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This study examines the control methods for roll instability of articulated steering vehicles (ASVs) by taking wheel loaders as the
research object. An eight-degrees-of-freedom nonlinear dynamics model of ASVs was built on the basis of multibody dynamics.
Three methods, namely, active braking (the front and rear axles have the same braking torque), active steering, and adjusting the
swing bridge (applying a control torque between the rear body and rear axle), were adopted to analyze the effects on the roll stability
of ASVs through the dynamic model. The results show that active braking is conducive to the roll stability of ASVs during turning,
active steering can improve the roll stability of ASVs during turning and passing over obstacles, and adjusting the swing bridge can
improve the roll stability of ASVs by changing the vehicle posture and the position of the gravity center.

1. Introduction

Both maneuverability and traction of off-road vehicles are
important for enhanced performance in applications on
unpredictable and changing terrains. To combine these two
important features, articulated frame steering has become
popular, and an increasing number of manufacturers choose
this simple but efficient steering system. Many wheel loaders,
scrapers, and forestry skidders are articulated steering vehi-
cles (ASVs).

Modern ASVs, such as wheel loaders, are composed
mainly of three parts, namely, the front body, the rear body,
and the rear axle, as shown in Figure 1(a). The front body
is jointed with the rear body by a steering pin. As this kind
of vehicle lacks a suspension system, a swing bridge is set
between the rear body and the rear axle so that eachwheel will
always touch the ground while driving to increase the driving
force, as shown in Figure 1(b). The swing bridge is linked to
the rear axle by an oscillating pin, and the upper part of the
swing bridge is fixedly connected with the rear body. When
the vehicle runs onuneven roads, the swing bridge guarantees
that the four wheels will continuously touch the ground.
While the vehicle runs on steep slopes or turns quickly, the
relative rotation between the rear body and the rear axle

will likely lead to the instability of the vehicle owing to the
lateral force. Moreover, the lateral shift of the vehicle’s gravity
center during turning results in a decline in the stability of the
vehicle and in a higher probability of rollover accidents [1].

To ensure the safety of the driver after the rollover, off-
highway vehicles on sale are compulsorily required by the
European Union and the United States to be equipped with
a rollover protective structure (ROPS) that complies with
international standards [2, 3]. However, the rollover of off-
highway vehicles is a dynamic impact process. In this process,
the causes of casualties are varied. After the rollover, for
example, the great deceleration produced when the ROPS
touches the ground exceeds the impact resistance threshold
of the humanbody. In addition, the fact that the driver repeat-
edly collideswith the ornaments in the cab during the rollover
further deteriorates the damage degree [4].Therefore, even if
the ROPS conforms to the standard requirements, casualties
can still happen when the rollover occurs.

To reduce the casualties caused by the rollover of the
ASVs, it is not enough to just install ROPS for passive safety
protection. Research on the active safety technology of ASVs
can help to solve the problem of how to avoid rollover
accidents of the vehicle. Therefore, the potential rollover
danger of ASVs should be monitored and assessed in real
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Figure 1: The structure outline of wheel loaders.

time. The stability of the vehicle should also be improved by
actively adjusting the posture and themechanical parameters.
In this way, the psychological fear of the driver will also be
lessened, and the driving safety of ASVs will be enhanced.

In recent years, research on the active safety technology
of rollover protection has mainly targeted passenger cars on
highways and heavy-duty trucks. Scholars have conducted
experimental research, theoretical analysis, and computer
simulation of the active safety technology of vehicles’ rollover
protection. Some achievements have been made in the
research on the warning, precaution, and control devices
of vehicle rollover. These achievements offer great reference
value to the study on the active safety technology of the rollo-
ver protection of off-highway vehicles. According to relevant
literature, the active control measures of vehicles’ rollover
protection include active steering [5–7], active braking [8, 9],
active and semiactive suspension control [10, 11], active roll
bars [12, 13], and integrated control [14–16].

According to the summary of the literature on the active
rollover protection control of highway vehicles such as pas-
senger cars and heavy-duty trucks, the stability of the vehicle

can be reassured by reasonable control when instability
occurs. However, ASVs and highway vehicles are very dif-
ferent in such aspects as work environment, body structures,
rollover mechanism, and rollover actuators. Take as an exam-
ple a wheel loader, which is a typical articulated steering vehi-
cle. The device posture at work, the bucketing load, and the
articulated steering angle can all change, and their changes
will definitely alter themoment of inertia and lead to the posi-
tion deviation of the vehicle’s mass center. Moreover, ASVs
usually operate on uneven roads or ramps. The geometric
parameters of the ground exert great effects on the stability
of the vehicles. As off-highway vehicles with work devices
and articulated frames mostly operate on uneven roads, the
stability theory and control methods of ASVs are all different
from those of regular cars.

This study aims to establish an eight-degrees-of-freedom
(DOF) nonlinear dynamic model for ASVs and to examine
the control methods of active rollover protection. The estab-
lished model is used to analyze the effects of active braking,
active steering, and adjusting the swing bridge on the roll
stability of ASVs.
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2. The Dynamic Model of ASVs

Typical ASVs comprise three parts, namely, the front body,
the rear body, and the rear axle, as shown in Figure 1. Each
part has three translational DOFs and three revolute DOFs,
but all 18DOFs are not completely independent. The longi-
tudinal movements, lateral movements, vertical movements,
and pitchmovements of the front body, the rear body, and the
rear axle are interrelated. The roll motions of the front body
and the rear body are also connected. The yaw movements
of the rear body and the rear axle are related as well. The
yaw movement of the front body is linked to that of the rear
body.When the vehicle starts turning, the yaw rate difference
between the front body and the rear body is equal to the
speed value of the steering angle. When the steering input is
completed, the yaw rate of the front body is equal to that of
the rear body.

According to the structure characteristics of the swing
bridge, the roll motion of ASVs includes two phases.

Instability of Level 1.The swing bridge does not reach the limit
position.The rear body and the rear axle roll over around the
oscillating pin. Relative movements occur between the rear
axle and the rear body.

Instability of Level 2. The swing bridge reaches the limit
position and comes into contact with the rear axle. No further
relative movements occur between the rear axle and the rear
body.

Figure 2 shows the movements, the structure dimensions
of the ASV, and the forces on tires. The reference point of the
coordinate system of the vehicle coincides with the intersec-
tion point of the articulated steering pin axis and the oscil-
lating pin axis, which is connected with the rear body.The 𝑥-
axis is parallel to the chassis plane of the rear body. It points
to the forward direction of the perpendicular bisector of the
rear axle.The positive direction of the 𝑧-axis is perpendicular
to the horizontal plane.The positive direction of the 𝑦-axis is
determined by the right-hand rule. The resultant 8DOFs are
found to fully describe the movements of articulated steering
vehicles: (1) the longitudinal movements of the vehicle 𝑥; (2)
the lateral movements of the vehicle 𝑦; (3) the vertical move-
ments of the vehicle 𝑧; (4) the pitch movements of the vehicle𝜓; (5) the roll movements of the front body and the rear body𝜃; (6) the rollmovements of the rear axle 𝜃; (7) the yawmove-
ments of the rear body and the rear axle 𝜑; and (8) the yaw
movements of the front body 𝜑.

To simplify the analysis, the work device of the vehicle
is assumed to be motionless; that is, the vehicle is merely
being driven and is not subject to any external load other than
through the tires.

According to the principle of multibody dynamics, the
dynamics equations of the ASVs are written as follows.

(1) Vehicle motion along the 𝑥-axis direction:
𝑚(�̈� − �̇��̇� + �̇��̇�)
= 2∑
𝑖=1

[(𝐹𝑥𝑖 + 𝑀𝑇𝑖𝑅𝑡 ) cos 𝛿 − 𝐹𝑦𝑖 sin 𝛿]
+ 4∑
𝑖=3

(𝐹𝑥𝑖 + 𝑀𝑇𝑖𝑅𝑡 ) .
(1)

(2) Vehicle motion along the 𝑦-axis direction:
𝑚(�̈� + �̇��̇� − �̇��̇�)
= 2∑
𝑖=1

[(𝐹𝑥𝑖 + 𝑀𝑇𝑖𝑅𝑡 ) sin 𝛿 + 𝐹𝑦𝑖 cos 𝛿] +
4∑
𝑖=3

𝐹𝑦𝑖. (2)

(3) Vehicle motion along the 𝑧-axis direction:
𝑚(�̈� + �̇��̇� − �̇��̇�) = 4∑

𝑖=1

𝐹𝑧𝑖 − 3∑
𝑖=1

𝑚𝑖𝑔 cos 𝜃𝑖 cos𝜓, (3)

where 𝜃1 = 𝜃2 = 𝜃, 𝜃3 = 𝜃.
(4) The roll motion of the front body and the rear body:

(𝐽𝑥𝑥1 + 𝐽𝑥𝑥2) �̈�
= 2∑
𝑖=1

[(𝐹𝑥𝑖 + 𝑀𝑇𝑖𝑅𝑡 ) sin 𝛿 + 𝐹𝑦𝑖 cos 𝛿] (𝑅𝑡 + ℎ)
− 𝐹𝑧1𝑙1 + 𝐹𝑧2𝑙2 − 𝑚1𝑔 (𝑋1 sin 𝛿 − 𝑍1 sin 𝜃)
+ 𝑚2𝑔𝑍2 sin 𝜃 + 2∑

𝑖=1

𝑚𝑖𝑎𝑛𝑖𝑍𝑖 cos 𝜃 − 𝐹𝑆𝐵1.

(4)

(5) The roll motion of the rear axle:

𝐽𝑥𝑥3�̈� = (𝐹𝑦3 + 𝐹𝑦4) (𝑅𝑡 + ℎ) + (𝐹𝑧4 − 𝐹𝑧3) 𝐵2
+ 𝑚3𝑔𝑍3 sin 𝜃 + 𝑚3𝑎𝑛3𝑍3 cos 𝜃 + 𝐹𝑆𝐵2.

(5)

(6) Vehicle pitch motion around the 𝑦-axis:
(𝐽𝑦𝑦1 + 𝐽𝑦𝑦2 + 𝐽𝑦𝑦3) �̈� = −𝐹𝑧1𝑙3 − 𝐹𝑧2𝑙4 + (𝐹𝑧3 + 𝐹𝑧4) 𝑙𝑟
+ 𝑚1𝑔𝑋1 cos 𝛿 + 𝑚2𝑔𝑋2 − 𝑚3𝑔𝑙𝑟 + 3∑

𝑖=1

𝑚𝑖�̈�𝑍𝑖
+ { 2∑
𝑖=1

[𝐹𝑦𝑖 sin 𝛿 − (𝐹𝑥𝑖 + 𝑀𝑇𝑖𝑅𝑡 ) cos 𝛿]

− 4∑
𝑖=3

(𝐹𝑥𝑖 + 𝑀𝑇𝑖𝑅𝑡 )} (𝑅𝑡 + ℎ) .

(6)

(7) Yaw motion of the rear body and the rear axle:

(𝐽𝑧𝑧2 + 𝐽𝑧𝑧3) �̈� = − (𝐹𝑦3 + 𝐹𝑦4) 𝑙𝑟 + 3∑
𝑖=2

𝑚𝑖𝑎𝑛𝑖𝑋𝑖 −𝑀𝑧. (7)
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Figure 2: The model outline of vehicle movements.

(8) Yaw motion of the front body:

𝐽𝑧𝑧1�̈� = (𝐹𝑦1 + 𝐹𝑦2) 𝑙𝑓 − 𝑚1𝑎𝑛1𝑋1 +𝑀𝑧, (8)

where

𝑙1 = 𝐵2 cos 𝛿 − 𝑙𝑓 sin 𝛿,
𝑙2 = 𝐵2 cos 𝛿 + 𝑙𝑓 sin 𝛿,
𝑙3 = 𝑙𝐹 cos 𝛿 + 𝐵2 sin 𝛿,
𝑙4 = 𝑙𝐹 cos 𝛿 − 𝐵2 sin 𝛿,
𝑎𝑛1 = �̈� + �̇��̇� − �̇��̇�,

𝑎𝑛2 = �̈� + �̇��̇� − �̇��̇�,
𝑎𝑛3 = �̈� + �̇��̇� − �̇��̇�.

(9)

𝐹𝑆 is the contact force which is generated when the swing
bridge reaches the limit position. In order to calculate 𝐹𝑆,
the contact process is assumed to be connected by a spring
and damping system, as shown in Figure 2(b), and 𝐹𝑆 can be
written as follows:

𝐹𝑆 = 𝐾𝑆 (𝐵1𝜃 − 𝐵2𝜃) + 𝐶𝑆 (𝐵1�̇� − 𝐵2�̇�) , (10)

where𝐾𝑆 is contact stiffness and𝐶𝑆 is contact damping.𝐾𝑆 =0 and 𝐶𝑆 = 0 when the swing bridge does not reach the limit
position. 𝐵2 is the distance between the oscillating pin and
the limit position, 𝐵1 ≈ 𝐵2.
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Note that the above equations focus on the motion of the
vehicle without the wheels, and the equations of the motion
of the wheels will be later added in Section 3.

3. The Tire Model

In this paper, the Fiala Tire Model is adopted to calculate the
longitudinal force, the vertical force, and the lateral force of
the tires [17].

(1) Side-Slip Angle. Lateral wheel slip is defined as (11). The
side-slip angles of the tires in our model can be calculated
using (12). Consider

tan𝛼𝑖 = − V𝑦𝑖V𝑥𝑖
, (11)

𝛼1 = − arctan �̇� cos 𝛿 − �̇� sin 𝛿 + 𝑙𝑓�̇�


�̇� cos 𝛿 + 𝐵�̇�/2 ,

𝛼2 = −arctan �̇� cos 𝛿 − �̇� sin 𝛿 + 𝑙𝑓�̇�


�̇� cos 𝛿 − 𝐵�̇�/2 ,
𝛼3 = − arctan �̇� − 𝑙𝑟�̇��̇� + 𝐵�̇�/2 ,
𝛼4 = − arctan �̇� − 𝑙𝑟�̇��̇� − 𝐵�̇�/2 .

(12)

(2) Normal Force.

𝐹𝑧𝑖 = − [𝐾V𝑖 (𝑑𝑖 − 𝑠𝑖) + 𝐶V𝑖 (�̇�𝑖 − ̇𝑠𝑖)] . (13)

𝑑𝑖 is each displacement of the four tires in the 𝑧 direction
of the global coordinate system, which can be calculated as
follows:

𝑑1 = 𝑧 − 𝑙1𝜃 − 𝑙3𝜓,
𝑑2 = 𝑧 + 𝑙2𝜃 − 𝑙4𝜓,
𝑑3 = 𝑧 + 𝑙𝑟𝜓 − 𝐵2 𝜃,
𝑑4 = 𝑧 + 𝑙𝑟𝜓 + 𝐵2 𝜃.

(14)

𝑠𝑖 is the vertical displacement of the 𝑖th tire caused by
obstacles.

The ASVs may pass over various shapes of obstacles in
actual conditions, but we can not consider every obstacle in
the theoretical analysis. In order to facilitate the establish-
ment of a mathematical model of obstacles, regularly shaped
obstacles have been chosen, such as triangular, circular, and
square-shaped obstacles.

Figure 3 shows the wheel loader that passes over a
triangular obstacle. As the vehicle symmetry, this paper only
analyzes roll stability of the ASVs when the left wheels pass
over obstacles. 𝑠𝑖 can be written as follows:

d

h0

lf + lr

Figure 3: The sketch of the ASV that passes over obstacle.

The right front wheel: 𝑠1 = 0.
The left front wheel:

𝑠2 =
{{{{{{{{{{{{{{{

0 (0 ≤ 𝑡 < 𝑡0)
𝑘 (𝑡 − 𝑡0) (𝑡0 ≤ 𝑡 < 𝑡0 + 𝑡𝑑1)
−𝑘 (𝑡 − 𝑡0 − 𝑡𝑑1) + ℎ0 (𝑡0 + 𝑡𝑑1 ≤ 𝑡 < 𝑡0 + 𝑡𝑑)
0 (𝑡 ≥ 𝑡0 + 𝑡𝑑) .

(15)

The right rear wheel: 𝑠3 = 0.
The left rear wheel:

𝑠4

=
{{{{{{{{{{{{{{{

0 (0 ≤ 𝑡 < 𝑡0 + 𝑡𝑙)
𝑘 (𝑡 − 𝑡0 − 𝑡𝑙) (𝑡0 + 𝑡𝑙 ≤ 𝑡 < 𝑡0 + 𝑡𝑙 + 𝑡𝑑1)
−𝑘 (𝑡 − 𝑡0 − 𝑡𝑙 − 𝑡𝑑1) + ℎ0 (𝑡0 + 𝑡𝑙 + 𝑡𝑑1 ≤ 𝑡 < 𝑡0 + 𝑡𝑙 + 𝑡𝑑)
0 (𝑡 ≥ 𝑡0 + 𝑡𝑙 + 𝑡𝑑) ,

(16)

where 𝑘 = 2ℎ0/𝑑, 𝑡𝑑1 = 𝑑/2V, 𝑡𝑑 = 𝑑/V, and 𝑡𝑙 = (𝑙𝑟 + 𝑙𝑓)/V.
In the solution process, 𝑑𝑖 − 𝑠𝑖 > 0 indicates that the 𝑖th

wheel lifts off from the ground; set 𝐾V𝑖 = 0, 𝐶V𝑖 = 0, and𝐾𝛼𝑖 = 0.
(3) Longitudinal Force.

𝐹𝑥 = {{{
𝐾𝑥𝜆, |𝜆| ≤ 𝜆critical
−sign (𝜆) (𝐹𝑥1 − 𝐹𝑥2) , |𝜆| > 𝜆critical, (17)

where 𝜆critical is the critical longitudinal slip which is used to
determine whether tires are sliding or not.

𝜆critical = 
𝜇𝐹𝑧2𝐾𝑥

 . (18)

The friction coefficient, which depends on static friction
(𝜇𝑠), sliding friction (𝜇𝑑), longitudinal slip ratio (𝜆), and side-
slip angle (𝛼), is defined as

𝜇 = 𝜇𝑠 − (𝜇𝑠 − 𝜇𝑑)√𝜆2 + tan2𝛼. (19)



6 Mathematical Problems in Engineering

𝐹𝑥1 and 𝐹𝑥2 can be calculated as follows:

𝐹𝑥1 = 𝜇 𝐹𝑧 ,
𝐹𝑥2 =


(𝜇𝐹𝑧)2(4𝜆𝐾𝑥)

 .
(20)

𝜆, the longitudinal slip ratio, is calculated as follows:

𝜆𝑖 =
{{{{{{{

𝑅𝑖𝜔𝑖 − V𝑥𝑖𝑅𝑖𝜔𝑖 (acceleration: 𝑅𝑖𝜔𝑖 ≥ V𝑥𝑖)𝑅𝑖𝜔𝑖 − V𝑥𝑖
V𝑥𝑖

(braking: 𝑅𝑖𝜔𝑖 < V𝑥𝑖) . (21)

The dynamics of each individual wheel are given by

�̇�𝑖 = 𝑀𝑇𝑖 − 𝑅𝑖𝐹𝑥𝑖𝐼𝑤 (𝑖 = 1, 2, 3, 4) , (22)

where 𝑀𝑇𝑖 is driving/braking torque and 𝐼𝑤 is rotational
inertia of wheel.

This paper focuses on the effects of active braking on
roll instability of ASVs. The time derivative of the 𝑖th wheel
longitudinal slip in braking process is given by

�̇�𝑖 = 𝑅𝑖�̇�𝑖V𝑥𝑖
− (1 + 𝜆𝑖) V̇𝑥𝑖V𝑥𝑖 . (23)

Substituting from (22) into (23) gives

�̇�𝑖 = − 𝑅2𝑖𝐼𝑤V𝑥𝑖𝐹𝑥𝑖 − (1 + 𝜆𝑖)
V̇𝑥𝑖
V𝑥𝑖

− 𝑅𝑖𝐼𝑤V𝑥𝑖𝑀𝑇𝑖. (24)

(4) Lateral Force.

𝐹𝑦 = {{{
−𝜇 𝐹𝑧 (1 − 𝐻3) sign (𝛼) , |𝛼| ≤ 𝛼critical
−𝜇 𝐹𝑧 sign (𝛼) , |𝛼| > 𝛼critical, (25)

where 𝛼critical is critical lateral slip, which is used to judge
whether tires are sliding or not, 𝛼critical = arctan(3𝜇𝐹𝑧/𝐾𝛼),
and𝐻 = 1 − (𝐾𝛼| tan𝛼|)/(3𝜇|𝐹𝑧|).
4. Research on the Control Methods of

Roll Instability of ASVs

The above dynamic model of ASVs has been verified with
experiments, which can be seen in [18]. The experiment
results achieved high conformity with the simulation ones.
The established dynamicmodel could reasonably describe the
movements of ASVs.

This section will respectively control such parameters
as the braking torque, the articulated steering angle, and
the oscillating angle when instability occurs. The inhibition
effects of the above parameters on the instability of ASVs will
be analyzed. In this article, the ZL50 wheel loader is selected
as the research object. Its main parameters are shown in
Table 1.The inputs of the steering angle are shown in Figure 4.
The parameters of static friction 𝜇𝑠 and sliding friction 𝜇𝑑 are
set as 0.6 and 0.4, respectively.
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Figure 4: The inputs of the steering angle.

Here we choose the lateral load transfer ratio (LTR) as
stability index to indicate the vehicle rollover propensity,
which is defined as

LTR = 
𝐹𝑧𝑅 − 𝐹𝑧𝐿𝐹𝑧𝑅 + 𝐹𝑧𝐿

 =

(𝐹𝑧1 + 𝐹𝑧3) − (𝐹𝑧2 + 𝐹𝑧4)𝐹𝑧1 + 𝐹𝑧3 + 𝐹𝑧2 + 𝐹𝑧4

 . (26)

The LTR varies from 0 to 1, where 0 refers to equal vertical
forces on both sides of the vehicle (zero roll) and 1 refers to
either the left or right vehicle tires losing contact with the
ground.

4.1. Effects of Active Braking on the Roll Instability of ASVs.
Whether the difference between the roll angle of the rear body𝜃 and the roll angle of the rear axle 𝜃 reaches the maximum
roll angle 𝜃max decides whether the instability of Level 2 has
taken place. When the vehicle normally progresses forward,
no braking torque is input in the process.When the instability
of Level 2 occurs, the input of the driving torque is changed to
that of the braking torque. The vehicle begins to slow down.
The braking time is adjusted by regulating the amount of
braking torque. Note that the front and rear axles have the
same braking torque in this study.

4.1.1. Effects of Active Braking on the Rollover Stability during
Steering. The following two working conditions are set: (1)
the steering angle is 20∘ and the corresponding forward speed
is 8m/s. (2) The steering angle is 25∘ and the corresponding
forward speed is 7m/s. The input curve of the steering angle
is shown in Figure 4. When instability occurs, the braking
torque is imposed and adjusted, so that the braking time of
the vehicle will be 3 s. Figure 5 shows the comparison of the
motion states of the vehicle between two kinds of circumstan-
ces, with braking and without braking, when steering insta-
bility occurs. When the vehicle proceeds in the above two
working conditions, instability occurs after turning if active
braking is not wielded. After active braking, the vehicle can
recover the steady state from the unstable state. Therefore,
when steering instability occurs, the measure of active brak-
ing can improve the roll stability of ASVs. The instability of
the vehicle during steering is largely due to the great lateral
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Table 1: Parameters of the scaled ASV and the ZL50 wheel loader.

Parameters Meanings and units Value
𝑚 Total mass of ASV (kg) 16747.4𝑚1 Front body mass (kg) 6979.8𝑚2 Rear body mass (kg) 8896.0𝑚3 Rear axle mass (kg) 871.6𝐽𝑥𝑥1/𝐽𝑦𝑦1/𝐽𝑧𝑧1 Moment of inertia of front body (kg⋅m2) 5248/ 32310/ 32977
𝐽𝑥𝑥2/𝐽𝑦𝑦2/𝐽𝑧𝑧2 Moment of inertia of rear body (kg⋅m2) 5842/ 14982/ 13228
𝐽𝑥𝑥3/𝐽𝑦𝑦3/𝐽𝑧𝑧3 Moment of inertia of rear axle (kg⋅m2) 1428/ 1238/ 1431.0
𝑊1(𝑋1, 𝑌1, 𝑍1) CG of front body (m) (1.80, 0.03, 0)𝑊2(𝑋2, 𝑌2, 𝑍2) CG of rear body (m) (−1.86, 0.06, 0.61)𝑊3(𝑋3, 𝑌3, 𝑍3) CG of rear axle (m) (−1.67, 0, −0.41)𝐵 Tread (m) 2.30𝐵2 Distance between the oscillating pin and the limit position (m) 0.47𝑙𝑓 Distance between the steering pin and the front axle (m) 1.55
𝑙𝑟 Distance between the steering pin and the rear axle (m) 1.67𝑅𝑡 Tire radius (m) 0.87ℎ Distance between the oscillating pin and the rear axle (m) 0.32𝐾𝑥 Longitudinal stiffness of tire (N/m) 9.7 × 106𝐾𝛼 Cornering stiffness of tire (N/deg) 4.8 × 106𝐾V Vertical stiffness of tire (N/m) 2.9 × 106𝐶V Vertical damping of tire (N⋅s/m) 4.27 × 105𝐼𝑤 Moment of inertia of wheel (kg⋅m2) 117.4𝐾𝑆 Contact stiffness (N/m) 1 × 108𝐶𝑆 Contact damping (N⋅s/m) 1 × 104𝜃max Maximum angle of swing bridge (deg) 15

acceleration. The forward speed of the vehicle decreases
rapidly in the process of braking and so does the lateral
acceleration. Then, the vehicle will regain stability.

4.1.2. Effects of Active Braking on the Rollover Stability While
Passing over Obstacles. The obstacle is in the shape of an
isosceles triangle. Two working conditions are set by the size
of the obstacle and the forward speed of the vehicle: (a)
the base and the height of the triangle are 0.8m and 0.3m,
respectively. The forward speed of the vehicle is 7m/s. (b)
The base and the height of the triangle are 0.8m and 0.4m,
respectively. The forward speed of the vehicle is 6m/s.

When instability occurs in the process of obstacle cross-
ing, active braking is applied so that the braking time will be
2 s and 3 s, respectively. Figure 6 shows the comparison of the
vehicle’s motion states between two kinds of circumstances,
with braking and without braking, when the vehicle passes
over different obstacles and instability occurs. The figure
shows that the time when the lateral load transfer rate (LTR)
reaches 1 does not change after braking. The trend of the roll
angle speed does not change either. As a result, the following
conclusions can be drawn:

(1) If instability occurs when the vehicle passes over the
obstacles straight, braking cannot help the vehicle recover the
stable state.

(2) Instability occurs during obstacle crossing mostly
because of a sudden change in the vertical force of the tires,

thus making the roll angle velocity accelerate quickly in a
short period of time. Once the roll angle velocity surpasses
the threshold, instability occurs and braking cannot change
the vertical movement of the vehicle.

4.2. Effects of Active Steering on the Roll Stability of ASVs

4.2.1. Effects of Active Steering on the Roll Stability When
Steering Instability Occurs. Two working conditions are set:
(a) the steering angle is 20∘ and the corresponding forward
speed is 8m/s. (b) The steering angle is 25∘ and the corre-
sponding forward speed is 7m/s. When instability occurs
in the process of turning, it will only worsen the rollover
of the vehicle to continue to steer in the same direction.
Therefore, nothing can be analyzed here but the situation
in which the vehicle turns in the opposite direction when
steering instability occurs. The effects on stability in this
situation are revealed in Figure 7. Based on the change in
LTR, active steering can effectively restrain the instability of
the vehicle. Steering instability is mainly caused by the great
lateral acceleration. When steering instability occurs, active
steering in the opposite direction can enlarge the turning
radius and diminish the lateral acceleration.

4.2.2. Effects of Active Steering on the Roll Stability While
Passing over an Obstacle. The obstacle crossing discussed
in this study is based on the assumption that the left-side
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Figure 5: The comparison of the vehicle’s motion states before and after active braking when steering instability occurs.

wheels pass over obstacles in the advancing direction. When
instability occurs, the vehicle rolls over around the positive
direction of the𝑥-axis. To analyze the effects of active steering
on the roll stability while passing over an obstacle, two
conditions are set: (a) the base and the height of the triangle
obstacle are 0.8m and 0.3m, respectively. The forward speed
of the vehicle is 7m/s. (b) The base and the height of
the triangle obstacle are 0.8m and 0.4m, respectively. The
forward speed of the vehicle is 6m/s.When instability occurs,
active steering on the left and the right are both applied (at the
steering angle of 20∘ in 1 s of the steering time). The analysis
results are shown in Figure 8. The results of two kinds of
working conditions show that active steering can change the
variation tendency of stability when instability occurs during
obstacle crossing. The specific results are as follows:

(1) When the vehicle rolls over around the positive
direction of the 𝑥-axis (the right-side rollover in the
advancing direction), turning right worsens the rollo-
ver of the vehicle. As shown in Figure 8, the vehicle
can regain stability after about 3 s without active

steering on the right. However, the vehicle will roll
over instantly if active steering on the right is wielded.

(2) When the vehicle rolls over around the positive direc-
tion of the 𝑥-axis, turning left can curb the instability
of the vehicle. After active steering on the left, the
instability time of the vehicle can be shortened to 1.5 s
from the original 3 s. Active steering on the left is
assumed to help the vehicle to quickly recover the
stable state from the unstable state.

For positive rollover scenario around 𝑥-axis, active steer-
ing on the left can improve the roll stability of the vehicle,
but active steering on the right can deteriorate the instability
of the vehicle. The main reason for this phenomenon is that
the CG of the vehicle will shift laterally while steering. When
the vehicle rolls over around the positive direction of the 𝑥-
axis, turning left makes the CG of the vehicle shift to the left,
which can curb the instability of the vehicle. On the contrary,
turning right causes the CG of the vehicle to shift to the right,
which accelerates vehicle instability.
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Figure 6: The comparison of the vehicle’s motion states before and after active braking if instability occurs when the vehicle is crossing the
obstacles straight.
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Figure 7: The effects of active steering on the vehicle stability when instability occurs in a quick turning.

4.3. Effects of Adjusting the Swing Bridge on the Roll Stability of
ASVs. Figure 9(a) shows the entire roll process of articulated
steering vehicles. With the supposition that the swing bridge
can be adjusted by applying a control torque between the rear
axle and the rear body in the roll process, the swing bridge is
set on the left of the limit position, as shown in Figure 9(b).
When the swing bridge is adjusted, the gravity center of the
vehicle shifts to the left. This shift may decrease the rollover
trend of the vehicle or even prevent the vehicle from rolling
over.

If the swing bridge is intended to rotate reversely around
the pin and to implement the adjustment shown in Fig-
ure 9(b), the restoring torque 𝑀𝐵 needs to be imposed on
the swing bridge when instability takes place in ASVs. The
dynamic model established in the second session also needs
corresponding improvements. The driving torque imposed
on the swing bridge only influences the roll motion of the
vehicle. The remaining dynamic equations of the motion
remain the same. The dynamic equations of the roll motion
of the front body, the back body, and the rear axle are the ones
that only need to be modified.

The Roll Motion of the Front Body and the Rear Body.

(𝐽𝑥𝑥1 + 𝐽𝑥𝑥2) �̈�
= 2∑
𝑖=1

[(𝐹𝑥𝑖 + 𝑀𝑇𝑖𝑅𝑡 ) sin 𝛿 + 𝐹𝑦𝑖 cos 𝛿] (𝑅𝑡 + ℎ)
− 𝐹𝑧1𝑙1 + 𝐹𝑧2𝑙2 − 𝑚1𝑔 (𝑋1 sin 𝛿 − 𝑍1 sin 𝜃)
+ 𝑚2𝑔𝑍2 sin 𝜃 + 2∑

𝑖=1

𝑚𝑖𝑎𝑛𝑖𝑍𝑖 cos 𝜃 − 𝐹𝑆𝐵1 −𝑀𝐵.

(27)

The Roll Motion of the Rear Axle.

𝐽𝑥𝑥3�̈� = (𝐹𝑦3 + 𝐹𝑦4) (𝑅𝑡 + ℎ) + (𝐹𝑧4 − 𝐹𝑧3) 𝐵2
+ 𝑚3𝑔𝑍3 sin 𝜃 + 𝑚3𝑎𝑛3𝑍3 cos 𝜃 + 𝐹𝑆𝐵2
+𝑀𝐵.

(28)

The roll angle velocity and the lateral acceleration vary
in the roll process of the vehicle. As a result, the rotating
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Figure 8: The effects of active steering on the vehicle stability if instability occurs when the vehicle is passing over the obstacles straight.
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Figure 9: The instability process of the vehicle with and without controlling the swing bridge.
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Figure 10: Block diagram of the rotating torque control.

torque𝑀𝐵 required to make the swing bridge return to the
center varies accordingly. Calculating the precise value of the
rotating torque𝑀𝐵 is slightly difficult. However, this section
only focuses on whether or not the aligning of the swing
bridge can improve the roll stability of the vehicle. Therefore,
the precise value of the rotating torque𝑀𝐵 is not emphasized
in the calculation process. Here 𝑀𝐵 is adjusted by the PID.
Figure 10 is the block diagramof the control. After the rollover
of the vehicle is confirmed (𝜃 − 𝜃 ≥ 𝜃max), the swing bridge
can rotate 2𝜃max in the opposite direction of the roll by adjust-
ing the PID parameters in theory. In the process of model
calculation, the swing bridge stops rotating immediately as
long as the left front wheel touches the ground. The swing
bridge returns to the center thanks to the tire force. At this
point, the value of the rotating torque remains constant.

Whether the difference between the roll angle of the back
body 𝜃 and the roll angle of the rear axle 𝜃 reaches the maxi-
mum roll angle 𝜃max decides whether the instability of Level 2
has occurred. If the instability of Level 2 does not happen, the
input of the rotating torque𝑀𝐵 will be 0. The swing bridge
can oscillate freely without being controlled. If the instability
of Level 2 occurs, the input of the rotating torque𝑀𝐵 will no
longer be 0.The control principle is shown in Figure 10.Under
the action of 𝑀𝐵, the swing bridge keeps rotating reversely
until the left front wheel touches the ground.

4.3.1. Effects of Adjusting the Swing Bridge on the Roll Stability
When Steering Instability Occurs. When the vehicle runs on
horizontal surfaces, the input of the steering angle is 30∘
within 1 s, and the forward speed is 6.5m/s. Figure 11(a) shows
themotion states of the vehiclewith andwithout adjusting the
swing bridge. In the process of a quick turn, the LTR value
ultimately reaches 1, and instability will occur if the swing
bridge is not adjusted. If the swing bridge is adjusted with the
rotating torque𝑀𝐵, the LTR value will decrease to 0.8 from
1, and the roll angle speed will eventually return to 0, which
shows that the vehicle resumes a stable state.

4.3.2. Effects of Adjusting the Swing Bridge on the Roll Stability
When Instability Occurs While Passing over Obstacles. Insta-
bility occurs when the vehicle crosses the triangle obstacle
(with a base of 0.8m and a height of 0.3m) at the forward
speed of 7m/s. Figure 11(b) shows the contrast of the motion
states of the vehicle with and without adjusting the swing
bridge when instability occurs during obstacle crossing. The
LTR and the change in roll angular velocity show that
adjusting the swing bridge can decrease the instability time
of the vehicle and make the vehicle quickly recover from the
unstable state to the steady state.

5. Conclusion

Wheel loaders, which are typical ASVs, are selected as the
research objects in this study. A study on the control methods
for active rollover protection of ASVs is conducted on the
basis of an 8-DOF nonlinear dynamic model of ASVs. The
established dynamic model is used to, respectively, study the
effects of active braking, active steering, and adjusting the
swing bridge on the roll stability of ASVs.The analysis results
show the following:

(1) Active braking can improve the roll stability of ASVs
during turning, and the inhibition effects on the
instability that occurs while passing over obstacles are
not obvious.

(2) Active steering can effectively improve the roll sta-
bility of ASVs while turning. When the vehicle rolls
over around the positive direction of the 𝑥-axis in the
process of obstacle crossing, active steering on the left
can improve the roll stability of the vehicle, but active
steering on the right can deteriorate the instability of
the vehicle.

(3) Adjusting the swing bridge can change the posture
and the position of the gravity center of the vehicle,
thus improving the roll stability of ASVs.
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Figure 11: The motion states of the vehicle with and without adjusting the swing bridge.
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