the time-rate of decay of the Lyapunov function even j del
saturation is encountered by properly modifying the referen ode
command. Unlike i25], here we apply the scheme to an adap- In this section we test our adaptive controller on the high order

tive system. crank-angle based engine modelith 24 dynamic statgor a six
The reference modéeb), that captures the desired closed loorylinder, 350 Hp diesel engine equipped with a compression
behavior, is modified as follows: brake. The high order engine model was developef®in The

. crank angle representation allows us to capture the cylinder-to-
wn=Mon=wg). @7) cylinder interactions and individual cylinder variables such as
The signalwg ¢ is calculated as an output of the following filterpressure, temperature and torque in crank angle resolution during
with a time constanty: the transition from combustion to braking. The high frequency
. content of the quasi-periodic crank angle resolved cylinder opera-
@q,1=Tg(@g— g1+, (28)  tion may affect the controller operation and lead to closed-loop
wherer(t) is a reference signal modification that is chosen tperformance deterioratiof@.g., see the oscillations in the braking

provide the sam&,, in saturation as when there is no saturatiorfordué produced by the cyclic operation of engine cylinders

Taking into account the new reference mo&)—(28), we obtain shown in Fig. 2. In order to compensate for undesirable effects of
the following adaptation laws: ' the high order model that we expect to be present in the real world

system, we develop the following controller modifications that
(29) guarantee robust controller performance and improved parameter
convergence.
o I In order to improve robustness of the adaptation and estimation
0= v2Projzle. 621, 72>0. (30) algorithms, various modifications have been reported in the litera-
The above approach for saturation compensation is testede (see[27, 22 for a survey. For our application we already
through simulation(see Fig. % during a driving maneuver in the employed the feasible range projection algorithm wherein the pa-
gear number seven. Note that although saturation occurs in Figr@neter updates are stopped if the parameter estimates attempt to
the duration is not sufficiently long to test the modificati@®). leave the region where the parameters are known to physically lie
In the seventh gear, the reference modification scheme is actingsee Section 4)1 This approach is suitable for our application
during the last downward step iny from 1550 rpm to 1350 rpm since the physically reasonable parameter range is typically
(that corresponds to 32.5 km/h and 28.5 km/h, respectiv€lye known a priori.
can observe that the virtual refereneg ; is slowed down sub-  Additional steps for improved parameter convergence consist of
stantially as compared t@4 to allow the system to catch up with keeping the adaptation on only when the tracking esserw,, is
the command. The controller scheme including the referenegpected to be due to parameter mismatch and not due to unmod-
modification performed well for all the driving scenarios weeled dynamics effects or measurement noise. Thus the adaptation
tested through simulations. The theoretical analysis of the closesl-turned off during fast transients, when the engine speed is

0,=y,Proj[eN(o—wqy),01],  ¥1>0.
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Fig. 6 Upper plot: engine speed  (solid ) in response to de- Fig. 8 Upper plot: engine speed  in response to desired

sired speed w, (dash-dot ) and reference model trajectory w,, speed w, and reference model trajectory ,,. Second plot: the

(dash). Second plot: the trajectories of instantaneous, aver- trajectories of instantaneous and averaged shaft torque Tep -

aged and estimated shaft torque T, . Lower plot: brake valve Lower plot: averaged torque  (solid ) and estimated torque T,

timing trajectory. (dash).

changing fast, and modeling errors between the actual averaged

torque and the estimated one are expected. The conditions f@ésent in the full order model, the parameter estimation error is
disabling adaptation in transients were formulated based on 6t reduced to zero unlike in simulations on the reduced order
difference betweemy andw,,. Namely, when this difference was model. Despite the unmodeled dynamics, the reduction in the pa-
smaller than a threshold in absolute value we enabled the adaptaneter error is quite significant and our prime objective, which is
tion. The threshold was tuned in simulations. A more systemaggod and consistent speed tracking performance, is achieved. The
approach would involve defining disable conditions based ontgo regions where the adaptation is disablieel, in fast transients
difference betweemw and a moving average of. We also turnthe and dead zoneare clearly visible in Fig. 8, which magnifies the

adaptation off when the tracking errer— wy, is smaller than the signals during the step changetat20 s indicated by a circle in
measurement error or the quasi-steady periodic error in the torqtig. 6.

caused by cylinder-to-cylinder operatidsee Fig. 2 An upper
bound on the uncertaintithat determines the size of the dead
zone can be derived from the crank angle engine dynamics model
analysis. 7 Conclusion
To illustrate the operation of the adaptive controller, we con-
sider the response to a desired vehicle speed profjlgiven by
the same step-wise periodic function used in Subsection 4.4.
large parameter errof@n particular, the initial parameter error of
60 percentresult in initially poor tracking performandsee Fig.
6). The tracking rapidly improves as the adaptation proceeds. D
ing this particular periodic excitation imy the errors in vehicle
mass and road grade estimates reduce by more than a half in[i
sec as shown in Fig. 7. Because of the unmodeled dynam!ﬁad

In this paper we developed longitudinal speed control algo-
_Irithms using variable compression braking in an effort to increase
Bv retarding capability, accommodate higher operating speeds
and lower maintenance cost due to reduced use of service brakes.
To ensure good and consistent speed tracking performance despite
rge variations in the vehicle mass and road grade, the controller
integrated with on-line adaptation. A Model Reference Adap-
Control design approach combined with backstepping to in-
e the compression braking actuator dynamics was followed.
Observers for the unmeasured quantities have been designed and
integrated with the baseline adaptive controller. The stability and
response properties of the overall scheme have been rigorously
analyzed. Several modifications for robust performance were con-
sidered. The final version of the controller was evaluated on the
— —_— e ] highly complex crank angle based model. Good tracking perfor-
. : . . . . mance and parametric error reduction for vehicle mass and road
grade estimation have been confirmed.
T . T r T T We focused on speed tracking under large uncertainties in ve-

Saol | hicle mass and road grade. There is an additional, but smaller,
P uncertainty in the compression braking torque regression. In fact,
& 20—~ — — —_ —_—— compression braking torque can be predicted more accurately than
=

combustion torqué9] and this is in part why we are proposing to

‘ [
N =
' 1

Grade [deg]
)

0 10 20 30 40 50 60 estimate vehicle mass and road grade during the time when the

Time [sec] compression brake is active. Thus our approach is to deal with the

largest uncertainty sources first and handle smaller uncertainty

Fig. 7 The convergence of vehicle mass and road grade pa- sources through robustification mechanisms such as a dead zone

rameter estimates. The true values are given by the dashed and transient disable. Our work can be also extended to consider
lines, the estimates by the solid lines. fast varying road grade as j28].
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whereK; is known. In addition, we assume that,(0)= w4(0)
) and that from |wy(t)|+]wg(t)|<K, it follows that |wm(t)
Appendix — wy(t)|<K, for someK,>0 and for allt. The existence oK,

We now analyze the properties of the adaptive control algéR!lows from the BIBO stability of the reference model.
rithm (27) in more detail. In particular, we show that the introduc- 1 n€ set defined by the inequalities
tion of the dirty derivative approximation for the time derivative Vo(d)<p+e(y,,

of w does not destroy the desirable properties of the adaptive ) )
control scheme. is compact and, hence, the continuous function

The expression forr (24) can be written in the form |n(z,w,bl,b2,wd)| achieves a maximum on this set that we de-
note by x;. Similarly, the maximum of the function

|o(w,61) n(z,0,6,,0,,04)| over this set exists and is denoted by
75 While that of | (w, 01)] by 7,. If Vo(p)<p+e(y1,7,), we
a(w,6;)=(2Cqr3w—01\), have

Va2$ — 9 Ne®+ D —kZ— T(w— wi)>+ |o—wi| 71+ 7]2)| @

¥2)  |om—wd <Kz, |wg+|og=K;

a=cw+p,

where

plw, 04,04 ,e,bl,b2)= —A(w—wd)él— -02+A01)\('ud.
We have, — i 72+ 2] 73.

&=ci+p. Completing the squares, it can be verified that

The control law

. T T k
Vaom = 0+ 0= J (o= mlz) 1o S - 5|

1
Ts=Tept — (—e+a—Kkz),

Neb _I(|w_w|_ﬂ)2_5(|2|_ﬁ)2+”_§+l§
can be rewritten in the form 2 f T 2 k 27 2k’
1 } 1 Denote
To=Topt — (—e+ta—k2)— — o(— ).
T e Neb f T 71 73 2+ 7/%_’_ 75
Let Ao ==3|lozod=Z] =3511d=37) + 57 5
— 9,NE2.
Vaz=Var+ 5 (0= )’ !
Then,
0 , 1~y 1~, 1,1 o
ey R R 2 = (0w Var=<B(8).
5 &t gy, it g Gt 57 50wy -

Examining the expression fgs, it is straightforward to verify

“that if k and  are sufficiently largek> 77%7, thenV,, is negative
outside of a compact sef(7,k) in the interior of the set
Vo= — O\2+ & — kP — H(w— w;) 2+ 20(H(w— wi) — ). Cp+€(71'72) . Specifically, we can seleet>0 sufficiently small and
let G(7,K) =Cqy(r ) WhereCy(, . is the smallest sublevel set of
V, that contains allp’s such thaiB(4)>0 in its interior. Note that
G(7,k) shrinks toward the origin as the gaiksand = are in-
creased. In particular, we can assume thahd r are sufficiently
large so thatj(, k)cctﬁe(nvn) .
Applying the Barbalat's lemma it can be verified that the tra-
1 A jectory of ¢(t) that starts with¢(0) e C, must enterG(7,k) in a
7= 6_(2_ 0,— O N (w—wy)+ 65). finite time. Unlike in the nonadaptive case once the trajectory
1 entersg( k) it may not stay in it for all future time and, in fact,
Another way of representing,, is as a sum it may exit it at some later time. Specifically, when the trajectory
Vap=V+V,, is insideg(k, 1), V,» may be positivg. At the exi.t time instait,,
cannot exceed(,k) + e(y41,v2). This implies, in turn, that after
where the first entry the trajectory o$ will always be confined to the
0, 2 (0—w)? 1., 1-, sublevel seth(,,k)ﬁ(yl,yZ). It remain§ to point out that poth
=—et-+—F-—, Vy=5—07it—05 g(7,k) ande(y¢,y,) can be made arbitrary small by selecting
2 2 2 2y, 2y, . 2
k y, andy, sufficiently large andk> 5.
The functionV, can be viewed as the energy contained in the To summarize, sufficiently large control gains combined with
system state errors whilé, can be viewed as the energy consufficiently fast adaptation rates can ultimately bound the tracking

The time rate of change &f,, along the trajectories of the closed
loop system is given by the following expression

In the closed-loop system the acceleratioris a function of the
states, parameters and parameter estimates:

w= n(z,w,bl,bz,wd,ﬂl),
where

Vs

tained in the parameter errors. errore and approximation erroe,, z, @ — w; Within an arbitrary
Let small compact set around the origin. The domain of attraction
i.e., the set of initial$(0)’s) for which this ultimate boundness
€(y1,72)= max V. ( #0)s)

S oo s property holds can also be made arbitrary large by increasing the
0 L01min:01,mad X[ 02min- 02 ma gainsk and 7. Consequently, by utilizing large control gains and
Consider a sublevel set &, fast adaptation the desirable properties of our adaptive control
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