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�e steering system, suspension system, and braking system of the vehicle are interrelated, so the ride comfort and handling
stability of the vehicle are also closely related. But the vertical and lateral dynamics equations and controls system of the vehicle are
always independent of each other, and the multiobjective control is generally achieved through the coordination of control
algorithms. In this paper, taking the dynamic load of the tire as a link, the vertical dynamicmodel and the lateral dynamicmodel of
heavy-duty vehicle are coupled. When the heavy-duty vehicle is turning, the proposed coupling model not only re�ects the
in�uence of the front wheel angle on the vertical motion and the vertical tire load, but also re�ects the unevenness of the road
surface on vehicle lateral motion. In order to improve the handling stability and transient safety of the vehicle, a synchronous
control system combining six-wheel steering and front wheel active steering is proposed. It solves the problem that it is di�cult to
e�ectively track the desired yaw rate for the three-axle all-wheel steering vehicle with the middle rear wheel angle as the control
input. Under the framework of the vehicle vertical/lateral uni�ed coupling dynamics model, the semiactive suspension system
controlled by fuzzy PID and the six-wheel active steering system combined with fuzzy control and fuzzy PID control are in-
tegrated. It is veri�ed that the synchronous control method e�ectively optimizes the vertical and lateral motion characteristics of
heavy-duty vehicles during steering and, at the same time, improves the ride comfort and steering stability.

1. Introduction

�e current automotive vehicle technology is developing
toward a comprehensive Intelligent Vehicles (IVs), and the
ultimate goal of IVs is to minimize road tra�c accidents. For
example, according to the National Highway Tra�c Safety
Administration (NHTSA), vehicles equipped with Vehicle
Stability Control (VSC) can e�ectively reduce accidents by
35% for sedans and 67% for SUVs compared to vehicles
without VSC [1]. IVs will realize intelligent functions by
being highly interconnected based on existing Automated
Driving Assistance Systems (ADAS) [2, 3].

�ere are lots of ADAS designed by di�erent suppliers
with di�erent technologies and components to accomplish
certain control objectives or functions. For example, the
active chassis control systems include active suspension

system (ASS), electric power steering system (EPS), active
four-wheel steering control (4WS), antilock brake system
(ABS), and electronic stability program (ESP). �ese active
control systems could improve vehicle handling, stability,
ride comfort, etc. Actually, the steering system, suspension
system, and braking system of the vehicle are interrelated.
So, the ride comfort and handling stability of the vehicle are
also closely related (Zhang et al.) [4].

With the rapid development of IVs and vehicle dy-
namics/tire dynamics, the requirements for the compre-
hensive performance of the vehicle are getting higher and
higher. Especially for a heavy vehicle, when it is in the
condition of high-intensity braking/driving, high-speed
cornering, and emergency obstacle avoidance, the contact
force between the tire and the ground approaches saturation,
with strong nonlinearity and uncertain transient
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characteristics (Zhang and Li) [5]. Once the heavy-duty
vehicle enters the critical zone of instability, the coordinated
ride comfort in vertical direction and handling stability
control in lateral direction become more complex and
important. So, it becomes more and more necessary to
improve the ride comfort and handling stability of the ve-
hicle at the same time. 0e research on vertical/lateral
coupling dynamics and control of heavy vehicle is urgently
required.

Generally, the research of vehicle ride and handling
stability independently adopts vertical and lateral dynamic
vehicle models, respectively. For example, in terms of im-
proving vehicle ride comfort, Pazooki et al. [6] studied the
establishment of a three-dimensional tire model based on
the off-road vehicle dynamics model and analyzed the in-
fluence of the vehicle model tires and suspension parameters
on the vertical movement. Fan et al. [7] took the vertical
acceleration of the seat as the optimization goal and used the
artificial fish swarm algorithm to optimize the stiffness and
damping of the front suspension of the 1/2 car dynamic
model. Ahmadian [8] discussed the applications of magneto-
rheological (MR) control suspensions for improving ride
comfort, handling, and stability in ground vehicles, and he
also used the vertical model (semicontrol of 1/4 vehicle).
0ese numerous simulation calculations and experiments
have fully proved that the ride comfort of the vehicle can be
effectively improved by the active or semiactive control of
the vehicle suspension in the vertical direction.

0ere are also lots of researches in the terms of im-
proving vehicle handling stability. Jiang and Astolfi [9]
researched the asymptotic stabilization problem of the lat-
eral controller for autonomous vehicles, based on the lateral
vehicle dynamic model.

Guo et al. [10] proposed a real-time nonlinear model
predictive control strategy for direct yaw moment control of
distributed drive electric vehicles. 0ey also established a
supervisory control strategy, which is used for distributed
drive electric vehicles to coordinate vehicle handling, lateral
stability, and energy economy performance [11]. Norouzi
et al. [12] gave a Lyapunov-based robust controller by using a
metaheuristic optimization algorithm to control autono-
mous vehicle lateral performance. Zhang et al. [13] proposed
a nonlinear model predictive control (NMPC) strategy to
improve vehicle stability and compensate for the random
time delay. All-wheel steering of multiaxle vehicles has been
widely studied as one of the effective methods to improve the
handling stability of multiaxle vehicles. Existing studies have
proved that multiaxle all-wheel steering vehicles have better
steering flexibility and handling stability than traditional
front-wheel steering vehicles (Bu et al.) [14, 15]. For three-
axle vehicles, all-wheel steering generally uses the elec-
tronically controlled hydraulic power steering system to
control the steering of the middle and rear two-axle wheels
(Liu et al.) [16, 17].0e advantage of all-wheel steering is that
the vehicle’s center of mass slip angle can be as close to zero
as possible during steering. But the theoretical studies show
that the center and rear wheel angles as the only control
input cannot effectively track the desired yaw rate well
(Wang et al.) [18]. 0e ultimate goal of the research on

vehicle lateral dynamics is to improve the handling stability
of the vehicle, so as to improve the driving safety of the
vehicle.

0rough the above analysis, we can get a basic con-
clusion: in order to reduce the difficulty of analysis, these
control systems for improving two kinds of performance are
usually conducted separately. By establishing independent
vertical and lateral dynamic models, the ride comfort and
handling stability of the vehicle are studied, respectively.
Although it is reasonable to study vehicle dynamics inde-
pendently in terms of vertical/lateral directions, the actual
motion responses in each coordinate direction must be
interactive and coupled. 0e effects of load transfer due to
roll and pitch motions are usually ignored when performing
stress analyzes on non-spring masses. However, the change
of the load will inevitably cause the change of the tire force,
thereby affecting the driving trajectory of the vehicle (Sun
et al.) [19, 20].

0e literature on the optimization analysis of both ride
comfort and handling stability is still limited. Some works
generally focused on parameters optimization of suspension.
Jiang and Wang [21] used Technique for Order Preference
by Similarity to Ideal Solution (TOPSIS) method to find the
optimal combination of the suspension parameters, with the
purpose of improving the vehicle ride comfort and handling
stability. Others research design active or semiactive control
strategies, such as Chen et al. [22] who proposed semiactive
suspension system with MR fluid damper, which can co-
ordinate the body posture angle and reduce the vibration.
0e results showed that it was suitable for solving the conflict
between ride comfort and handing stability. Sun et al. [23]
presented an H∞-linear parameter-varying (LPV) fault-
tolerant controller to improve the vehicle vertical and lateral
performance in the presence of sensor faults. Fergani et al.
[24] also focused on the LPV coordination of suspension and
steering/braking vehicle controllers based on the interaction
between the vertical and lateral behaviors of the vehicle.
Zhao et al. [25] proposed a hierarchical control system
considering the longitudinal, lateral, and vertical dynamic
performance for distributed Electric Vehicle (EV) based on
integrated control theory. Kwon et al. [26] performed a
multiobjective optimization of the HPS design, and a Pareto
front considering the contradiction between the comfort and
stability of the performances is obtained. 0ese important
studies provide great ideas for us to improve the compre-
hensive performance of intelligent vehicles. At present, the
vertical and lateral dynamics equations and controls are
always independent of each other, and the multiobjective
control of the vehicle is achieved through the coordination
of control algorithms. But there is a lack of research on a
unified vehicle dynamics equation for the coupling of ver-
tical and lateral dynamics, especially for heavy-duty vehicle.

In order to simultaneously improve heavy-duty vehicle
lateral stability and vertical ride comfort performance to-
gether, a three-dimension vertical/lateral coupling dynamic
and control model is proposed. 0e contributions of this
paper are as follows: (1) a research framework for coupling
vertical and lateral dynamics of heavy-duty vehicles is
proposed. When the heavy-duty vehicle is driving, especially
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in the turning condition, the proposed coupling dynamic
model not only reflects the influence of the front wheel angle
on the vertical motion of the vehicle and the vertical load of
the tire, but also reflects the unevenness of the road surface
on vehicle lateral motion. (2) Based on the combination of
all-wheel steering control and active front-wheel control, a
six-wheel active steering control idea is proposed and ap-
plied in the vertical/side coupling model. It solves the
problem that it is difficult to effectively track the desired yaw
rate for the three-axle all-wheel steering vehicle with the
middle rear wheel angle as the control input.

0e structure of this article is as follows: in Section 2,
vertical-lateral coupling dynamics control model for heavy-
duty vehicles is given, and a six-wheel active steering control
system is proposed. In Section 3, integrated control strat-
egies of ride comfort and steering stability are given. In
Section 4, some simulations are done to explain the different
dynamic response of coupling and uncoupling models,
control effect on ride comfort, and handling stability with
coupled model. Finally, in Section 5, we summarize the
above contents and put forward the future research
direction.

2. Vertical-Lateral Coupling Dynamics Control
Model for Heavy-Duty Vehicles

2.1. Basic Idea of Vehicle Vertical/Lateral Coupling Dynamics
Model. In order to simultaneously improve the ride comfort
and steering stability of the vehicle, the three-dimension
vertical/lateral coupling dynamics model for vehicle system
is proposed. 0e coupled dynamics model is divided into a
vertical dynamics module, a tire module, a lateral dynamics
module, and an external input module (including random
excitation on uneven roads and the steering angle of the
front wheels operated by the driver). 0e roll of the vehicle
motion belongs to both the vertical and lateral dynamics
modules of the vehicle. 0e interrelationship among the
modules of the coupling model is shown in Figure 1.

As can be seen from Figure 1, when the vehicle is in
steering motion (lateral motion), the principle of the three-
dimensional vertical/lateral coupling model is as follows:

(1) Taking the dynamic load of the tire as a link, the
vertical dynamic model and the lateral dynamic
model of the vehicle are coupled through the vertical
motion of the tire module and the rolling motion of
the vehicle body.

(2) When the lateral dynamics model is input by the
front wheel angle, the yaw rate, acceleration of yaw
angle, and lateral acceleration generated by the ve-
hicle will affect the rolling motion of the vertical
dynamics model.

(3) Similarly, when the vertical dynamics model is input
by road roughness, the roll angle acceleration in the
roll motion will also affect the yawmotion and lateral
motion of the lateral dynamics model. At the same
time, the rolling motion of the car body will also
affect the vertical motion and pitching motion in the
vertical dynamics module.

In short, the unified coupling dynamic model proposed
in this paper realizes that the vertical dynamic model and the
lateral dynamic model are interrelated and inseparable when
the vehicle is driving, which is more suitable for the turning
condition. 0is provides a theoretical basis for the syn-
chronous control of vehicle ride comfort and handling
stability later.

2.2. 0ree-Dimensional Vehicle Dynamic Model with Semi-
active Suspension. A vertical-lateral coupling model of ve-
hicle is established, including vehicle vertical motion, pitch
motion, roll motion, lateral motion, yaw motion, vertical
motion of front tires, and vertical and pitch motion of
balance suspension rods on mid-rear axle. In order to im-
prove the smoothness of the coupled model, a semiactive
suspension control system is adopted for the vehicle model.
0e vertical/lateral coupling dynamics model of the vehicle
based on the semiactive suspension system is shown in
Figure 2.

In Figure 2,mb is the mass of the vehicle’s body;mtlf,mtlm
and mtlr are the masses of the front, middle, and rear wheels
of the left side of the vehicle; mtrf, mtrm and mtrr are the
masses of the front, middle, and rear wheels of the right side
of the vehicle;mlm andmrp are themasses of the left and right
suspension balance rods; kslf and ksrf are the left and right
stiffness of leaf springs of front suspension; cslf and csrf are the
left and right damping of the shock absorbers of the front
suspension; kslr and ksrr are the left and right stiffness of leaf
springs of balanced suspension; cslr and csrr are the left and
right damping of the shock absorbers of the balanced sus-
pension; ktlf and ktrf are the left and right stiffness of front
tires; ktlm and ktrm are the left and right stiffness of middle
tires; ktlr and ktrr are the left and right stiffness of rear tires;fsi
(i� lf, lr, rf, rr) are the control force of the damping coef-
ficient of the semiactive suspension system; qi (i� 1, 2, 3, 4, 5,
6) are the road excitation; Iby and Ibx are the pitch and roll
moments of inertia of the vehicle body; Ilpy and Irpy are the
left and right pitch moments of inertia of balanced sus-
pension robs; l1 is the distance from the front axle to mass
center; l2 is the distance from the center of the suspension to
the center of mass of the vehicle; l3 is the distance from the
middle axle to the rear axle; b1 and b2 are the distance from
the left and right suspension to the mass center; vx is the
longitudinal speed of vehicle; vy is the lateral speed of ve-
hicle; αfl, αml and αrl are side-slip angles of the left side of
front, middle, and rear tires; αfr, αmr and αrr are side-slip
angles of the right side of front, middle, and rear tire; Fyfl,
Fyml and Fyrl are lateral forces of the left side of front, middle,
and rear tires; Fyfr, Fymr and Fyrr are lateral forces of the right
side of front, middle, and rear tires; δf the cornering angle of
front tire; h is rolling moment arm.

2.3. Active Steering Control of Six Wheels. For the three-axle
heavy-duty vehicle, the so-called six-wheel active steering
control is a combination of all-wheel steering control and
active front-wheel steering control. All-wheel steering is one
of the effective methods to improve the steering stability of
multiaxle vehicles. It is proven that the multiaxle vehicles
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with all-wheel steering have better steering flexibility and
steering stability than conventional front-wheel steering
vehicles (Huh et al.) [27]. Based on the coupled heavy-duty
vehicle model and semiactive suspension system, a six-wheel
active steering control system is proposed to improve the
steering stability of the vehicle in this section.

0e advantage of all-wheel steering is that the side-slip
angle of the vehicle can be as close as possible to zero when
steering. Studies have shown that the desired yaw rate can
not be effectively tracked only by the middle and rear wheel

angles as control inputs (Chen et al.) [28]. According to
these research conclusions, an active front-wheel steering
model has been added based on all-wheel steering. 0e
structure detail of active front-wheel steering can be found
in reference [29]. Active front wheel steering can make the
steering angle of the front wheels larger or smaller than the
steering angle given by the driver to the front wheels
through the steering wheel, and the steering angle is
corrected according to the driving conditions of the vehicle
[30]. Taking advantage of this feature of active front wheel
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Figure 2: Vertical/lateral coupling dynamics model of heavy-duty vehicle with semiactive suspension.
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steering, this paper uses the additional angle generated by
active front wheel steering as input to control the yaw rate
of the vehicle. In order to make the vehicle have a more
ideal center of mass slip angle and yaw rate when turning,
and to better improve the steering stability of the vehicle,
this paper proposes the combination control system of six-
wheel all-wheel steering and front wheel active steering.
0e schematic diagram of the active steering control system
is shown in Figure 3.

In Figure 3, wr is the yaw rate; β is the side-slip angle of
vehicle; δf is the front wheel steering angle generated by the
driver input; Δδf is the front wheel additional angle gen-
erated by the front wheel active steering; δm is the middle
wheel steering Rotation angle; δr is the rear wheel angle of
all-wheel steering; B is the distance between the left and right
suspension, B� b1 + b2; a1, a2 and a3 are the distances from
the front, middle, and rear axles to the vehicle center of mass,
respectively.

2.4. Vertical/Lateral Coupling Dynamics Control Model of
Heavy Vehicle. Based on the semiactive suspension system
and the six-wheel active steering system described above, the
vertical/lateral coupling dynamics model of the three-axle
heavy-duty vehicle is established. According to the
D’Alembert principle, the differential equations for the
vertical/lateral coupling dynamics model of a three-axle
heavy-duty vehicle with a six-wheel active steering system
are shown as follows:

0e vertical motion equation of the vehicle body:

mb€zb � − kslf zb − θbl2 − ztlf( 􏼁 + cslf _zb − _θbl2 − _ztlf􏼐 􏼑􏽨 􏽩

− kslr zb + θbl2 − zlp􏼐 􏼑 + cslr _zb + _θbl2 − _zlp􏼐 􏼑􏽨 􏽩

− ksrf zb − θbl1 − ztrf( 􏼁 + csrf _zb − _θbl1 − _ztrf􏼐 􏼑􏽨 􏽩

− ksrr zb + θbl2 − zrp􏼐 􏼑 + csrr _zb + _θbl2 − _zrp􏼐 􏼑􏽨 􏽩

− fslf − fslr − fsrf − fsrr.

(1)

0e pitch motion equation of the vehicle body:

Iby
€θb � l1 kslf zb − θbl2 − ztlf( 􏼁 + cslf _zb − _θbl2 − _ztlf􏼐 􏼑􏽨 􏽩

− l2 kslr zb + θbl2 − zlp􏼐 􏼑 + cslr _zb + _θbl2 − _zlp􏼐 􏼑􏽨 􏽩

+ l1 ksrf zb − θbl1 − ztrf( 􏼁 + csrf _zb − _θbl1 − _ztrf􏼐 􏼑􏽨 􏽩

− l2 ksrr zb + θbl2 − zrp􏼐 􏼑 + csrr _zb + _θbl2 − _zrp􏼐 􏼑􏽨 􏽩

+ l1fslf − l2fslr + l1fsrf − l2fsrr.

(2)

0e roll motion equation of the vehicle body:

Ix + mbh
2

􏼐 􏼑€ψb + Ixz _wr � mbh _vy + vxwr􏼐 􏼑

− cof + cor􏼐 􏼑 _ψb

− kof + kor􏼐 􏼑ψ

− b kslfztlf + cslf _ztlf( 􏼁

− b kslrzlp + cslr _zlp􏼐 􏼑

+ b2 ksrfztrf + csrf _ztrf( 􏼁

+ b2 ksrrzrp + csrr _zrp􏼐 􏼑

+ kslfb1 θbl1( 􏼁 − ksrfb2 θbl1( 􏼁

− kslrb1 θbl2( 􏼁 + ksrrb2 θbl2( 􏼁

+ cslfb1
_θbl1􏼐 􏼑 − csrfb2

_θbl1􏼐 􏼑

− cslrb1
_θbl2􏼐 􏼑 + ksrrb2

_θbl2􏼐 􏼑

− b1fslf − b1fslr + b2fsrf + b2fsrr.

(3)

0e vertical motion equations of the left and right tires of
the front suspension:

mtlf€ztlf � kslf zb − θbl1 + ψbb1 − ztlf( 􏼁

+ cslf _zb − _θbl1 + _ψbb1 − _ztlf􏼐 􏼑

− ktlf ztlf − q1( 􏼁 + fslf ,

mtrf€ztrf � ksrf zb − θbl1 − ψbb2 − ztrf( 􏼁

+ csrf _zb − _θbl1 − _ψbb2 − _ztrf􏼐 􏼑

− ktrf ztrf − q4( 􏼁 + fsrf .

(4)

0e vertical motion equations of the left and right tires of
the balanced suspension:

mlp + mtlr + mtlm􏼐 􏼑€zlp � kslr zb + θbl2 + ψbb1 − zlp􏼐 􏼑

+ cslf _zb + _θbl2 + _ψbb1 − _zlp􏼐 􏼑

− ktlm ztlm − q2( 􏼁 − ktlm ztlr − q3( 􏼁,

mrp + mtrr + mtrm􏼐 􏼑€zrp � kslr zb + θbl2 + ψbb2 − zrp􏼐 􏼑

+ csrr _zb + _θbl2 + _ψbb2 − _zrp􏼐 􏼑

− ktrm ztrm − q5( 􏼁 − ktlm ztlr − q6( 􏼁.

(5)

0e pitch motion equations of the left and right tires of
the balanced suspension:
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Ilpy + mtlml
2
3

4
+

mtlml
2
3

4
⎛⎝ ⎞⎠€θlp �

ktlm zlp − l3θlp/2 − q2􏼐 􏼑l3

2

+
ktlr zlp + l3θlp/2 − q3􏼐 􏼑l3

2
,

Irpy + mtrml
2
3

4
+

mtrml
2
3

4
⎛⎝ ⎞⎠€θrp �

ktrm zrp − l3θrp/2 − q5􏼐 􏼑l3

2

+
ktrr zrp + l3θrp/2 − q6􏼐 􏼑l3

2
.

(6)

0e lateral motion equation of the vehicle:

m _vy − vxwr􏼐 􏼑 − mbh€ψ � Fyfl + Fyfr􏼐 􏼑cos δf + Δδ􏼐 􏼑

+ Fyml + Fymr􏼐 􏼑cosδm + Fyrl + Fyrr􏼐 􏼑cosδr.

(7)

0e yaw motion equation of the vehicle:

Ιζ _ωρ + Ιξζ €ψ � α1 Φψφλ +Φψφρ􏼐 􏼑χoσ δφ + Δδ􏼐 􏼑

+
Β
2
Φψφλ −Φψφρ􏼐 􏼑σι] δφ + Δδ􏼐 􏼑

− α2 Φψμλ +Φψμρ􏼐 􏼑χoσδμ +
Β
2
Φψμλ −Φψμρ􏼐 􏼑σι]δμ

− α3 Φψρλ +Φψρρ􏼐 􏼑χoσδρ +
Β
2
Φψρρ −Φψρλ􏼐 􏼑σι]δρ.

(8)

2.5. Magic Formula Tire Model and Dynamical Vertical
Loading. 0e Magic Formula (MF) tire model is one of the
semiempirical models. It can be used to describe the basic
physical and structural characteristics of the tire well, with
high precision, and the simulation results are extremely close
to the actual tire test results [31]. 0erefore, the lateral force
of the tire in the lateral dynamic equation is solved by a
nonlinear MF tire model to get closer to the actual tire
model. MF tire model was provided by H. B. Pacejka. 0e
model can fully express the working conditions of longi-
tudinal force, lateral force, and positive moment with only
one set of the same formula.

In this paper, it is assumed that the longitudinal speed of
the vehicle is constant, so the vehicle is operated under a
single condition of pure turning during the steering cal-
culation. 0e formula for calculating the lateral force under
the pure turning condition is obtained by the general form of
MF model:

Fy � Dysin Cyarctan Byx − Ey Byx − arctan Byx􏼐 􏼑􏼐 􏼑􏽨 􏽩􏽮 􏽯 + Sv, (9)

where Cy � 1.3; x � α + Sh; Dy � a1F
2
z + a1Fz; ByCyDy �

a3sin[a4arctan(a5Fz)](1 − a12|c|); By � (ByCyDy/ (Cy

Dy)); Ey � a6F
2
z + a7Fz + a8; Sh � a9c; Sv � (a10F

2
z + a11

Fz)c; α is the side-slip angle of tire, Fz is the vertical loading
of tire, and c is the camber angle of tire. ɑ1, . . ., ɑ12 are the
fitting parameters. 0e values of reference [31] are shown in
Table 1.

0e solution of the side-slip angle of each tire is shown in
the following equation:

afl � arctan
vy + a1wr

vx

􏼠 􏼡 − δf − Δδ􏼐 􏼑,

afr � arctan
vy + a1wr

vx

􏼠 􏼡 − δf − Δδ􏼐 􏼑,

aml � arctan
vy + a2wr

vx

􏼠 􏼡 − δm,

amr � arctan
vy + a2wr

vx

􏼠 􏼡 − δm,

arl � arctan
vy + a3wr

vx

􏼠 􏼡 − δr,

arr � arctan
vy + a3wr

vx

􏼠 􏼡 − δr.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(10)

0e vertical load of the left and right tires of the vehicle is
basically equal when traveling in a straight line. Actually, the
vertical loads of two sides tires are different due to the roll
moment during steering, which affects the lateral deflection
characteristics of the tire. Considering the redistribution of
the vertical loads on the left and right tires, the dynamical
vertical loads of each tire when the vehicle is steering are
expressed as follows:
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(11)
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3. Integrated Control Strategy of Ride Comfort
and Steering Stability

0e ultimate purpose of studying the vertical-lateral cou-
pling dynamics of the vehicle is to comprehensively improve
the ride comfort and handling stability of the vehicle.

0rough the establishment and simulation of the vehicle’s
vertical-lateral coupling dynamics model above, it is known
that the vehicle’s ride comfort and handling stability are
interrelated and inseparable during steering. To simulta-
neously improve its ride comfort and handling stability is
difficult to achieve with a single control method. In order to
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Figure 3: Schematic diagram of six-wheel active steering system. (a) Rear view of vehicle model. (b) Top view of vehicle model.

Table 1: Fitting parameter values of MF tire model.

ɑ1 ɑ2 ɑ3 ɑ4 ɑ5 ɑ6
−22.1 1011 1078 1.82 0.208 0
ɑ7 ɑ8 ɑ9 ɑ10 ɑ11 ɑ12
−0.354 0.707 0.028 0 14.8 0.022
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Figure 4: Simulation model of vehicle ride comfort and steering stability synchronous control.
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improve the ride comfort and handling stability of the ve-
hicle model at the same time, this section will combine
semiactive suspension control with six-wheel active steering
control. 0e control strategy block diagram is shown in
Figure 4. 0ree fuzzy controllers are designed for the
semiactive suspension system, and the fuzzy controller and
fuzzy PID controller are designed for the six-wheel active
steering system, respectively.

3.1. Ideal Reference Model for Six-Wheel Active Steering.
0e purpose of establishing an ideal reference model for a
vehicle is primarily to improve the vehicle’s ability to
maintain a safe trajectory and the vehicle’s steering flexi-
bility. 0e above two indicators can be achieved by con-
trolling the vehicle side-slip angle and the yaw rate
respectively [15]. 0erefore, the ideal yaw rate and the ideal
centroid angle are used as the tracking state variables of the

Table 2: Fuzzy control rule of proportional coefficient k2.
k2 NB NM NS ZE PS PM PB
k1 NM NS NS ZE PM PB PB
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Figure 5: Ride comfort response (angular step condition, B-level random road). (a) Vertical acceleration of vehicle. (b) Car body pitching
angular acceleration. (c) Roll angle acceleration time domain. (d) Roll angle acceleration frequency domain.
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control system. A linear two-degree-of-freedom lateral
dynamics model is generally used as a reference model,
which has ideal steering characteristics [32], 0e motion
equation is expressed as

_βc �
2kcfaf + 2kcmam + 2kcrar􏼐 􏼑

mvx( 􏼁
⎡⎣ ⎤⎦ − wr,

_wrc �
2a1kcfaf − 2a2kcnam − 2a3kcrar􏼐 􏼑

Iz

⎡⎣ ⎤⎦,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(12)

where kcf, kcm and kcr are the cornering stiffness of the front,
middle, and rear wheels; αf, αm and αr are the side-slip angles
of the front, middle, and rear axle tires, and the expression is
shown as follows:

αf � βc +
a1

vx

􏼠 􏼡wrc − δf,

αm � βc −
a2

vx

􏼠 􏼡wrc,

αr � βc +
a3

vx

􏼠 􏼡wrc.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(13)

When the ideal vehicle model is being steering, it should
be ensured that the vehicle does not slip. 0en, the side-slip
angle value ideal model of the vehicle should be zero, βc � 0.
At the same time, the yaw rate is quickly stabilized by the
first-order inertial transfer function characteristic [33].
Equation (13) is substituted into the equation (15) according
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Figure 6: Ride comfort response (serpentine working condition, B-level random road). (a) Vertical acceleration of vehicle. (b) Pitching
angular acceleration. (c) Roll angle acceleration time domain. (d) Roll angle acceleration frequency domain.
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to the above conditions, taking the state variable
Xc � [βc, wrc]

T, and controlling variableU� δf, and then, the
state space equation of the ideal model of the vehicle is as
shown in

_Xc � AX + BU, (14)

where A �
0 0
0 (−1/τ)

􏼢 􏼣, B �
0 0
0 (k/τ)

􏼢 􏼣, where k and τ can

be solved as equations (14) and (15):

k �
2kcfvx a1 + a2 − a3 − a2( 􏼁/2( 􏼁

2kcfa1 a1 + a2 − a3 − a2( 􏼁/2( 􏼁 + m a2 − a3 − a2( 􏼁/2( 􏼁v
2
x

, (15)

τ �
Izvx

2kcfa1 a1 + a2 − a3 − a2( 􏼁/2( 􏼁 + m a2 − a3 − a2( 􏼁/2( 􏼁v
2
x

.

(16)

3.2. Front Wheel Active Steering Control of Six-Wheel Active
Steering. As mentioned in the previous introduction, al-
though there are many advanced control strategies, fuzzy
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Figure 7: Handling stability (angular step condition, B-level random road). (a) Yaw rate. (b) Side-lip angle. (c) Lateral acceleration. (d) Roll
angle.
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PID control has the advantages of simple structure, good
stability, and high reliability and is especially suitable for
deterministic control systems that can establish accurate
mathematical models. For the front wheel active control, a
fuzzy PID controller is first designed in this section. 0e
difference between the yaw rate of the established vehicle
model and the ideal model and its rate of change are taken as
the input. 0e ideal setting of the controller is zero, entering
the additional front wheel angle output value into the vehicle
model as a control amount; In the fuzzy PID controller, set
the fuzzy domain of input(error of yaw rate) and its rate of
change, and the fuzzy domains of output ΔKp, ΔTd, and ΔTi
are all [−3, 3], When fuzzifying, the membership function of
the two inputs is Gaussian function, and the membership
function of the three outputs is triangular function. 0e
fuzzy control rules for the three parameters are also found in

reference [32]. 0e physical domain of the side-slip angle of
the center of mass and its rate of change in error are [−0.2,
0.2] and [−0.06, 0.06], which are also solved by the solution
formula of scale factor and quantization factor.

After obtaining the proportional coefficient k2 of the rear
axle tire and the front axle tire through the fuzzy PID
controller, the ratio coefficient k1 of the middle axle tire and
the front axle tire is obtained by using a single input and
single output fuzzy controller with k2 as an input. Seven
language values (negative large (NB), negative medium
(NM), negative small (NS), zero (ZE), small (PS), center
(PM), and Zhengda (PB)) are used to describe the rela-
tionship between k1 and k2, 0e fuzzy controller is based on
the assumption that the steering of the middle and rear axles
is always the same when the vehicle is being steering, to meet
the relationship between the front wheel, the middle wheel,
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Figure 8: Handling stability (serpentine working condition, B-level random road). (a) Yaw rate. (b) Side-slip angle. (c) Lateral acceleration.
(d) Roll angle.

Shock and Vibration 11



and the rear wheel angle at different speeds to ensure the
safety of the vehicle. 0e control rules are shown in Table 2.

According to the experience, the range of the ratio of the
rear axle tire to the front wheel angle is [−1, 1], the fuzzy
domain of the fuzzy controller is [−1, 1], and the way of
defuzzing is the centroid method.

4. Simulation Test and Result Analysis

4.1. Comparative Analysis of Dynamic Response of Coupled
andUncoupledModels. In order to prove that the presented
vertical motion and lateral motion of the proposed coupling
vehicle model are mutually influenced and correlated,
simulation analysis is carried out. 0e simulation contents
include (1) Angular step condition: B-level random road,
and the front wheel turning angle is 0.1 rad; (2) Serpentine
working condition: B-level random road. 0e differences

between the proposed coupled model and the independent
vertical and lateral dynamic models are compared from two
aspects: ride comfort and handling stability.

4.1.1. Response Comparison on Ride Comfort. 0e com-
parative analysis of responses expressing vehicle ride
comfort under the vertical/lateral coupling model is shown
in Figures 5 and 6.

It can be seen from Figure 5 that, under the same
working conditions, the vertical acceleration, the vi-
bration trend of the pitch angular acceleration, the vi-
bration amplitude, and the Root Mean Square (RMS)
value of the vehicle coupling model and the vertical
model are almost the same. However, the vibration
amplitude of the roll angular acceleration of the coupled
model is significantly larger than that of the vertical
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Figure 9: Comparison of different control strategies (40 km/h). (a) 0e yaw rate. (b)0e side-slip angle. (c)0e lateral acceleration. (d)0e
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model, and the RMS values of the three working con-
ditions differ by 64% and 77%, respectively. 0erefore, a
frequency domain analysis of the roll angular accelera-
tion is performed. 0e amplitude of the power spectral
density of the roll angular acceleration of the coupled
model is also larger than that of the vertical model,
especially in the medium and high frequency domains. It
reflects the influence of the lateral motion of the vehicle
on the vertical motion when turning.

It can be seen from Figure 6 that, with the change of the
input angle of the front wheel, the curve vibration ampli-
tudes of the three parameters of the vertical model are
exactly the same as their RMS values, and the curve vibration
amplitudes of the vertical acceleration and pitch acceleration
of the coupledmodel are the same, as its RMS value is almost
unchanged. However, the vibration amplitude of the curve

of the roll angular acceleration is significantly smaller, and
the RMS value of the roll angular acceleration is reduced by
35% from the angular step condition to the serpentine
condition. 0erefore, the vehicle vertical model can only
reflect the influence of the road surface grade on the vehicle
ride comfort, while the vehicle coupling model can simul-
taneously reflect the influence of the road surface grade and
the front wheel angle input on the vehicle vertical motion.

In summary, the coupled model can be obtained to
evaluate the ride comfort of the vehicle more comprehen-
sively and accurately during steering.

4.1.2. Response Comparison of Handling Stability. 0e
comparative analysis handling stability under the vertical/
lateral coupling model is shown in Figures 7 and 8.
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Figure 10: Comparison of different control strategies (80 km/h). (a) 0e yaw rate. (b) 0e side-slip angle. (c) Lateral acceleration. (d) 0e
roll angle.
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It can be seen from Figures 7 and 8 that the changes of
the yaw rate, the side-slip angle of mass, the lateral accel-
eration, and the roll angle of the coupled model and the
lateral model are roughly the same. However, each response
curve of the coupled model fluctuates all the time, reflecting
the influence of road unevenness on the lateral motion of the
vehicle. With the change of the front wheel turning angle,
the roll angle of the vertical model does not change but
fluctuates around a certain value, which reflects the limi-
tations of the vertical model.

To sum up, it is shown that the vertical motion and
lateral motion of the vehicle are interrelated and insepa-
rable from each other when steering on random uneven
road surfaces. 0e independent vertical model cannot re-
flect the influence of the front wheel angle on the vehicle
roll angle, roll angle acceleration, and tire vertical load and
other vertical motion response quantities when the vehicle
is turning.0e independent lateral model cannot reflect the

influence of road surface grade on vehicle lateral motion
response such as vehicle tire vertical load, yaw rate, and the
side-slip angle of mass. 0e vehicle vertical/lateral coupling
model proposed in this paper makes up for these defi-
ciencies of the independent model. It can comprehensively
describe the vertical motion and lateral motion of the
vehicle during steering and can simultaneously and
comprehensively evaluate the ride comfort and handling
stability.

4.2. Analysis of Vehicle Performance Control Effect Based on
Coupling Model

4.2.1. Control Effect of Six-Wheel Active Steering Control
Method. On a flat road, the speed is 40 km/h, 60 km/h, and
80 km/h, the front wheel turning angle is 0.1 rad, and the
active front-wheel steering, all-wheel steering, and front-
wheel steering are compared, shown in Figures 9∼11.
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Figure 11: Ride comfort control result under angle step condition. (a) Vertical acceleration of vehicle. (b) Pitch angle acceleration of vehicle.
(c) Roll acceleration of vehicle.

14 Shock and Vibration



From Figures 8∼10, we could find that the six-wheel
active steering control strategy proposed in this paper
can make the vehicle well track the yaw rate and the side-
slip angle of the ideal model at low, medium, and high
speeds. Moreover, the vehicle’s side-slip angle can
quickly reach a stable value, and it is extremely close to
the ideal value at various vehicle speeds. 0e control

method also has a good control effect on the lateral
acceleration and body roll angle of the vehicle. Com-
pared with the lateral acceleration and roll angle of the
front-wheel steering vehicle, its response speed is faster,
and the steady state value can be reached quickly. In
particular, there is almost no fluctuation in the transient
response.
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Figure 12: Ride comfort control result under serpentine condition. (a) Vertical acceleration of vehicle. (b) Pitch angle acceleration of
vehicle. (c) Roll acceleration of vehicle.

Table 3: Comparison of ride comfort control (B-level road).

Working
condition Control type Vertical acceleration of vehicle

(m·s−2)
Pitch acceleration of vehicle

(rad·s−2)
Roll angle acceleration of vehicle

(rad·s−2)

Angular step

Uncontrolled 0.766 6 0.393 1 0.107 9
Coupling control 0.923 3 0.494 9 0.118 7
Improvement

rate 17.0% 20.6% 9%

Serpentine

Uncontrolled 0.766 2 0.392 2 0.106 6
Coupling control 0.923 5 0.494 9 0.170 1
Improvement

rate 17.1% 20.8% 37.3%
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4.2.2. Control Effect under the Frame of Vertical and Lateral
Coupling Model. Under the same working conditions,
some simulation results are compared to illustrate the
improvement effect of the control method on vehicle ride
comfort and steering stability. When the vehicle speed is
60 km/h, the simulation results of the main parameter
control reflecting vehicle ride comfort are shown in Fig-
ures 11 and 12 under the angular step conditions and the e
serpentine condition.

0e RMS values of the main parameters reflecting the
ride comfort of each working condition controlled and
coupling control are shown in Table 3.

It can be seen from Figure 12 and Table 3 that the
amplitude and RMS value of the vehicle body vertical ac-
celeration, pitch angular acceleration, and roll angle accel-
eration are all reduced. On the same level of road, the
improvement rate of the vehicle body roll angle acceleration
under the serpentine condition is higher than that under the
angular step condition. In general, the ride comfort of the
vehicle is improved.

0e control simulation results of the vehicle handling
stability under the angular step conditions and the ser-
pentine conditions are shown in Figures 13 and 14.

It can be seen from Figures 13 and 14 that, with the
change of the front wheel turning angle, the control system
improves the vehicle handling stability of the vertical/lateral
coupling model. 0e motion curve of the yaw rate of the
vehicle model basically coincides with the yaw rate curve of
the ideal model, and the value of the side-slip angle of mass is
also greatly reduced close to the ideal value of zero, which
significantly reduces the risk of vehicle instability and traffic
accidents. After the control, the lateral acceleration of the
vehicle and the reaction time of the vehicle body roll angle
are shortened, and the stable value after reaching the stable
value and the vibration amplitude near the stable value are
reduced.

To sum up, the control method combining semiactive
suspension and six-wheel active steering can effectively
reduce the main evaluation indicators of vehicle ride
comfort, pitch angle acceleration, and roll angle acceleration
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Figure 13: Handling stability control result under angular step. (a) Yaw rate. (b) Side-slip angle. (c) Lateral acceleration. (d) Roll angle.
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of the coupled vehicle model. 0e vehicle’s yaw rate and
centroid slip angle are close to the ideal yaw rate and
centroid slip angle, and the vehicle’s lateral acceleration and
body roll angle are also improved.

5. Conclusions

0e establishment of the vertical-lateral coupling dynamics
model of the three-dimensional three-axle heavy-duty ve-
hicle is studied. Taking the dynamic load of the tire as a link,
the vertical dynamic model and the lateral dynamic model of
the vehicle are coupled through the vertical motion of the
tire module and the rolling motion of the vehicle body.

(1) 0e differences between the proposed coupling
model of heavy-duty vehicle and the independent
vertical and lateral dynamic models are compared
from three aspects: ride comfort, tire dynamic load,
and handling stability. When the vehicle is turning,

the proposed coupling model not only reflects the
influence of the front wheel angle on the vertical
motion and the vertical tire load, but also reflects the
unevenness of the vehicle lateral motion. So, the
unified dynamic model realizes the unification of
vehicle dynamics models in both vertical and lateral
dimensions, which is especially suitable for the
turning condition of heavy vehicle.

(2) Under the framework of the vehicle vertical/lateral
unified coupling dynamics model, a control system
combining semiactive suspension system, six-wheel
steering and front wheel active steering is estab-
lished. Under the integrated control platform, the
main response reflecting vehicle ride comfort and
handling stability is effectively controlled. 0e
magnitudes and RMS values of the vertical accel-
eration, pitch acceleration, and roll acceleration of
the vehicle body after the control are reduced. 0e
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Figure 14: Handling stability control result under serpentine condition. (a) Yaw rate. (b) Side-slip angle. (c) Lateral acceleration. (d) Roll
angle.
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yaw rate and the side-slip angle of the vehicle under
different working conditions are obviously close to
the ideal value, which avoids the instability of the
vehicle under severe working conditions. 0e ride
and handling stability of the vehicle have been si-
multaneously improved.
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