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ABSTRACT

This paper presents a control system development for a yaw
motion control of a vehicle-trailer combination using the
integrated control of active front steer (AFS) and differential
brake (DB). A 21 degree of freedom (dof) vehicle-trailer
combination model that represents a large SUV and a
medium one-axle trailer has been developed for this study. A
model reference sliding mode controller (MRSMC) has been
developed to generate the desired yaw moment. Based on the
understanding of advantages and limitations of AFS and DB,
a new integrated control algorithm was proposed. The
simulation result shows that integrated control of AFS and
DB can restrain the trailer's oscillation effectively and shows
less longitudinal speed drop and higher stable margin
compared to the DB activated only case while maintaining
the yaw stability.

1. INTRODUCTION

Stability of a vehicle-trailer combined system at high speed is
strongly affected by the dynamics of a trailer. With a
disturbance due to driver steer input, side wind, or uneven
road condition, a trailer has a tendency of lateral swing, also
known as a snaking oscillation. This oscillation is strongly
related to a vehicle operation speed. When a vehicle speed is
below the critical vehicle speed, the lateral swing will be
damped out with time [1]. However, when an operating
vehicle speed is higher than the critical speed, the lateral
swing grows with time and it is difficult for a non-expert
driver to stabilize this situation. Without a correct prediction
of a vehicle-trailer behavior and proper reaction from a
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driver, the vehicle-trailer system will ultimately become
unstable [2].

During the past decades, many studies have been proposed to
help stabilize the vehicle-trailer combination system during
this situation. In most cases, active braking and steering
systems on the vehicle or trailer have been used for this
situation to generate a desired yaw moment that can decrease
trailer swing and stabilize a combination system. Plochl et al
[1] proposed a pure trailer based control system in which
individual braking force can be applied to the trailer wheels
to stabilize the lateral motion of a trailer. A similar trailer
based individual braking control system also can be found in
[2, 3]. Deng et al [4, 5] designed all wheel steer systems for
stabilization of a vehicle trailer in which a state-feedback
control method was used to determine desired steer angles at
each wheel that can track a reference model from decoupled
vehicle and trailer models. Kageyama et al [6] presented a
four wheel steering of a towing vehicle to stabilize the trailer
lateral swing at high speed. There have been researches that
use existing brake based active safety systems in the towing
vehicle such as ESC to stabilize a lateral swing of a trailer by
updating its control algorithms [7, 8]. Although Electronic
Stability Control (ESC) systems are effective ways to
stabilize the vehicle lateral dynamics, a vehicle speed drops
significantly with application of brake actuation. Since the
braking intervention is not driver's intention, it is considered
to be intrusive to the driver and often it becomes a source of
complaints [9]. In order to minimize the activation of braking
and to further increase the safety margin, various control
efforts have been made to integrate active front steering and
active differential braking. In general, these integration
control methods can be classified as two types. One is a
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Figure 1. Diagram of vehicle-trailer dynamic model

supervisory control that allocates the desired control needs to
separately designed steering and brake control systems and
the other is an integrated controller that determines the
controls needed between steering and braking based on
MIMO control theory. A supervisory controller typically has
rule sets using vehicle states, such as a stable region in terms
of side-slip angle or the desired yaw angle. Based on these
rules, the desired yaw moment needed to improve vehicle
lateral motion is allocated between the steering and braking
systems [9, 10, 11, 12]. The control system based on multi-
inputs and multi-outputs has a multiple objectives. For
instance, in references [9, 13, 14], control systems have been
developed for a path following application of a vehicle trailer
combination with two control objectives (yaw rate and side
slip angle). These control systems are effective and have a
larger safety margin while decreasing the longitudinal
dynamic effect.

Among the published literatures, there are few reported
works in the integration of active front steering and active
braking only using a towing vehicle. This paper propose a
new integration method that combines an active front steer
and differential brake on towing vehicle to enhance the yaw
motion stability of a vehicle-trailer combination system. The
proposed controller was developed using a sliding mode
control theory and will make the yaw rate of a vehicle with
trailer to follow the reference yaw rate determined from a
vehicle without a trailer by using an active front steer and
differential brake. This control system consists of two closed-
loops: inner-loop and outer-loop. The inner-loop controls
active front steering and the outer-loop modulate differential
brake forces. The inner loop will be always applied first and
the outer-loop will be activated only when the yaw rate
tracking error becomes larger than the predefined value. For
this study, a 21-dof nonlinear vehicle-trailer model including
roll, pitch, and yaw motions is developed and validated with
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commercially available software (Carsim). The simulation
results show that the proposed controller effectively controls
an oscillation of a trailer.

The rest of the paper is organized as follows. Section 2
introduces the development of a nonlinear vehicle trailer
model and a control system development is presented in
section 3. In section 4, the effectiveness of the proposed
controller is demonstrated through simulations.

2. DEVELOPMENT OF A
NONLINEAR VEHICLE-TRAILER
MODEL

Figure 1 shows a schematic of a vehicle-trailer combination
model that consists of a two-axle vehicle and a one axle
trailer. The vehicle-trailer is modeled as a rigid body. The
coordinates x;yjz; and xpypzp indicate the body fixed
coordinates attached at vehicle center of gravity (CG) and
trailer CG, respectively. u;, v;, and w;, denote the vehicle
forward, lateral, and vertical velocities, respectively. ¢;, 6;,
and y; indicate the vehicle roll, pitch and yaw angles
respectively. There are yaw angular velocity w,;, roll angular
velocity wy; and pitch angular velocity wy;. Q denotes a hitch
angle. This model has a total 21 dof including 6 dof of a
vehicle motion and 3 dof of a trailer motion. In addition, this
model has 2 dof at each of the 6 wheels including vertical
suspension travel and wheel spin. The longitudinal, lateral,
and vertical motions at trailer CG. are constrained by the
hitch point articulation.

The equations of motion for a vehicle and trailer can be
derived from direct application of Newton's laws.
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Equations (1), (2), (3), (4), (5), (6) show equations of motion

for a vehicle:

M, (i, + @, -w, — 0, v, )= Fy, +F, +F, +F,

+P+m -g-sinb,
(1)
M, -\ +a, u-o,-w)=F,+F, +F, +F

iy vif yir yrr
+S—m -g-sing, -cosf,

2)
mls.(wl+a)x]-vl—(0y1'ul):F;[f +Fzrf+F;lr+F;rr
=Ny —m - g-cosg -cosb,
3)
Jxl 'a')xl =(F'Zlf+F'er_F'Z*f_F'er)‘tl /2+m15.ay1 'th
+m, - g-hz, -sing -cos6, —S-hh -k, -
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Jyl ‘a')yl =(ler +Fzrr)'bls _(F;l/‘ +F;rf
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(6)

Equations (7), (8), (9), (10), (11), (12) show equations of

motion for a trailer:

MZ‘(u2+a)y2-w2—a)Zz‘v2)=F +F

xlt xrt

—P +m,, -g-sind,

(7)
M, '(‘.}2 TO, U, —O, 'Wz)szlz +ry, -5,
—m,, -g-sing, -cosb,
(8
myg '(wz to, v, -0, 'uz)zen +Fm +NH
—m,, - g-cosg, -cosb,
)
S 0y :(let _Fzrt)'tz/2+mzs -ay, - hz,
+my - g-hz,-sing, -cosb, +S, - hh,
(10)
Jp ’d)yz =(lel +Fm)'b2s +my - ax, - hp,
+my - g hp,-sin6, — N, -a, —F, - hph,
(11)

SAE Int. J. Mater. Manuf. | Volume 4 | Issue 1

Full document details: SAE 2011-01-0985

Jp 0,==5 a, _(Fylt +Fyrr)'b2 +(_Fx/t +F;m)'t2 /2
(12)

In the above equations, Ny represents the normal force on the
hitch point, S and P (S; and P;) are lateral and longitudinal
forces on the hitch point as shown in Figure 1. Fr,; and F1;;
are the longitudinal and lateral tire forces described in the tire
coordinate. The longitudinal and lateral tire forces in the
vehicle coordinate, Fy; and F);;, can be determined from the

following transformation,

{F = Ft, -cosS, — Ft , -sind,

i
F, =Ft,-sin6, +Ft,-cosd,

| (13)

where the subscript i,j denotes / (left), r (right) and f (front), r
(rear) respectively. For a front wheel steervehicle case, dr =

0;0,= 0.

Magic formula tire model [15] has been used to a
development of tire forces Ft,; and F7,;. The longitudinal
slip and lateral slip angle used in the tire model are calculated
as follows:

- R, o, —(Vx,.j cosd; +V,, -sin6j)
! (injncos§j+Vyij~sin6j)
(14)
V..
@ =70,
SV
(13

where, Vy;; and V),;; are the lateral and longitudinal velocity at
the tire contact patch.

This model includes suspension units consisting of springs
and dampers shown in Figure 1. The suspension force can be
derived as:

Fy; =K, '(Zif _Zn‘j)+ G '(Zif _Zti/‘)

(16)

It is assumed that the equivalent suspension force is always
normal to the ground.

For the wheel rotational dynamics, the following equations
have been used,

Jii @y =Ty = Ft Ry

(17)
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where, Jj,, is wheel inertia, R,, is tire radius, Tp; is the input
torque applied to the wheel, and Ft; represents the
longitudinal tire force.

View from Top View from Left
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Figure 2. Articulation conditions

Figure 2 shows the velocity components at the hitch point.
Since this paper is focused on the study of yaw motions of
vehicle and trailer, yaw plane motion is fully considered in
the articulation condition. It is assumed that the relative angle
in pitch and roll plane between vehicle and trailer are small
enough to be neglected. In addition, the hitch point lateral and
longitudinal velocity changes caused by vehicle or trailer roll
and pitch motions are also ignored. On the hitch point, the
following articulation conditions have been imposed from
vehicle and trailer velocities,
uy, =u,-cosQ—(v,—¢, @, )-sinQ

z

v, =u,-sinQ+(v, —¢, - @

1) cosQ—a,-a,
Q:a)zl _a)ZZ

W, =W 0, ¢+, a,

(18)

Model Validation

The developed nonlinear vehicle-trailer model was
implemented in MATLAB/SIMULINK environment and has
been compared and validated with a commercially available
vehicle-trailer model in CARSIM. A step steering wheel
angle of 100° is applied to both models with a vehicle speed
of 72 km/h. Figure 3 compares the responses of yaw rate, roll
angle and normal force between the developed model and
CARSIM model. As shown in Figure 3, the responses of a
developed model are closely matched with those of a
CARSIM model. The existing discrepancies shown in Figure
3 come from the differences in the dynamic complexity
between two models. The vehicle-trailer model in CARSIM
has more dof compared with the 21-dof model used in this

paper.
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Figure 3. The responses compare between the developed
model and CARSIM

DEVELOPMENT OF A CONTROL
SYSTEM

Figure 4 shows a schematic diagram of the vehicle-trailer
lateral stability control system based on integrated active
front steer and differential brake. The proposed control
system aims to decrease and to damp out the trailer lateral
swing in order to preserve the stability of an overall vehicle-
trailer combination system. This system will achieve the
desired goal by regulating the yaw rate of the vehicle. From a
given drivers' steering inputs, the desired yaw rate response
was determined from a reference model. In here, a vehicle
model without a trailer is used as the reference model. A
nonlinear sliding mode controller is developed to calculate
the desired yaw moment needed to track the desired yaw rate.
Then, this desired yaw moment is distributed to two control
loops. The inner loop uses an active front steer and the outer
loop uses a differential brake to generate the yaw moment
that can reduce the yaw rate error in the vehicle. In the
proposed control system, the active front steer is always
applied first in order to minimize the longitudinal vehicle
speed drop while achieving desired yaw response. When the
tracking error (yaw rate error) is smaller than a predetermined
threshold value, only the inner loop (active front steer) will
be executed. The outer loop (differential brake) will be
executed only when the tracking error becomes larger than
the threshold value for the case that active front steer alone

cannot reduce the tracking error. Two Bﬁeﬁm@m
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