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Abstract

This study’s aim was to enhance the maneuverability safety in the coordination of active rear steering and differential braking control
for untripped rollover prevention, which performs a panic lane change maneuver to bypass the obstacle encountered in the path. In avoid-
ing rollover accidents, there are several guidance preventions, such as to secure the vehicle from the intention of the driver and to position
the vehicle in the actual lane. A crosswind effect is also found to be a crucial factor since this may cause other accidents. Therefore, there
is a need to monitor the driver’s actual path and maintaining the stability of the vehicle along the desired path in order to avoid rollover
accidents. We extended the analysis of Yakub and Mori (2015) [1], by suggesting an explicit model of predictive control, which includes
an active rear steering and braking control for each wheel. Our main focus was on the general trade-off between rollover prevention and
path tracking. The effectiveness of the explicit control model invented for this study was measured and validated by the simulation results

for a heavy vehicle proposed in this research.
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1. Introduction

Many optimal control design approaches depend on dy-
namic models of the processes to be controlled. Generally,
model predictive control (MPC) represents a model based
control structure that is commonly used to control constrained
linear or nonlinear models, with the inclusion of multi-
variable models in which a mathematical dynamics process
model is employed for the prediction of the future behavior of
the model, and the optimization of the control process per-
formance across a prediction horizon [2]. Attributable to its
benefits, MPC has been applied in many applications related
to automotive systems for many driver assistance and active
safety systems, vehicle dynamics-based systems, and collision
avoidance and autonomous driving systems, to enhance vehi-
cle stability, ride comfort, as well as to reduce traffic accidents
[3-5].

Vehicle rollover accidents are considered among the most
fatal vehicle accidents. Rollover crashes account for only
about 2 % of all crashes where they constitute roughly one-
third of all occupant fatalities. There are about 7500 highway
deaths from rollovers each year in the United States and the
annual cost associated with rollover injuries and fatalities is
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about USDS50 billion a year [6]. According to the Japan Traf-
fic Accidents Databases, rollover accidents are about one-fifth
of the total single-vehicle accidents [7]. Due to the high center
of gravity, disturbance effects like gusts of wind, irregularity
in road surfaces, and sudden maneuvers, heavy vehicles and
trucks have a tendency be involved in rollover accidents.
Therefore, it is crucial to implement speed and safety control
systems in order to identify and avoid rollover, which would
improve vehicle stability.

The detection and prevention of rollover, including active
suspension, active braking systems (ABSs), and active stabi-
lizers, have been exhaustively investigated in Refs. [8-10].
The installation of dedicated actuators for the control of active
parts is required in this case, although this will increase the
vehicle cost. Moreover, numerous control methods, including
active front steering (AFS hereafter) [11], active rear steering
(ARS hereafter) [12], and four-wheel steering [13], are pre-
dicted to form new steering systems that possess stability and
maneuverability in situations of high speed during lane
changes. These features are needed to avoid emergency situa-
tions on a slippery road or curb, reducing the roll rate and the
lateral acceleration when turning round a curve.

AFS has a significant impact on the behavior of lateral ve-
hicles in normal driving scenarios. However, this steering no
longer has the ability to provide sufficient lateral force with
high acceleration, mainly due to the highly nonlinear proper-
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ties of the tire. On the other hand, ARS has been proven to be
effective in rollover prevention and roll damping on low fric-
tion surfaces. In the case of driving in a natural environment
(e.g., inclement weather), topographic features and infrastruc-
ture must be taken into account. ARS can potentially reduce
roll motion; however, it causes the vehicle to move away from
the intended trajectory of the driver. Therefore, it is crucial to
reduce this deviation from the intended trajectory, and the
dynamic behavior of the vehicle simultaneously, which is, as a
premise, subject to rollover.

The drawbacks mentioned above can be ameliorated by in-
venting the MPC controller using an explicit technique which
is able to (1) follow as much as possible the desired trajectory,
(2) prevent rollover, (3) reject the effect of disturbance, and
(4) improve the stability and maneuverability of heavy trucks.
The proposed new control technique that uses a linear MPC in
a nonlinear vehicle dynamics model to represent the actual
vehicle system is the primary contribution of this study. Since
the roll dynamics motion is impacted during high speed sce-
narios, we investigated the truck vehicle with middle forward
speed (15 m/s) in a lateral maneuver for a single lane change
situation.

At the same time, the ABS concept also emphasizes differ-
ential braking control (DBC) to generate the needed corrective
longitudinal force and yaw moment via braking forces distri-
bution between the right and left sides of the rear wheels. Only
the rear left/right braking is chosen instead of the front/rear
braking in order to prevent conflicts or interventions between
AFS and DBC commands (which is the second contribution
of this study).

The outline of this paper starts with the model concept of a
full vehicle, nonlinear tires and disturbances which are ex-
plained in Sec. 2. Sec. 3 discusses the control approach for the
linear MPC, the rear braking control and an obstacle avoid-
ance maneuvers. Next, Sec. 4 presents the validation of the
simulation results, and finally Sec. 5 concludes the finding.

2. Modeling and indicator
2.1 Double-track model

Referring to the same model in Ref. [1] shown in Fig. 1, it
consists of the sprung vehicle mass, the suspension, as well as
the wheel weights for an unsprung mass; however, the pitch
motion is not considered here. A comprehensive discussion of
the derivation process is available in Ref. [1].

The following terms are used in the study: F and F), repre-
sent the longitudinal and lateral tire forces; F,, and M,, corre-
spond to the force and moment applied by the side wind; F.
represents the normal tire load; M, describes the total correc-
tive reaction moment from the differential braking factors; x, y
and z represent the coordinates of the body frame of the vehi-
cle’s position; w,, is the angular velocity of the tires; v, and v,
are the longitudinal and lateral wheel velocities; T, is the
wheel torque; J, and J, are used for the steering angle in the
rear and front wheels, respectively; u is the road adhesion
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Fig. 1. Single truck model with roll DoF: (a) Top view; (b) front view.

coefficient; w represents the yaw/heading angle; w denotes
the yaw rate; S refers to the vehicle’s side slip angle; 6 denotes
the bank angle; ¢ and é represent the roll and the roll rate
angle. Other vehicle parameters are discussed in Ref. [14].
The variables at the front and rear wheels are shown in lower
subscripts (-),and (),

The motion of the longitudinal, yaw, roll, lateral, and rota-
tional dynamics of the rear and front wheels of 8-DoF for the
nonlinear model and vehicle motion are discussed in planar
dynamics formulas via the following differential equations:

S Fim(i-gy) = 2F, +2F, — mhpii

= 2m.hgyr +(1, —1)my’ M
S FE:m(§+iy) =2F, +2F, +mhf—m hpy’ o
—mhgp* + (I, ~1,)my + F,
M1y —1.§="/) (<F, +F, ~F,+F,,)
Z +20F, - 2l,,FW2+ (0 —f[l/ )m:.(j}ﬂ'a:)) + M ®
DM AmB )G+ mh( i) = 14 @
=m.gh¢ — 2k,p — 2b,¢p
Jyo,=—rF,-T,-bw, i=(r). &)

The inertial trajectory of the vehicle (X, Y) at the time ¢,
from the current position (X, Yp) is presented as follows:

X=X0+v‘_[0tc0s (B+y)dt, 6)

Y:Y0+vxj;sin (B+y)dt (7)

where we select the start position (X,, Y;) as zero hereafter.

The objectives of this study involve rollover prevention, ve-
hicle yaw stability control, and lane change maneuver. Thus,
the target yaw rate and vehicle slip angle have to fulfil the
upper bound limit:
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Fig. 2. Semi-empirical tire model: (a) Longitudinal; (b) lateral forces.

Vie SHE[V. s P <tan”(0.02ug), ®)
where the intended yaw rate response is not always obtained
in the case of tire force exceeds its adhesion limit. Therefore,
it has an upper bound limit [15].

2.2 Nonlinear tire model

The tire dynamics is taken into account for the vehicle
model because the only contact between the road surface and
the vehicle is through the tires. The most widely applied exist-
ing nonlinear tire model applications and structures are from
the main parameters and analytical considerations one the
basis of the on tire data measurements which are referred to
the ‘semi-empirical tire model’, or ‘Pacejka tire model’ [16].
Therefore, for this study a combination semi-empirical tire
model was used.

Figs. 2(a) and (b) illustrate the tire forces at different longi-
tudinal tire slip ratios and lateral slip angles, respectively. The
nonlinear tire should satisfy the following equation:

JE +F, <uF,,

The nonlinear kinematics related to the tire slip angles for
the front and rear wheels, and the longitudinal tire slip ratio,
are given as follows,

U S
a, =06, - tan™' (u] , @ =0 —tan’ [uj 5

i=(fn). ©)

X X
(10)
s=1- ,  Acceleration if r,,,,> v, , (11)
r, @,
s=22% 1 Brakingif r,,0,<v, . (12)
v

2.3 Aerodynamic force and moment

The disturbance effect on the vehicle’s stability is crucial,
since bumpy or irregular roads can give additional force and

torque, which aid in the resistance of the overturning forces.
Here, we consider the front steering angle to be a disturbance
for the system because the effect of driving in a sudden ma-
neuver, prior to work by Ref. [1], and this assumption involv-
ing the front steering angle.

The effect of wind on the vehicle’s stability is critical, as a
strong wind from the outward or inward side can provide the
additional force or torque needed to help to resist the overturn-
ing forces. However, this study only considers the effect of
wind on lateral and yaw motions, as in Ref. [17]. The effect of
wind on longitudinal motion is not considered.

2.4 Load transfer ratio

Load transfer ratio (LTR) is assumed to be the most de-
pendable rollover indicator, irrespective of operational condi-
tions and vehicle configurations. It is employed to identify the
onset of the rollover in this study. More details on LTR are
discussed in Ref. [18]. The LTR is defined as the overall load
difference between the left and right wheels of the vehicle,
which are normalized by the total load:

F:r _th

LTR = ,
F,+F,

(13)

where F; and F., refer to the vertical tire forces that act on the
left right and left side wheels. Two-wheel lift off of one par-
ticular side of the vehicle takes place in the case LTR is 1 or -
1. We assume LTR is the rollover threshold and is in the range
of -1 and 1. We created a torque balance around the horizontal
roll axles with respect to the suspension torques, and the verti-
cal wheel forces by assuming unsprung mass and lateral load
transfer due to the effect of lateral acceleration:

2 e+ kg+hym, G+, 5 -hd) |
mgt

LTR =

; (14)

w

where m,, represents the vehicle’s unsprung mass, ¢, represents
the width of the vehicle, and 4, represents the roll center dis-
tance under the sprung mass. The nonlinear motions of the
vehicle in Egs. (1)-(12) are described by the compact differen-
tial equation:

E=f(Eu 0,r),  n=h(&), (15)

where the state for the input, disturbance, reference and output
vectors are as follows:

": :[Vy Y x l// l//¢. ¢ o, 0, O, wm]/"

u=[61, ARS

u=[6 p., p. 1, ARS + DBC

w,=[6, F, MY, r, =[¥, LTR,T., k& =[Y v ¢ 4]
(16)
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Fig. 3. Explicit MPC through ARS with DYC system.

The values of the state variables in Eq. (16) such as yaw
rate can be measured by yaw rate sensors in the form of mi-
croelectromechanical sensor units. Some hard/expensive to
measure vehicle variables can be estimated using other on-
vehicle sensors. The roll rate can be estimated directly using a
GPS attitude system, in combination with an automotive grade
gyroscope oriented to measure the roll rate. As a consequence,
the roll angle is calculated from the measured roll rate.

The reason to include the disturbance vector is because the
aim to investigate whether any other controller methods can
be designed to prevent worse scenarios that may occur in real
world situations. The estimation process is not considered here
as the state variable can be measured or estimated through
using commercially available tools.

In this paper, we assume all disturbances are known a priori
and are given at the specific time during travelling as illus-
trated in Fig. 5. In addition, we designed the controller with
the best control technique based on the fatal crash scenario so
that it will at least prevent the passengers and driver from be-
ing injured.

3. Controller scheme

3.1 Implicit model predictive control

A block diagram of the MPC controller design is shown in
Fig. 3. The task of MPC is to monitor the lane in the single
lane change maneuver by the help of ARS and ABS to prevent
rollover.

In this paper, the nonlinear vehicle given in Egs. (1)-(5) is
linearized based on the assumption that the vehicle’s forward
speed is constant. The linearized model is a satisfactory ap-
proximation to the behavior of the actual nonlinear vehicle
model under certain operating conditions. MPC is designed on
the basis of 3-DoF lateral-roll motions:

_C/l/ )qu - Iwmvf)‘//]

xq oy

mv, = I;[—(C,_-k CHJ, v, +((Cl,

1 .
= ——m(ib,)g=mh(mgh—k)$ = C,J 6, +C.J,, 5]

rxqg r
xx

(17

Ly = Vi[(c,I, —C,1) v, ~(Cl+ CL Y
! (18)
+C18, - ClLS, - sz
.k ) .
I.¢=—UCL=Cl)y—(C,+C)v,]-b¢
E v, by 7 ) () (19)
+ (mgh—k)p+C,h 8, +Ch &,

The motions of the vehicle in Egs. (17)-(19) are represented
by a state-space arrangement with x=[v Yy y ¢ " as
follows:

x=Ax+Bu+ B,w,+ B,r,,, y=Cx+Du. (20)

Since the MPC is designed on the basis of a mathematical
model of the plant using discrete time, the vehicle dynamics
are discretized in Eq. (21) with the application of a Euler ap-
proximation method, and neglecting any unmeasured distur-
bance, to get:

x,(k+1/k) = 4, x,(k|k)+ B, u, (k| k) + B, @, (k| k),

(2)
3, (k| k) = C, x, (k| k) + D, u, (k| k)

where x;(k|k) represents the state vector at a time step £,
x,(k+i|k) represents the state vector at a time step k+1, and
xi(k{k) € R, uklk) e R, wy(kik) e R and ykik) e
R"™¥ represent the state, the control input, the measured dis-
turbance, and the measured output vectors, respectively. Next,
we define the following equation:

=Yy v s, wk=06p,p.7T,

(22)
o, (k)=[5,], y,(k)y=[Y LTR] .

The aim of the predictive control system is to determine the
optimal control input vector Aiz; (k+i|k) so that the error func-
tion between the reference signal and the predicted output is
reduced. The predictive control system’s optimization is ad-
dressed by reducing the cost function, which is given by:

HP
Min: J,, (k)=Y"|3,(k +i) = r,, (k +1)
i=1

2
5,0
. (23)
s> Az e+,
i=0

where the first summation of the given cost function reflects
the reduction of trajectory tracking errors in the difference
between the predicted outputs y; (k+ilk), (i = 0,..., H,-1) and
the output reference signals r,,, (k+ilk), (i = 0,..., H,-1). The
second summation in Eq. (23) is used to give a penalty to the
control signal effort in the rear steering angle A, (k+ilk), (i =
0,..., H-1) of the active rear steering control maneuver. In this
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case, g (k+ilk) comprises the reference value of the yaw
angle and lateral position.

The difference in the rear steering angle A, (k+i|k) is given
in the case where the cost function is at its minimum value.
The weight matrices S,(7) and S,(7) are semi-positive definite,
and positive definite, respectively, and can be tuned for any
desired closed-loop performance. S,(i) is defined as the state
tracking weight, since the error y; (k+i|k) - 74, (k+ilk) can be
made as small as possible by increasing S,(i).

In a similar fashion, S.(i) represents the input tracking
weight and the variation of the input is decreased to slow
down the response of the system by increasing S,(i). The pre-
dictive and control horizon are typically considered to be H, >
H,, while the control signal is considered constant for H. <i <
H,. The optimization of the predictive control system is for-
mulated via the cost function in Eq. (23), which takes into
account the constraints of an actuator, and is defined as fol-
lows:

min  J(5(),AU,)
subject to:
X, (k+1|k)= Ax,(k|k)+ Bu,(k | k)+B, a)d,(k|k)
X (k+2)k)y=Ax(k+1|k)+ Bu,(k|k)+B, c?),(k|k)

(k+ilk)= A% (k+i-1]k)+ Ba,(k+i—1|k)
+ B, w,(k+i—1|k)
Opn < U (k+ilk) <6,

AS .S Auy(k+ilk) <AS,

R,min S uAZI(k+l|k) S pi,max
APy S Aty (k+ilk) < Ap,,,
Voo < Dylk+ilk) < Y,

LTR < $,(k+i|k) < LTR

min

,max

s = Lo H

(24)

The maximal tire slip angle «,,, is detected when the
maximal tire force is achieved in order to prevent extreme
saturation of the tire lateral force:

+1y
8 () =t + 2

r,max r,max

(25)

vx

The inequality of tire slip angle; -o4;, < o, < +ay, indicates
that the tire steer angle, J,, may be held within a bound of the
vehicle side slip angle, ., to avoid the lateral tire force satura-
tion region. Thus, these bounds are determined once at time &k
such that a,.,,,, (k+ilk) is equal to constant. Before the upper
and lower bounds are defined, the linearization of the nonlin-
ear tire model is investigated at the operating point .o, F,.,

F =(a, —-a,)xk, +F,

yir0 2

(26)

»

where k,. denotes the linearization coefficient. Next, an opti-

o k=

Fig. 4. Differential braking control.

mal input was computed for the following time step rather
than being calculated for the immediate time step, by address-
ing convex optimization problems during each time step. Lat-
er, the first input was applied on the plant in Eq. (21), and the
others were rejected, which yielded the optimal control se-
quence as follows:

u(t) = uy (x(t)) - @7)

An implicit MPC solves a quadratic program (QP) at each
control interval to determine the optimal manipulated variable
Auy adjustments. These adjustments are the solution of the
implicit nonlinear function u = f{x). The optimization problem
in Eq. (24) is iterated with the new value at a time k+1 via new
state x(k+1), and all orders are then updated.

3.2 Braking control algorithm

The required direct yaw moment control A, is obtained
from the variation between the two sides of the vehicle torque,
as in Eq. (5). In this research, the braking torque is only used
based on the yaw rate. Thus, it is only activated in the case
where the vehicle moves toward instability or in emergency
maneuvers, since it impacts the longitudinal motion, while the
rear steering angle is assumed for the total maneuver to be in
control or in standard driving maneuvers. We took into ac-
count two control inputs, rear steering angle, as well as differ-
ential braking at rear right and left tire, but only one control
input is used at a time [19] as illustrated in Fig. 4.

For the braking control law design, we employed only rear
wheels at a time to produce the control moment by applying
the difference in braking among the two axles: AT}, = T}, -
T, Since the front steering angle command acts as a driver
abrupt maneuver disturbance, the braking torque is only ap-
plied to the rear wheels and the control law is designed as:

—2M
T,,=0, I, = = >
. J /

w

ifAT, <0, w>0, (28)

— z'w T

b,rl ’ byr

=0, if AT,

b,r

>0, w<O0. 29)

Egs. (28) and (29) were chosen because the brake torque
applied to the rear wheel must be positive. We used only brak-
ing force p to realize the rollover prevention by considering
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the differential braking force acting either on the left or right
side of the wheel as:

p= =t (30)

The difficulty and issue now turns into how to tune and de-
termine the controller weighting matrices S, and S, in order to
avoid poor response by surpass control input saturation, be-
yond the location and bandwidth limitations of the actuators.

3.3 Explicit predictive control

The control allocation issue is defined as a nonlinear opti-
mization one, in which an explicit piecewise affine (PWA)
linear approximate solution operation is calculated off-line
[20] for a predefined set of operating conditions rather than
on-line for nominal MPC (implicitly, as discussed in Sec. 3.1).
This method is highly effective for issues with a small amount
of states, simplistic constraints and a modest horizon to obtain
a convenient set of regions.

The concept of explicit MPC involves solving the optimiza-
tion issue in Eq. (24) off-line for all x(¥) in a set X by applying
a multi-parametric quadratic program (mpQP) [21, 22]. Mod-
els in mpQP that are applied to arrive at explicit solutions to
the MPC problems accomplish online MPC functionality
without the need to solve optimization problems during every
time step. We consider the polytopic function to be:

X:{xe‘.R”:SleSz}c‘R”. 3D

Depending on the performance index in Eq. (23), and the
set of constraints in Eq. (24), with some modification, the
mathematical problems can be defined as follows:

. 1
min EU,{THU,C +x! F'u,

subject to: (32)
Gu, <W + Kx,

where the matrices H, G, F, W and K correspond to the func-
tion of the controller weighting matrices S,, S, and the limits
1 mins Wymaxs Vimins Vimax- 1€ considerations on weighting matri-
ces S, and S, are usually satisfied by selecting S, and S, as
diagonal matrices that conveniently penalize the relative im-
portance of the state or the input values.

The issue in Eq. (32) can be seen as an mpQP in U, where
X 1s a vector of parameters, as follows:

z=U+H'F'x,, (33)

where z is the optimization variable vector, z = [uOT u....
Upe.1 T] T The issue in Eq. (32) can then be redefined as:

min lzTHz,(
: 2
subject to: (34)
Gz<W + Sx,.

This is an mpQP in z, parameterized by x;. The matrix S is
given as § = E + GH 'F". To make explicit the dependence of
u; on x;, rather than implicit by using the optimization proce-
dure that addresses the issue in Eq. (24), the MPC defined by
Egs. (24) and (27) can be written in the form of a discrete
piecewise affine function as follows:

F;xk + Gl iJ(‘Hlxk S kl
u(k) = : : (35)
Fx +G,ifHx <k,
where x;, k= 1,..., m is polyhedral regions, each defined by its
own set of linear inequalities. As a consequence, on-line cal-
culations are decreased to the simple evaluation of Eq. (35),
and can be applied in fast sampling applications. The mpQP in
z can be addressed offline for the intended state space area.
Calculating the control input at a time step k becomes a sim-
pler task. An advantage of the explicit solution is that the
online solution can be computed faster than solving the QP
numerically if the number of regions, m, is small.

Thus, the explicit MPC is the procedure that allows, in the
special case described by Eq. (24), to explicitly express the
control law Eq. (27) obtained through the solution to Eq. (24)
and the application of the receding horizon principle. Thus, in
the presence of the same design parameters (i.e., weight matri-
ces, prediction and control horizons, constraints in input and
output), Egs. (27) and (35) coincide and must give rise to the
same simulation results.

4. Simulation

4.1 Scenario description

The controllers of the proposed methods are applied to a
vehicle path moving on a single lane change for the thread
avoidance case. The vehicle is assumed to be travelling hori-
zontally towards the path with v, = 15 m/s without accelerat-
ing or braking. The common obstacle avoidance maneuver is
simulated with a peak driver steering input with a magnitude
of 10 degree, so d,in the initial driving conditions is consid-
ered to move in the direction of the path at # = 2 second, play-
ing the role of a measurable disturbance on the vehicle. The J,
disturbance is considered to be persistent across the simulation
time.

The torque and drag force under the initially defined driving
conditions are considered to move in the direction of the path
at ¢t =1 second, with v,,= 10 m/s, as a disturbance on the vehi-
cle. The forces and torques generated through this sidewise-
acting gust of wind are considered to be persistent, and are
implemented as step functions across the simulation time.
Simulations were carried out using the Explicit Model Predic-
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tive Control Toolbox that is available in Matlab and Simulink
version 2014b, within 15 seconds.

In this case, we compared the overall performance of the
controller design for rollover prevention, lateral position, and
yaw stability control, without the controller, as well as with
the proposed method. We defined the single lane change ma-
neuver at 10 degree step input to represent 10 meters, starting
from ¢ = 0.5 second or Y= 10 meter, LTR,,= 0, and the yaw
stability limit is fulfilled by w <ug/v,= 0.65 degree/second.

Table 1 shows the numerical values of the truck vehicle’s
parameters used in this study and their definitions. Table 2
presents the MPC parameters with weighting matrices imple-
mented in ARS for the DYC maneuver cases, with and with-
out explicit methods applied.

Table 1. Heavy vehicle parameters of a single truck [14].

4379

4.2 Results and discussion

Fig. 5 depicts the responses of the vehicle motions without
a controller in the system. Clearly, with no controller, the sin-
gle lane change maneuver failed to follow the trajectory, caus-
ing a collision. The response of LTR motion suggests that the
vehicle is unstable, and one side of the tire is not in contact
with the ground, while the trajectory is moving, as shown
from its steady-state position. The simulation results also
show that the yaw stability for the vehicle is worse after five
seconds, and gradually becomes more unstable by exceeding
stability limit. Furthermore, note that the lateral acceleration of
the vehicle is unstable as it becomes infinite after five seconds.

Fig. 6 shows the vehicle’s responses with the controller to
ARS with a DBC maneuver control, either without or with the
explicit method applied. In this particular simulation, we in-
spect the benefits of the explicit MPC under the predefined

Parameter Value disturbances. Both methods clearly perform very well for LTR
m [kg] 14300 response, which demonstrates that both sides of the wheels are
ms, my [kg] 1200, 400 in contact with the ground, and no rollover occurs during the
I, I, I [kem?] 4718,34917, 166 maneuver under the disturbance. Both methods of control
Iy 1, [m] 195,154 function well in a lateral position response or thread avoidance,
. o [m] L15.1.86 indicating the vehicle’s lateral position is at a value of 10 me-
: : ters. For both outputs responses, LTR and Y-position re-
b, [Nms], k, [Nm] 100000, 457000 .. . .
sponses, the explicit MPC provides a slightly better response
G C; 582000, 783000 than ARS and DBC in combination.
g[ms] o8 On the other hand, for the yaw rate response, it was demon-
strated that ARS with DBC shows the vehicle’s yaw stability
Table 2. MPC design parameters. is more than + 0.65 degree/second, and exceeds the limit of
Parameter MPC the yaw stgbi}ity. The explicit MPQ maintained th§ vehicle’s
0 H s stability within the predefined stability range. This suggests
;’[ ]L 5 (;5 that DBC is highly influential to control the lane change ma-
s [s . K ..
neuver at reference via the explicit method when compared to
+0.5, + o . . .
9r, A0 [rad, rad/s] 05,204 the combination of both input variables. Fig. 6 also shows that
M:, AM; [Nm, Nm/s] 1500, = 000 the lateral acceleration for both methods control is relatively
Y, LTR [m, - ] 0<7<10,%1 stable at the steady state of the acceleration of zero. Moreover,
Ry, Ry, ARy, AR, 0.1,0.1,0.03,0.03 based on the control signal responses, all of the maneuvers
Qi1, Qu (vi = 15m/s) 0.035, 0.155 control under the active constraints in terms of the ARS and
10 1000 T 200
E T 800 _] g ldee] JC TN S—
5 5 =) 0 £, IN] E TRIne
e o 600 " } w M, [Nm] &>200 "3_'3\
S o P g NN
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L | S ref [M] 5 20 = y N
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'g 200 % 0.4 ; 4
g 100 0.2 % 2
T >
N2 4 6 s 10 % 5 10 Is o5 5 10 15
Longitudinal position, X [m] 104 Time [s] Time [s]

Fig. 5. References and disturbances with the performances of the vehicle without controller.
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the remaining parameters remain within range.

The computational time of the explicit solution is deter-
mined by the number of possible combinations of active con-
straints in the QP problem, which is related to the number of
regions m. If an explicit solution has many active constraints,
significant computational time is needed. In this case, an im-
plicit solution may be preferable. Fig. 8 illustrates the region
portion of explicit solution, implicit computational cost, esti-
mates states, and optimization status of both method. The
computation effort in Eq. (35) only involved the check of lin-
ear inequalities to determine the current region and computing
the associated affine function of the current state.

Using the Explicit MPC Toolbox with ten inequalities, the
explicit solution of x(k) for m = 3224 is generated in about
234.5 seconds offline computing time.

Time [s] Time [s]

Fig. 8. Region portion, computational cost and optimization and esti-
mates states of implicit and explicit predictive control.

5. Conclusions

An explicit model predictive control method for heavy vehicle
stability and rollover prevention was proposed in this study. This
novel control method was evaluated and compared with the con-
ventional MPC (i.e., implicit). An integrated control method for
an ARS and ABS maneuver in a heavy vehicle in a thread
avoidance case was also examined. These studies consider the
front wheel steering and wind gust as disturbances for a vehicle
moving forward with a middle speed in a single lane change.

An ARS that uses the rear steering command, and an ABS
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that uses the differential rear braking, were designed based on
the explicit MPC via the 3-DoF vehicle model with linear tire
approximation. The simulation results reveal that the explicit
MPC performs better compared to the implicit MPC. The
results also demonstrate that the left and right wheel brakes
equipped with the ABS are more effective, and have been
successfully implemented with a combination of ARS for
vehicle steering maneuvers, even in the presence of a distur-
bance in the yaw and lateral motions.

The improvement of this control method with various com-
binations like active roll, active suspension, and braking with
rear and front tires can be taken into account in further work.
The proposed approach will be applied in real-world applica-
tions in the near future.
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