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A. Longitudinal profiles generation

The longitudinal profiles generator block is responsible
for defining a set of nβ possible braking ratio commands

β̃ = {β̄1, .., β̄nβ
} and a reference braking ratio βref com-

puted using a PI controller which tracks a given reference
speed vref . In our work, we have investigated two different
definitions of the set of braking ratios:

• nβ braking ratios: In this approach, we consider the
braking ratios to be nβ uniformly spaced points in the
interval [β̄1, β̄nβ

]. While β̄1 is set to −1, β̄nβ
depends

on the sign of βref : if βref 6 0, then β̄nβ
= 0;

otherwise β̄nβ
= βref .

• 3 braking ratios. This definition of the braking ratios set

β̃ = {β̄1, β̄2, β̄nβ
} is a consequence of the observation

that the optimal braking ratio β∗ changes slowly with
time. Hence, given the last two optimal braking ratios

β∗

p and β∗

pp, β̃ is computed as follows:

β̃ =







{β∗

p −∆β, β∗

p , β
∗

p +∆β} if β∗

p = β∗

pp

{β∗

p , β
∗

p +∆β, β∗

p + 2∆β} if β∗

p > β∗

pp

{β∗

p − 2∆β, β∗

p −∆β, β∗

p} if β∗

p < β∗

pp,

where the perturbation ∆β is a parameter to be chosen.

B. MPC problems

This block formulates and solves the constrained finite
time optimal control problem at each time step. Using (12)
for every β̄i, i = 1, .., nβ , the sequence of longitudinal

positions s̃β̄i

j and speeds ˙̃xβ̄i

j over the prediction horizon Hp

is computed. The MPC formulation predicts the vehicle’s
states using both the conservative lateral dynamic model and
the overreacting lateral dynamic model. The states predicted
over the horizon Hp using conservative lateral dynamic
model play the main role and they appear both in the cost
function and in the constraints. The overreacting lateral
dynamic model, instead, has an auxiliary role and it is used
with a shorter prediction horizon Hp2

in the constraints
definition. The MPC problem can be synthesized as follows:

min
U

β̄i
j

JN (ξ̃cm,β̄i

j , U β̄i

j ) (19a)

subj. to ξcm,β̄i

k+1,j = Acm,β̄i

k ξcm,β̄i

k,j +Bcm,β̄i

k uβ̄i

k,j , (19b)

k = j, .., j +Hp − 1

ξom,β̄i

k+1,j = Aom,β̄i

k ξom,β̄i

k,j +Bom,β̄i

k uk,β̄i
, (19c)

k = j, .., j +Hp2
− 1

uβ̄i

k,j ∈ U k = j, .., j +Hp − 1 (19d)

ξcm,β̄i

k,j ∈ Ξβ̄i

k,j k = j, .., j +Hp − 1 (19e)

ξom,β̄i

k,j ∈ Ξβ̄i

k,j k = j, .., j +Hp2
− 1 (19f)

ξcm,β̄i

j,j = ξom,β̄i

j,j = ξ(tj), (19g)

where JN (ξ̃cm,β̄i

j , U β̄i

j ) is a convex quadratic function de-
pending on the states, the slip angles and the input.

ξ̃cm,β̄i

j = {ξcm,β̄i

j,j , ξcm,β̄i

j+1,j , .., ξcm,β̄i

j+Hp−1,j} is the se-

quence of states over the prediction horizon Hp pre-
dicted at time tj , and updated according to the dis-

cretized conservative lateral dynamics model (13). ξ̃om,β̄i

j =

{ξom,β̄i

j,j , ξom,β̄i

j+1,j , .., ξcm,β̄i

j+Hp2
−1,j} is the sequence of states

over the prediction horizon Hp2
predicted at time tj , and

updated according to the discretized overreacting lateral

dynamics model (14). uβ̄i

k,j ∈ R
mr is the kth vector of the

input sequence U β̄i

j = {uβ̄i

j,j , .., , uβ̄i

j+Hp−1,j}
T ∈ R

mrHp .

Since the models and the constraints are linear, it is possible
to formulate every MPC problem as a QP. Each MPC
controller in Figure 5 returns the optimal steering rate u∗

i

and the optimal value of the cost function f∗

i,lat. In order
to reduce the computational complexity, the input is kept

constant for every Hi time-steps (i.e. uβ̄i

j+iHi+k,j = uβ̄i

j+iHi,j

for k = 1, ..., Hi − 1, i = 0, ..., (Hp/Hi)). With this
simplification the number of optimization variables can be
significantly reduced, speeding up the computations.

C. Post-computation

In the post-computation block, the optimal cost functions
f∗

i,lat are augmented by adding a quadratic term representing

the deviation of β̄i from βref as follows,

f∗

i = f∗

i,lat + ||β̄i − βref ||
2
Qβ

,

The optimal braking ratio β∗ and the corresponding steering

rate δ̇∗ can be then computed as,

(β∗, δ̇∗) = {(β∗

i , δ̇
∗

i ) : f
∗

i = min(f∗

1 , .., f
∗

nβ
)}.

V. SIMULATION AND EXPERIMENTAL RESULTS

In this section we present the obtained results through
simulations and real experiments.

A. Simulation setup description and results

Hardware-in-the-loop simulations of the controller are per-
formed on a dSPACE rapid prototyping system consisting of
a DS1401 MicroAutoBox (IBM PowerPC 750FX processor,
800 MHz) and a DS1006 processor board (Quad-core AMD
Opteron processor, 2.8 GHz). The controller runs on the
MicroAutoBox, and the DS1006 board simulates the vehicle
dynamics using a nonlinear four wheel vehicle model with
a Pacejka tire model.
The simulations have been performed using the following
parameters: Hp = 45, Hp2 = 20 and Hi = 3. The considered
scenarios consist of a straight slippery road (µ = 0.3) with
one or more static obstacles. The edge of each obstacle is
at a distance of 2 m from the road centerline. Note that no
tolerance has been added to the lane or obstacle bounds to
account for the vehicle’s width.

Figure 6 shows the path of the vehicle while avoiding a
single obstacle, while Figure 7 shows the path of the vehicle
while avoiding two obstacles. The vehicle is able to avoid
the obstacles and return to the lane centerline in both cases.
Moreover, the vehicle travels close to the obstacle while
avoiding it.

B. Experimental setup description

The experiments were performed on a Jaguar S–type
vehicle (m = 2050 kg, I = 3344 kg-m2) at the Smithers
winter testing center (Raco, MI, U.S.A.) on tracks covered
with packed snow (µ ≈ 0.3). A picture of the vehicle and the
environment is shown in Figure 8. The vehicle is equipped
with an Active Front Steering (AFS) system and four wheel
independent braking. An Oxford Technical Solutions (OTS)
RT3002 sensing system is used to measure the position and
orientation in the inertial frame, and the vehicle velocities
in the body frame. The OTS RT3002 system comprises
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