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SUMMARY

In this paper, an adaptive model predictive control scheme is designed for speed control of heavy vehicles.
The controller co-ordinates use of compression brakes and friction brakes on downhill slopes. Moreover,
the model predictive controller takes the actuator constraints into account. A recursive least square scheme
with forgetting is used in parallel with the controller to update the estimates of vehicle mass and road
grade. The adaptation improved the model predictive controller. Also online estimation of the road grade
enhanced the closed-loop performance further by contributing through feedforward control. Simulations
of realistic driving scenarios with a validated longitudinal vehicle model are used throughout this paper to
illustrate the benefits of co-ordinating the two braking mechanisms and influence of unknown vehicle mass
and road grade. Copyright # 2006 John Wiley & Sons, Ltd.
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1. INTRODUCTION

During the past decade much research has been dedicated to automation of longitudinal control
of vehicles [1, 2]. Particular attention is given to heavy duty vehicles. Specific travelling routes
and centralized fleet management allows automation of heavy vehicle with significant impact on
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transportation networks. The large mass of a heavy duty vehicle demands large braking forces
during deceleration and results in frequent actuator saturations during braking. Large delays
associated with the pneumatic actuation in heavy vehicles friction brakes impose additional
limits in their use [3]. Therefore, other retarding mechanisms like compression braking or
transmission retarders are common in heavy trucks. In the compression braking mode, the
engine is used as a compressor that absorbs kinetic energy from the crankshaft. Compression
braking is a standard mechanism on today’s heavy vehicles and is a suitable actuator in speed
control applications. For example, in Eaton-Vorad collision-warning system with SmartCruise
EVT-V300, compression braking is automatically activated when a collision is imminent [4].

In the existing compression braking systems, the retarding power level is quantized and
depends on the engine speed and a selected number of cylinders activated by the driver. For
example two, four or six cylinders can be activated to generate three levels of retarding power
for a certain engine speed [4]. While successful implementation of the discrete compression
brake mechanism in automated longitudinal control has been demonstrated in experiments [4],
more flexibility is expected with the more advanced continuously variable compression braking
systems. A continuous spectrum of retarding powers can be achieved in a camless engine and by
variable valve timing. A detailed crank angle based model of such a continuous compression
brake system is developed in Reference [5] and validated with experimental data from engine
dynamometer. In Reference [6] a non-linear Lyapunov-based control design has been proposed
for continuously variable compression braking system in longitudinal control; and a reference
velocity governor which prevents the saturation of braking actuators. To compensate for large
parameter variations typical to heavy vehicles, a model reference adaptive algorithm is proposed
in Reference [7] which uses a continuous compression braking system. So Reference [6]
addresses possible actuator saturations and Reference [7] treats vehicle parameter variation.
In this paper, we address both difficulties simultaneously.

Constrained optimization is necessary to make the best use of compression brakes and
friction brakes given their saturation limits. This goal can be achieved by a model predictive
control design. In this paper, we design an adaptive model predictive controller for
co-ordination of the compression brakes and friction brakes. MPC takes the actuator
constraints into account, when calculating the control command. Moreover addition of a
parameter estimation scheme, improves the performance of the controller when there are
uncertainties in vehicle mass. Estimation of the road grade disturbance enhances the
performance further, by contributing to feedforward control. The proposed methodology
can be used in automated longitudinal control applications such as platooning and adaptive
cruise control. Also in manual driving, the brake-by-wire system can use both retarding
mechanisms to achieve the requested deceleration. In the next section, we summarize the
longitudinal dynamics model of the vehicle and the braking systems. Then an adaptive model
predictive control methodology is briefly explained. Simulation results are accompanied by
analysis on performance of the controller in presence of actuator constraints and parameter
uncertainties.

2. LONGITUDINAL DYNAMICS MODEL

Assuming only moderate braking and no wheel slip, which is a good assumption at
highway cruise speeds, the longitudinal dynamics equation of the vehicle can be written
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as follows:
M ’v ¼ ð�Tcb � Je ’oÞ=rg � Tfb=rw � Fa � Fg ð1Þ

In this equation, M is the total mass of the vehicle, Je is the driveline inertia, v is the velocity
and o is rotational engine speed. Total friction braking torque at the wheels is represented
by Tfb and Tcb is the compression braking torque at the flywheel. The assumption is
that transmission and the torque converter are fully engaged and the torque is passed to
the wheels without any loss. Parameter rg is defined as rg ¼ rw=ðgdgf Þ; where rw is the wheel
radius, gd is the gear ratio and gf is the final drive ratio. The aerodynamic resistance is given
by Fa ¼ 0:5CdrAv2 where Cd is the drag coefficient, r is air density and A is frontal area
of the vehicle. The combined force due to road grade ðbÞ and the rolling resistance between
tire and road ðcrrÞ is given by Fg ¼Mgðcrr cos bþ sin bÞ; where g is the gravity constant. Here
b ¼ 0 corresponds to no inclination, b > 0 corresponds to uphill grade and b50 represents
downhill.

For linear control design, Equation (1) can be linearized around a nominal operating
velocity vo:

Md’v ¼ ð�dTcb � Jed ’oÞ=rg � dTsb=rw � CdrAvodv� dFg ð2Þ

The operator, d; represents deviation of each variable from the equilibrium values. Choosing a
sampling time of Ts; the above equation can be discretized as follows:

dvðkþ 1Þ ¼ c1dvðkÞ þ c2ð�dTcbðkÞ=rg � dTsbðkÞ=rw � dFgðkÞÞ ð3Þ

where
c1 ¼ 1� ð2Tskav

oÞ=Meff ; c2 ¼ Ts=Meff

ka ¼ 0:5CdrA; Meff ¼M þ Je=r
2
g

For the control purpose, velocity of the vehicle, v; engine speed, o; compression braking
torque, Tcb and gear number, gd; can be obtained from vehicle’s control area network (CAN).
The friction brake torque is normally hard to measure but can be estimated based on the brake
model presented later in this chapter. The mass is either known or is estimated using an
estimation scheme. Other vehicle parameters like wheel radius and gear ratios are fixed values
which are normally known in advance. In general, road grade is unknown and therefore acts as
an unmeasured disturbance to the system. However it can be determined using an online
estimation scheme or using GPS co-ordinates combined with a digital map of the road. Next we
will explain the dynamic models of compression brake and friction brakes used in this study.

2.1. Compression brake model

For control design purpose, the dynamics of the compression braking event can be modelled by
a first-order lag:

’T cbðtÞ ¼ �
1

tcb
ðTcbðtÞ � T st

cbðtÞÞ ð4Þ

where tcb is the compression brake time constant. The engine braking torque at steady state, T st
cb;

can be specified as a non-linear function of engine speed and brake valve opening as follows:

T st
cbðo;BVOÞ ¼ a0 þ a1oþ a2 BVOþ a3o BVO ð5Þ
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where BVO is the brake valve opening in crank angle degrees.} The coefficients, ai; are derived in
Reference [8] based on a detailed model of a continuous compression brake. When Tcb is in Nm,
BVO is in degrees and o is in rad/s, the parameters of the model are:

a0 ¼ �1893; a1 ¼ 48:13; a2 ¼ 2:8588; a3 ¼ �0:07839

Equation (4) is linearized around the operating point and then discretized with a sampling
time of Ts to yield:

dTcbðkþ 1Þ ¼ 1�
Ts

tcb

� �
dTcbðkÞ þ

Ts

tcb
dT st

cb ð6Þ

where the operator, d; shows deviation from the operating point. The nominal downhill grade is
chosen to be bo ¼ �1:258: At equilibrium, we assume that the truck is in fourth gear, cruising at
vo ¼ 20 m=s: Using the parameters of a PATHk experimental truck, the total driveline ratio, rog;
for the fourth gear is 0:1102: Therefore, the operating engine speed is

oo ¼ vo=rog ¼ 181:47 rad=s� 1800 rpm

We assume that this constant speed is maintained by application of compression brakes only
and friction brakes are not applied at this equilibrium point. Using (5), the nominal brake valve
timing which corresponds to this operating point is BVOo ¼ 6508: We define the compression
brake control command, ucb; to be the deviation from this nominal value: ucb ¼ BVO� BVOo:
The linearized model for steady-state engine brake torque is then:

dT st
cb ¼ 2:82doþ 11:36ucb ð7Þ

A schematic of a compression brake event is shown in Figure 1. As shown in the figure the
operating range for brake valve opening is between 620 and 6808: Therefore, upper and lower
hard constraints on ucb are

�304ucb430 ð8Þ

2.2. Service brake model

A model of the service brakes can be obtained by using a linear static model and a first-order lag
which represents the dynamics. Since we use the friction brakes moderately, only to compensate
for torque deficits, uncertainties due to brake overheating and saturations will not be considered
here. We assume that the braking torque is available at four wheels. The dynamics of the brake
is modelled by a first-order lag:

’T sbðtÞ ¼ �
1

tsb
ðTsbðtÞ � T st

sbðtÞÞ ð9Þ

} In compression braking, the vehicle kinetic energy is absorbed by compressing the cylinder air charge. The secondary
opening of the exhaust valve at the end of compression stroke releases the compressed air charge to the exhaust
manifold. This secondary opening of the exhaust valve is called the brake valve opening (BVO) event and is
characterized by the crank angle degrees from top-dead-centre (TDC) as shown in Figure 1 see Reference [8] for details.
kPartners for Advanced Transit and Highways.
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where tsb is the friction brake time constant. The static braking torque, T st
sb; at the wheel is

proportional to the brake command, usb:

T st
sb ¼ mdrdAdksusb ð10Þ

where md is the friction coefficient between the brake drum and brake pad, rd is the brake drum
radius and Ad is area of diaphragm, ks is determined by the manufacturer and relates the
command input, usb; to the pressure on the brake diagram [9]. The values were experimentally
identified for an experimental Freightliner truck by PATH researchers. The lumped coefficient
from the command voltage to total braking torque was determined to be 272:5 Nm=V [10].
Given that the nominal friction brake torque, To

sb; is zero, we can write:

dT st
sb ¼ 272:5usb ð11Þ

The range for command voltage of the experimental truck was 0–10 V: However, it was
determined that at five volts the wheels would lockup. Therefore, we constrain the command
voltage between 0 and 5 V:

04usb45 ð12Þ

The discrete form of (9) is

dTsbðkþ 1Þ ¼ 1�
Ts

tsb

� �
dTsbðkÞ þ

Ts

tsb
dT st

sb ð13Þ

where the operator, d; shows deviation from the operating point. Co-ordination of the
friction brakes with compression brakes is based on a model predictive control design which is
explained next.
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Figure 1. Schematic of the compression brake event. Modified graphics from Reference [7].
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3. MODEL PREDICTIVE CONTROL DESIGN

A brief summary of the specific MPC design, used in this work is provided in this section. For
more details see Reference [11].

We define the state vector as x ¼ ½dvðkÞ dTcbðkÞ dTsbðkÞ�T and combine Equations (3), (6) and
(13) to get:

xðkþ 1Þ ¼AxðkÞ þ BuuðkÞ þ BwwðkÞ

yðkÞ ¼CxðkÞ ð14Þ

where the control inputs are compression brake and friction brake commands:

uðkÞ ¼ ½ ucbðkÞ usbðkÞ �T

and the disturbance is

wðkÞ ¼ �Mgððcrr cos bþ sin bÞ � ðcrr cos b
0 þ sin b0ÞÞ

and b is the total road grade, b0 is the nominal grade. The system matrices are:

A ¼

1�
2Tskav

o

Meff
�

Ts

rgMeff
�

Ts

rwMeff

2:82Ts

rgtcb
1�

Ts

tcb
0

0 0 1�
Ts

tsb

2
666666664

3
777777775

Bu ¼

0 0

11:36
Ts

tcb
0

0 272:5
Ts

tsb

2
6666664

3
7777775

Bw ¼

Ts

Meff

0

0

2
66664

3
77775

We wish to regulate the velocity and minimize the use of friction brake when possible to reduce
the brake wear. To achieve this goal, velocity and friction brake torques are chosen as
performance variables:

yðkÞ ¼ ½dvðkÞ dTsbðkÞ� ð15Þ

Therefore the measurement vector is:

C ¼
1 0 0

0 0 1

" #

The velocity is available from the control area network (CAN) [12]. Friction brake torque can
be estimated based on brake pressure measured at wheels. For instance, the PATH experimental
truck was equipped with pressure transducers at each wheel that give an estimate of pneumatic
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brake’s air pressure [9]. The sensed pressure #Psb can be translated into an estimate of friction
brake torque #T sb using the static relationship #T sb ¼ mdrdAd

#Psb: Therefore, all the performance
variables are treated as measured variables in this analysis.

The future outputs of the plant can be predicted based on (14):

#xðkþ 1jkÞ ¼A #xðkjk� 1Þ þ BuuðkÞ þ BwwðkÞ

#yðkjk� 1Þ ¼C #xðkjk� 1Þ ð16Þ

where #xðkþ 1jkÞ is the estimate of the state at future sampling instant, kþ 1; based on
information available at instant k; and #yðkjk� 1Þ is the output estimate at instant k based on
information available at instant k� 1: If the road grade is unknown the disturbance, w; is
assumed to be zero in the future prediction horizon. If the road grade is estimated at each
instant k; then wðkÞ is known and we assume it stays constant in the next prediction horizon.
In this paper we consider both scenarios.nn By recursive use of Equation (16), the future outputs
#yðkþ jjkÞ can be predicted based on information available at the present instant.
In MPC, we seek a control sequence of size N:

uN ¼ ½uðkÞ uðkþ 1Þ � � � uðkþN � 1Þ�T

that minimizes the deviation of predicted outputs from their reference values, over the future
horizon of P sampling times (N5P). The following finite horizon cost function is defined:

JðkÞ ¼
XP
j¼1

ðjjðrðkÞ � #yðkþ jjkÞÞjj2Q þ jjDuðkþ j � 1Þjj2SÞ ð17Þ

where S and Q are input and output weighting matrices, respectively, and r is the reference to be
tracked. The reference friction brake torque is zero. The reference velocity is determined by a
higher level supervisory control in automated longitudinal control [13] or by the driver in cruise
control mode. In the model predictive control design the assumption is that the reference stays
constant over each prediction horizon. The control sequence, uN ; should minimize the
performance index shown above and also satisfy the compression and friction brake constraints
described by (8) and (12):

½�30 0�T4uðkþ jÞ4½30 5�T; j ¼ 0; 1; . . . ;N � 1 ð18Þ

Furthermore we impose slew rate constraints on the inputs, to avoid unrealistic variations of the
input command. In simulations of this paper, we used the following rate constraints:

½�5 � 0:5�T4Duðkþ jÞ4½5 0:5�T; j ¼ 0; 1; . . . ;N � 1 ð19Þ

The predicted output, #yðkþ jjkÞ; can be calculated as a function of the control sequence, uN : The
performance index (17) and constraints (18) and (19) can be written as functions of uN and
measured outputs, disturbances and the reference command in a quadratic form. Quadratic
programming techniques could be used to solve this constrained optimization problem at each
sampling time. In absence of constraints, the problem reduces to a simple minimization problem

nnAnother possible scenario is when preview information of the upcoming road grade is available through GPS. We do
not consider this latter case in this paper.
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and an explicit control law can be calculated. With constraints, on the other hand, a
straightforward explicit control law does not exist. Instead numerical optimization of the
performance index is carried out online to find the control input. Simulating a constrained
problem normally takes much longer time than the equivalent unconstrained problem. Since the
solution depends on iterative numerical procedure, as the constraints become more stringent the
computational time increases. So pushing the system to its limits for the best possible
performance, might result in large computational time. Therefore, a balance between tightening
the constraints and computational resources is necessary.

Selection of prediction horizon, penalty weights, and influence of mass and grade uncertainty
are explained with simulation analysis, next. An adaptive scheme, which enhances the closed-
loop performance is discussed in the final part of the paper.

4. SIMULATION RESULTS: NO ADAPTATION

In this paper, the closed-loop performance is studied for step deviations of the grade from the
nominal point of �1:258: The desired velocity is fixed at 20 m=s: The sampling frequency is
10 Hz in all simulations. In practice the control horizon can be chosen smaller than the
prediction horizon to reduce the number of optimization variables which saves computational
time. Here we have a low-order model and we do not expect the computational time to be an
issue, therefore we select the length of the control horizon N; equal to the prediction horizon, P:
This will reduce the number of design parameters. The length of the prediction horizon
influences the stability margin and was determined in early stage of design by simulation
analysis using the linearized vehicle model. Figure 2 shows the loci of the closed-loop poles in
the z-plane, as the prediction horizon PH is increased from 2 sampling steps to 50 sampling
steps. As seen in the graph, the system is more damped for longer horizons. Figure 2 shows that
a prediction horizon above 10 steps only slightly helps the damping ratio of the poles but
increases the computation time. Therefore, we fix the prediction horizon at 10 sampling steps for
the rest of simulations.

Consider Q ¼ diagðQv;QTsbÞ and S ¼ diagðScb;SsbÞ in the performance index (17), where
Qv; QTsb; Scb and Ssb are penalties on velocity error, friction brake torque, compression
brake input and friction brake command input, respectively. Since only the relative value
of the weights with respect to each other determines the penalty on each performance variable
we fixed the penalty on velocity error at 1: Since we expect the friction brake torque to be in
the order of 0–500 Nm and the velocity deviation to be in the order of 0–2 m=s we chose the
penalty on friction brake torque to be roughly ð2=500Þ2 � 2� 10�5; this choice will normalize
the performance variables to be of the same order. We then determined the two remaining
weights graphically: Figure 3 shows the influence of these weights on root mean square (RMS)
velocity error and RMS friction brake torque for a step change in road grade. In each plot,
the x-axis shows the penalty on friction brake command and each curve corresponds to a
different penalty on compression brake input. The input constraints are also enforced. Based
on this plot, we found that weights of 0:01 on the compression brake input and 0:1 on friction
brake input result in acceptable velocity regulation. This choice of weights penalizes the
use of friction brakes more than compression brakes and therefore reduces the friction brake
use when feasible. As a result the friction brake wear is minimized. Figure 4 shows the
performance of the controller during the sequence of step changes in road grade. As
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shown in this figure, the friction brakes are used only after the compression brake is
fully utilized.

In the above analysis, we assumed that vehicle mass was known and therefore there was no
discrepancy between the plant and model. Furthermore, we assumed that the road grade is
measured and is used in feedforward control at each sampling time. However, mass and grade
are unknown in most realistic driving scenarios. Road grade measurement requires additional
sensors which add to the cost of the vehicle. Also in heavy duty vehicles, the mass can vary
largely from a configuration of no payload to full payload. Therefore, a longitudinal controller
that is tuned for a particular mass, might be too aggressive or too slow for a different mass.
A controller that is designed for the unloaded 9000 kg truck, will be sluggish in controlling the truck
with payload with total mass of 25 000 kg: This scenario is shown in Figure 5. The initial velocity
error is higher and takes a longer time for the controller to regulate the velocity. This can be more
easily shown by comparing the closed-loop poles of this system to one in which mass is known.
Figure 6 shows that underestimating the mass results in slower poles for closed loop system.yy

We observed a more critical situation when the mass of the truck is overestimated. In this
scenario, as the discrepancy between the actual mass and estimated mass widens, the controller
performance degrades rapidly and eventually can even result in an unstable closed-loop system.
Figure 7 shows a scenario in which the controller is tuned for a fully loaded truck and is then
used to control the truck without payload. Assuming large vehicle mass, the controller sends
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yyThe poles are calculated for the linear system without constraints, but should give an idea of behaviour of the
constrained system as well.
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large control commands which result in oscillatory closed-loop response. Figure 8 compares the
pole locations of the closed-loop system with the case when mass is known. It can be seen that
stability margin is small when mass is overestimated. When both grade and mass are unknown,
the performance will degrade further.

Special care is necessary in the design of speed controller to prevent such scenarios which limit
the use of longitudinal controls. In the next section we formulate an indirect adaptive controller
which addresses the limitations of the fixed controller. The adaptation is based on an estimation
scheme which estimates the vehicle mass and road grade simultaneously.

5. THE ESTIMATION SCHEME

A recursive least square algorithm with forgetting is used for estimation of vehicle mass and
road grade disturbance. The estimation algorithm relies on the model of vehicle longitudinal
dynamics and signals obtained from the vehicle CAN. Adding the nominal points, the vehicle
dynamics equation (3) can be rewritten in the following form:

vðkþ 1Þ � vðkÞ ¼
Ts

Meff
ð�2kavovðkÞ � Tcb=rg � Tsb=rw þ kaðvoÞ

2Þ

� Tsg
M

Meff
ðcrr cos bþ sin bÞ ð20Þ

Equation (20) can be written in the following parametric form:

y ¼ fTy; f ¼ ½f1 f2�
T; y ¼ ½y1 y2�T ð21Þ

where

y ¼ ½y1; y2�T ¼
1

Meff
;
M

Meff
ðcrr cos bþ sin bÞ

� �T

is the parameter of the model to be determined and variables

y ¼ vðkþ 1Þ � vðkÞ

f1 ¼Tsð�2kavovðkÞ � Tcb=rg � Tsb=rw þ kaðvoÞ
2Þ

f2 ¼ � Tsg

can be calculated based on measured signals from vehicle CAN and known vehicle parameters.
The unknown parameter, y1; depends on mass only and is constant and y2 depends on road
grade and is therefore time-varying.

In Reference [14], we employ a recursive least square scheme with vector-type forgetting, for
estimation of vehicle mass and time-varying road grade. The recursive solution is:

#yðkÞ ¼ #yðk� 1Þ þ LðkÞðyðkÞ � fTðkÞ#yðk� 1ÞÞ ð22Þ

where

LðkÞ ¼ PðkÞfðkÞ ¼ Pðk� 1ÞfðkÞðlI þ fTðkÞPðk� 1ÞfðkÞÞ�1
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The covariance matrix P is updated in the following way:

PðkÞ ¼ L�1ðI � LðkÞfTðkÞÞPðk� 1ÞL�1 ð23Þ

where L ¼ diagð
ffiffiffiffiffi
l1

p
;
ffiffiffiffiffi
l2

p
Þ and 05l141 and 05l241 are the forgetting factors for the first

and second parameters, respectively. They are introduced to discard older information in favour
of new information, so the algorithm can keep track of parameter variations. Smaller forgetting
factors result in higher sensitivity to parameter variation. Choosing two values for l1 and l2
allows more degrees of freedom in the update of the two entries of LðkÞ ¼ ½L1ðkÞ;L2ðkÞ�:
In Reference [15], this algorithm is tested successfully with experimental data obtained from
a heavy duty vehicle. It is shown that with persistent excitations, the estimator performs well
in presence of realistic signal noise.

6. SIMULATION RESULTS: WITH ADAPTATION

The estimator is implemented in parallel with the predictive control module and updates the
model at each sampling time based on the latest estimate of mass. Also the grade estimate is
used for feedforward control. Our assumption is that no prior knowledge of mass or grade
is available. Before initializing the recursive estimator, a batch least square estimation is
performed, using the initial measurements. To ensure that level of excitations is sufficient for
batch estimation, the following persistent excitation condition [16] is checked, till it is fulfilled:

Xk
i¼1

ðfðiÞfðiÞTÞÞ > rI2�2

with r ¼ 0:01: After obtaining the initial batch estimate, estimation is continued recursively
using the recursive least square with vector-type forgetting. The forgetting factor for grade was
chosen at 0:5 to keep the estimator sensitive to variations in grade. The mass is constant but
we chose the forgetting factor slightly smaller than 1 at 0:95: This choice expedites convergence
of mass to its actual value in some scenarios. This adaptive controller tested successfully
in simulations of different scenarios. Figure 9 shows one of the critical cases, in which
overestimation of mass and selection of aggressive penalty weights result in rapid oscillations
in closed-loop response, in absence of adaptation. When the adaptive scheme is used, the
performance improves noticeably, and the oscillatory behaviour is reduced. Figure 10 shows the
estimation results. Mass and grade are both estimated well. In fact the parameter estimation
improved as more excitation was provided to the system, through the initial oscillatory
behaviour following the step change in grade and saturation of both retarders. The initial
velocity was reduced dramatically after 50 sampling instants ð5 sÞ: Although the results are very
promising from stability perspective, implementation on a truck will allow us to assess
drivability or effects of driveline dynamics. Figures 11 and 12 show the same when the mass was
underestimated. The adaptation now improves the speed of velocity tracking. Note that the
mass estimate does not asymptotically converge to its actual value in this case, this may be due
to lower oscillation levels in response when mass is underestimated, which suggests that
persistent excitation conditions may be only poorly met in some periods of the simulation.
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Figure 9. Comparison of the adaptive and fixed gain schemes when mass is overestimated. The actual
and initial estimate of mass are 9000 kg and 25 000 kg; respectively. The performance index weights are

Q ¼ diagð5; 0:00002Þ; S ¼ diagð0:01; 0:1Þ:
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Figure 10. Simultaneous estimation of mass and grade when mass was overestimated. Forgetting factors
for mass and grade are 0.95 and 0.5, respectively.
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Figure 11. Comparison of the adaptive and fixed gain schemes when mass is underestimated. The actual
and initial estimate of mass are 25 000 kg and 9000 kg; respectively. The performance index weights are

Q ¼ diagð5; 0:00002Þ; S ¼ diagð0:01; 0:1Þ:

0 10 20 30 40 50 60 70 80 90 100

G
ra

d
e 

[d
eg

]

0 10 20 30 40 50 60 70 80 90 100

0

0.5

1

1.5

2

2.5

3
x 10

Time (seconds)

M
as

s 
[k

g
]

Figure 12. Simultaneous estimation of mass and grade when mass was underestimated. Forgetting factors
for mass and grade are 0.95 and 0.5, respectively.
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7. CONCLUSIONS

In this paper we formulated the velocity tracking problem of heavy duty truck in a model
predictive control framework, which enable us to explicitly account for actuator saturation
limits in the control design. The controller co-ordinates use of compression brakes and friction
brakes on downhill slopes. The use of friction brake was minimized by penalizing its steady-state
use. With knowledge of the plant parameters and dynamics, good performance was obtained in
closed loop. We showed with simulation analysis that uncertainty in vehicle mass degrades the
closed-loop response. Unknown road disturbance (grade) was another limiting factor to the
performance of the controller.

To rectify such problems, a recursive least square scheme with forgetting factor was used in
an indirect adaptive scheme. The estimation scheme runs in parallel with the controller and
updates the model at each step based on the new estimate of mass. Grade estimates are also
used in feedforward control. The estimator converged quickly and improved the closed-loop
performance. Addition of grade estimates in feedforward control contributed to rapid
regulation of velocity. The robustness of the algorithm under higher order driveline and tire
dynamics will be investigated as future work. Ultimately the algorithm presented needs to be
integrated seamlessly with anti-lock braking subsystems.

The MPC design has a few advantages over other possible control methods. In particular
MPC can explicitly handle input constraints, something that is not directly addressed in a
method like PID control and extra measures such as anti-windup are needed. A Lyapunov-
based direct adaptive scheme has been used in the past for a similar problem with unknown
mass and grade; however MPC has the advantage that it ‘optimally’ splits the torque between
two braking mechanism, which is not straightforward in the Lyapunov-based scheme.
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