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Abstract. Nowadays, tractor semi-trailer heavy vehicles are the most popular
transport ve-hicle in the world because of their benefits. However, the traffic ac-
cidents related to these vehicles usually are serious consequences. The main rea-
son causes these acci-dents is the loss stability of tractor semi-trailer heavy vehi-
cles, particularly is the roll-over phenomenon of them. In order to improve the
roll stability, most modern these vehicles are equipped a passive anti - roll bar
system. However, the passive anti - roll bar does not meet the required stability
when the vehicle is in emergencies. This paper investigates the influence of the
suspension roll damping and roll stiffness parameters on the stability of the trac-
tor semi-trailer and designs an active anti — roll bar control system for semi-
trailer, by using Linear Quadratic Regulator (LQR) method. The ob-tained results
show that these suspension parameters do not meet well for the vehicle roll sta-
bility when the tractor semi-trailer is in a cornering maneuver. In addition, the
simulation results compare the performance between the passive and the LQR
active anti - roll bar systems for semi-trailer show that by using the active system
the reduc-tion for the roll angle of the sprung mass is about 43%, 50% for the
normalized load transfer and 50% for the roll angle of the unsprung mass.

Keywords: Tractor semi-trailer, Active anti roll bar, LQR control method, Roll
stability, Rollover.

1 Introduction

Today, tractor semi-trailer heavy vehicles play an essential role in the transportation
sector because of their merits. Compared to conventional trucks, tractor semi-trailer
vehicles provide such benefits as reduction in fuel consumption per ton per kilometer
leading to less emission, reduce transport costs thanks to increase in the transport vol-
ume and payload of one delivery time, and road protection due to reduced axle loads.



However, the accidents related to tractor semi-trailer usually are fatal and they often
are caused by rollover accidents. There are three main factors leading to rollover acci-
dents are side wind gusts, abrupt steering and braking manoeuvers by the driver. In
these cases, roll stability occur when the tyre — road contact force of the wheels on one
side of the vehicle equals zero. Hence, most of tractor semi-trailer equipped passive
anti — roll bar at all axles in oder to cope with the instability of tractor semi-trailer.
However, it also has some drawbacks: the passive anti — roll bar system will transfer
vertical forces of one side of the suspension to other side and leading moment to against
the lateral force when driver control is in tractor semi-trailer cornering situation.

An active anti — roll bar system is applied to deal with these drawbacks. The active
anti - roll bar includes a pair of hydraulic actuators [1], it generates a stabilizing mo-
ment to balance the overturning moment. Therefore, the lateral load response can re-
duce significantly.

The research on controlling the active roll control system for the tractor semi-trailer
was conducted by a research team at the University of Cambridge in the United King-
dom. In [2] A.J.P. Miége and D. Cebon used PID control method to applied on an actual
tractor semi-trailer, the authors had controlled the active ARB system to improve the
vehicle roll stability. A semi active anti roll bar system is proposed by combining active
and passive systems in [3]. In [4], [5], the authors designed a state feedback roll control
system for a tractor semi-trailer using a flexible frame, which allowed a more accurate
assessment of the benefits of this system. The mechanical properties of tires effect on
instability of tractor-trailer at moderate levels of lateral acceleration indicated in [6].

The previous studies proposed an active anti roll bar system for both tractor and
semi-trailer, while Sampson’s results showed that the rear axle of semi-trailer is loss
stability first [1]. Therefore, the objective control for semi-trailer is easier and ex-
changeable with other tractor as well as improve significantly the stabil-ity of tractor
semi-trailer vehicles. Therefore, this is a new approach and more practi-cal solution
when compared with the previous studies.

The contributions of this paper are the following:

- A yaw - roll model of tractor semi-trailer is used for surveying the influence of
structural parameters on the stability of the tractor semi-trailer, by considering the ver-
tical and lateral displacement of the vehicle.

- An optimal LQR controller is designed at the semi-trailer axle in order to improve
the roll stability of tractor semi-trailer.

- The simulation results in time domain and frequency domain show that the LQR
active anti - roll bar system improves significantly the roll stability of tractor semi-
trailer when compared with the passive anti - roll bar system.

2 Vehicle modelling

2.1 Modeling of a tractor semi — trailer

In this study, a yaw - roll model of tractor - semi-trailer in [7] is used in order to ana-
lyse characteristic dynamics with some assumptions: the tractor - semi-trailer is as-
sumed to be perfectly rigid; pitching and bouncing motions have only a small effect on



the roll and handling behaviour of the vehicle and so can be neglected in formu-lating
a model to investigate roll and handling performance. The effects of aerody-namic in-
puts (wind disturbances) and road inputs (cross-gradients, dips and bumps) are also
neglected.
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Fig. 1. Yaw — roll model of tractor - semi-trailer.

The vehicle body has the roll axis with distance r upwards from the ground. The
dynamic equations of the vehicle are calculated by equating the change of momen-tum
(or, in the rotational case, moment of momentum) with the sum of external forces (or
moments) acting on the system. The motion is described using a coordinate system (x’,
y’, 2’) fixed in the vehicle, as shown in Figure 1. The roll axis is replaced by an x’ axis
parallel to the ground, and the z’ axis passes downward through the center of mass of
the tractor - semi-trailer.

Figure 1 shows the tractor - semi-trailer model which includes two parts: tractor and
semi-trailer, in which is the sprung mass, is the unsprung mass at the front axle, and
the unsprung mass at the rear axle, is the height of center of sprung mass, is the height
of center of unsprung mass, is the roll moment of inertia of sprung mass, is the yaw
moment of inertia of sprung mass, is the yaw roll moment of inertia of sprung mass,
is the longitudinal distance to articulation point, measured forwards from cen-ter of
sprung mass, is the longitudinal distance to articulation point, measured for-wards from
center of total mass of tractor or semi-trailer. The subscripts f and r ex-press the front
and rear axle of the tractor or trailer, respectively. The subscripts i (1 and 2) express the
tractor and semi-trailer, respectively. is lateral force at the cou-pling point. The sym-
bols and parameters of this model are shown in [7].



2.2 Dynamic equations of a tractor — semi-trailer

Equations (1) to (10) show the dynamic of the Yaw — Roll model of tractor — semi-
trailer, in which: the yaw moment, the roll moment of the sprung mass, the roll mo-
ment of the front and rear unsprung masses of tractor are expressed in equations (1) to
(5). The equations (6) to (8) describe the yaw moment of the sprung mass, the roll
moment of the sprung mass, the roll moment of the rear unsprung mass of semi-trailer.
The equation (9) denote the kinematic constraint between the tractor and the semi-
trailer at the vehicle coupling [7]:
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The lateral tyre forces in the direction of velocity at the wheel ground connec-tion
points are modelled by using linear stiffness coefficients as:
Fyfi =uCa;
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With the tyre side slip angles:
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The tractor semi-trailer is considered rollover when the wheel lifts off, means the
normalized load transfer reach +1 [7].

3 Influence of structural parameters on tractor — semi-trailer
stability

In this part, we use a cornering situation [8] as the common disturbance for studying
the roll stability when the vehicle velocity is considered at 60 km/h. Fig.2 shows the
time response of the roll angle of sprung mass when the characteristic of suspension
roll damping and suspension roll stiffness change from (0.5+1.5) standard value, in
especially, (4.10°+12.10°) Nm for suspension roll stiffness and (5.10* +15.10°)

Nm/rad for suspension roll damping.

Roll angle of the sprung mass - Semi trailer [deg]

T —— o7 8
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Suspension roll damping - [N/rad]

Fig. 2. Time responses of the roll angle of the sprung mass

As we see, the less value of suspensison roll stiffness and suspension roll damping
are, the more roll angle of the sprung mass of semi-trailer is and reach the peak at 15,28
degree when the value of suspensison roll stiffness and suspension roll damping are the
lowest. When these figures increase, the roll angle of the sprung mass of semi-trailer is
decreased, respectively and it gets the lowest value at 6,03 degree. We also see that this
roll angle of the sprung mass depends mainly on the suspension roll stiffness, the
suspension roll damping affects insignificantly on it.

Fig.3 shows the time response of the normalized load transfer at rear axles of semi-
trailer. We can see that when the value of suspensison roll stiffness and suspension roll
damping are low, the normalized load transfer is low and reach the lowest point at 0.93.
This value rises to 1.21 when the value of suspensison roll stiffness and suspension roll
damping increase. However, the normalized load transfer also round 1. It is clear that
the risk of rollover of this vehicle usually high when the velocity at 60 km/h although
the value of suspensison roll stiffness and suspension roll damping vary. Therefore,



designing an active anti roll bar system controller for tractor semi-trailer in order to
improving the stability of this vehicle is very neccessary.

Normalized load transfer at the rear axle - Semitrailer

Suspension roll stiffness [Nm/rad] Suspension roll damping - [N/rad]

Fig. 3. Time responses of the normalized load transfer

4 LQR controller design for active anti — roll bar system of
semi — trailer

The motion differenial equations from (1) to (11) can be rewritten in the LTI state —
space representation as:
X = AX+ Bw+B,u
z=Cx+Dw+D,u
Where:

The state vector: Xx=[8, v, ¢ & ¢ G & & P V2 b2 ]T )
The exogenous disturbance: w=[5]",

The control input: u=[u,,]",

The output vector: z=X.

4.1  The control objectives for vehicle roll stability

The objective of the active anti-roll bar control system is to maximize the vehicle roll
stability. In this paper, we would like to minimize the normalized load transfer of rear
axle of semi-trailer to evaluate the vehicle roll stability of tractor semi-trailer vehicles:
AF,
F

z

IRl =|—=*|<1 (13)




where AF, is lateral load transfer and F, total axle load of semi-trailer. If R takes

the value +1, the rollover occurs because the inner wheel in the bend lifts off and de-
noted in [8].

4.2  LQR active anti — roll bar controller

The LTI model is noted by equation (12). For the controller design, it is assumed that

all the states are available from measurements or can be estimated. Then, we consid-er
the state feedback control law:

u=—KXx (14)

where K is the state feedback gain matrix. The optimization procedure includes de-

termining the control input U which minimizes some performance index J. This index

includes the performance characteristic requirement as well as the controller input lim-

itations, usually expressed by: J = I(XTQX +u"Ru)dt , where Q and R are the positive
0

definite weighting matrices. The optimal closed-loop system is obtained as follows [9]:
x = (A-B,K)x+BW (15)
The performance index J is chosen as follows:

J= _[ (/O1¢22 + P, ¢22 + psﬁzz + P, sz + p5¢tr22)dt (16)
0

Remark: The selection of J completely depends on the goal of the control design.
p,=10%; p, =10; p; =10; p, =10; p; =10 4re the weighting parameters of J.

4.3  The simulation results in the time domain

In this paper, we use a cornering situation [8] as the common disturbance for studying
the roll stability. Fig.4 shows the time response of the steering angle, the roll angle of
sprung mass, the roll angle of unsprung mass, the normalized load transfer at rear axles
of semi-trailer when the vehicle velocity is considered at 60 km/h. We can see that the
maximum value of these variables in LQR controller are always smaller than the
passive anti roll bar system. The reduction is about 43% for the roll angle of the sprung
mass, 50% for the normalized load transfer and 50% for the roll angle of the unsprung
mass.
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Fig. 4. Time responses of the roll angle of the sprung mass (a) and normalized load transfer
at the rear axle (b) of semi-trailer.

4.4 The simulation results in the frequency domain

We simulate tractor - semi-trailer model in the frequency range from 102 =10%rad / s
with the control input is the steering angle. Fig 5 illustrates the transfer from steering
angle to the roll angle of the sprung mass of semi-trailer. We can see, this value reduce
4dB in the frequency range of 10 +4rad /s, which is respected for the driver band-
width [8], [9]. We can conclude that by using LQR active anti-roll bar control system
at the rear axle of semi-trailer, the roll stability of the tractor semi-trailer vehicles is
significantly improved when compared with a passive system.



Roll angle of the sprung mass - Semi trailer
From: Delta To: Phi2

20 :

— — —Passive
Active

0= B

-10 —

Phi, [deg] (dB)

-20 —

-40 |~

50 . I A . Ll . Ll T
102 107 10° 10" 10%
frequency (rad/s)

Fig. 5. Frequency responses when vehicle is in a cornering maneuver.

5 Conclusions

This paper has shown the effect of the suspension roll damping and roll stiffness pa-
rameters on the stability of the tractor semi-trailer and illustrated merits of the anti - roll
bar system on tractor semi-trailer, particularly on semi-trailer during cornering situa-
tions. The LQR controller is applied on the rear axle of the semi-trailer, in which the
lateral load transfer is taken into consideration. The obtained results have de-scribed
the dramatically productivity of the LQR active anti - roll bar control to im-prove roll
stability when compared with the passive anti - roll bar system.

This paper facilitates the application of the active anti - roll bar system on all ax-les
of tractor semi-trailer in order to prevent the tractor semi-trailer vehicle rollover phe-
nomenon in the future.
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