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Abstract The four-wheel steering (4WS) has been studied for a long time.
And many control algorithms, such as proportional control, optimal control,
sliding-mode control and H2/H? control, have been applied to it. However, few
works expand those control algorithms to four-axle vehicle. The traditional four-
axle vehicle can be steerable in the first and the second axle, which is called
double-front-axle-steering (DFAS) vehicle. By adding Electro-hydraulic Power
Steering System to the third and the forth axles, the DFAS vehicle becomes an all-
wheel steering (AWS) vehicle. Some control algorithms could apply to it to
control the steering angles of the third and the forth axle like the application to
4WS vehicle to control the rear wheel steer. In fact, due to the large size and high
center of mass, reducing steer radius and enhancing stability through all-wheel
steering is more important than the application in two-axle vehicle. In the paper, a
sliding mode controller (SMC) to control the steering angles of the third axle and
forth axle is proposed for a four-axle vehicle to improve handling and stability. In
order to design the SMC, a linear all-wheel steering model of four-axle vehicle is
established firstly, which considers the tire cornering stiffness perturbation and the
crosswind disturbance. The yaw rate and sideslip angle are considered as two
important state variables for this model. Then a reference model which contains an
ideal yaw rate and zero-sideslip angle is developed. Finally, the switching function
of the SMC is chosen based on the error of state variable between the all-wheel
steering model and the reference model. The SMC aims to make the all-wheel
steering model track the reference model through controlling the steering angles of
the third and the fourth axle. Unfortunately, in this control strategy, adverse-phase
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steering appears between the third and the fourth axle, causing serious tire wear
problem. So a modified sliding mode controller is given, which is a compromise
between controller performance and tire wear. In order to investigate the effect of
the modified controller, two typical tests, double lane change test and crosswind
disturbance test, are carried out through numerical simulation. The controller built
in Matlab/Simulink, and a high precision four-axle vehicle mode developed in
TruckSim make two tests easily to accomplish co-simulation of driver-controller-
vehicle close-loop system. The simulation results show that the modified SMC has
robustness to vehicle parameter perturbation and insensitivity to crosswind dis-
turbance. Moreover, all-wheel steering four-axle vehicle has better handling per-
formance and stability compared with traditional DFAS vehicle.

Keywords Sliding mode control � Four-axle vehicle � All-wheel steering

1 Introduction

In the past years, many control strategies, such as proportional control, optimal
control, sliding mode control and H2/H? were proposed to improve the two-axle
vehicle’s lateral stability. Furukawa [1] summarized those control strategies and
pointed out their effectiveness and limits. However, few works expand those
control algorithms to multi-axle vehicle, especially for four-axle vehicles. Huh [2]
proposed a proportional backward control for three-axle vehicle. Lane change
simulation under 18 DOF nonlinear vehicle model demonstrated the advantage of
the proposed control law. An [3] proposed an optimal control for three-axle
vehicle, where the sideslip angle and yaw rate were controlled to improve the
maneuverability by independent control of the steering angles of the six wheels.
A numerical simulation and a scaled-down vehicle experiment showed its good
effective. Qu [4] proposed a SMC for three-axle vehicle. The SMC tried to make
the steering characteristics of uncertain vehicle mode follow the characteristics of
the reference mode, even exiting outer disturbance and uncertain parameters.
Kerem [5] extended 4WS idea to an n-axle vehicle and attempted to determine the
best steering strategy. It is found that few controllers are designed for four-axle
vehicle, and many of them do not consider parameter perturbations and external
disturbances. Moreover, many of them aim at reducing turning radius at low
velocity, and do not work at high velocity. However, for familiar DFAS four-axle
vehicle, which demands both maneuverability and stability, all-wheel steering is
an effective method to improve the stability.

In the paper, a sliding mode controller to control the steering angle of the third
axle and forth axle is proposed for four-axle vehicle to improve handling and
stability.
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2 Vehicle Model

Two degrees of freedom (2DOF) vehicle model is considered in this paper, shown
in Fig. 1. Li(i = 1,2,3,4) represents the distances between the ith axle and the
center of gravity. It is important to keep in mind that an axle located behind the
vehicle center of gravity is located by a negatively signed distance [6]. In here, L3

and L4 are negative.
Considering the tire cornering stiffness perturbations and crosswind distur-

bance, a linearized equation of motion of all-wheel steer vehicle becomes
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where m is vehicle mass, Iz is yaw inertia, u is the forward velocity, di is steering
angle of ith axle, b is the sideslip angle at CG, r is the yaw rate, Kai = Ka0i ? DKai,
Ka0i is defined as the nominal value of ith axle cornering stiffness, DKai is defined as
the perturbation value of ith axle, Fd is assumed to be the external disturbance force
impacting on the vehicle, and Ld is the distance from the CG to the point where Fd

acts on vehicle.
For traditional DFAS vehicle, we can set d2 = kd1. Then the vehicle model can

be written as
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Due to Bu0 is full rank and reciprocal matrix, the vehicle model satisfies
matching condition. It means that there are matrices Mx, Mu, Mw and Md which
made Equation (3) tenable.

DA ¼ Bu0Mx; DBu¼ Bu0Mu; DBw¼ Bu0Mw; Bd¼ Bu0Md ð3Þ
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The physical meaning of a matching condition is that the system uncertainty
and control action are on a same channel. So by taking appropriate control effect, it
is possible to offset directly or weaken influence of uncertainty.

Then, the vehicle model can be written as

_X ¼ A0Xþ Bu0 Uþ dðx; tÞ½ � þ Bw0d1 ð4Þ

where d(x,t) = MxX ? MuU ? Mwd1 ? MdFd is the total uncertainty of the
system.

3 The Reference Model

The ideal steering state for AWS is [7]: its steering sensitivity (steady-state gain of
yaw rate) is always consistent with the traditional DFAS vehicle. In other words, it
is to keep the driver feel no great change compared with that of old vehicle, while
its sideslip angle at CG is always zero value as far as possible (in order to keep no
sideslip during cornering). According to above requirement, the reference model
can be established as follows

_Xd ¼ AdXd þ Bdd1 ð5Þ

where

Ad ¼
�1=sb 0

0 �1=sr

� �
;Bd ¼

kbd=sb

krd=sr

� �
;Xd ¼

bd

rd

� �

where bd, rd represent sideslip angle and yaw rate of the reference model
respectively, scale factor krd is taken as the steady-state gain of yaw rate of DFAS
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Fig. 1 2DOF vehicle model

580 K. Zheng and S. Chen



vehicle with same structural parameters, kbd = 0, sb, sr are lag time constants of
the first-order inertia link to sideslip angle and yaw rate respectively. Here
sb = sr = 0.2s.

4 Sliding Mode Controller Design

We define the state tracking error between the actual state and the reference model e as

e ¼ X� Xd ¼
e1

e2

� �
¼ b� bd

r � rd

� �
ð6Þ

Then, the derivative of tracking error e is

_e ¼ _X � _Xd

¼A0X þ Bu0 Uþ dðx; tÞ½ � þBw0d1�AdXd�Bdd1

¼A0eþ A0�Adð ÞXdþBu0 U þ dðx; tÞ½ � þ Bw0�Bdð Þd1

ð7Þ

Here, we need to construct a switching function as follows

S ¼ s1

s2

� �
¼ Ce ¼ 1 c1

1 c2

� �
e1

e2

� �
ð8Þ

where c1 and c2 are positive undetermined parameters.
The derivative of switching function is

_S ¼ C _e ¼ C A0eþ A0 � Adð ÞXd½ �þC Bu0 Uþ dðx; tÞ½ � þ Bw0�Bdð Þd1½ � ð9Þ

Let _S = 0 and d(x,t) = 0, we can get the equivalent control.

Ueq¼ � CBu0ð Þ�1C A0eþ A0 � Adð ÞXdþ Bw0 � Bdð Þd1½ � ð10Þ

The equivalent control just works for nominal vehicle model, but it cannot
restrain parameter perturbations and external disturbances. In order to has robust
ability, a robust control with a constant reaching law is given

Urob¼ � CBu0ð Þ�1GsgnðSÞ ¼ � CBu0ð Þ�1 g1 0
0 g2

� �
sgnðs1Þ
sgnðs2Þ

� �
ð11Þ

where g1 and g2 are undetermined parameters.
So, the controller is

U ¼ UeqþUrob ð12Þ

Substituting Eq. (12) into (10) we obtain

_S ¼ �GsgnðSÞ þ CBu0dðx; tÞ ð13Þ
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In addition, in order to decouple the sliding, assuming
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Constructing a Lyapunov function VT = STS/2, then the time derivative of VT

can be obtained
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Equation (16) indicates that the control system can be guaranteed to be
asymptotically stable (because the derivative of Lyapunov function VT is no more
than 0) if we choose two parameters g1 and g2 satisfying Eq. (17).

d1ðx; tÞj j � g1=q1

d2ðx; tÞj j � g2=q2

(
ð17Þ

In addition, in order to reduce the chattering, the sgn(•) function is substituted
by a saturation function.

satðsiÞ ¼
1 si [ 1
si sij j � 1
�1 si\� 1

; i ¼ 1; 2

8<
: ð18Þ

5 The Modified Controller

Unlike the two-axle vehicle, the sliding model controller designed for all-wheel
steering of four-axle vehicle cannot be applied directly because of the adverse-
phase steering angle inputs to the third and fourth axle. The simple step steer
simulation under linear 2DOF mode illustrates this problem. Vehicle starts step
steer at 0.1 s with a constant velocity 65 km/h and steering angle of the first axle
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input 38. The parameters of four-axle vehicle are shown in Table 1. The results are
shown in Figs. 2, 3 and 4.

It can be seen from the Figs. 2a and 3a that the controller got from Eq. (12) can
make the sideslip zero and keep the yaw rate tracking the yaw rate of DFAS
vehicle. However, Fig. 3a illustrates that it brings about the adverse-phase steering
inputs to the third and fourth axle which will result in serious tire wear. Moreover,
large adverse-phase steering angle will reduce stability and bring driver bad
handling feeling. So a modified controller is proposed as follows

U
0 ¼ 1

2
k k
1 1

� �
U ð19Þ

For the modified controller, the same step steer simulation is carried out. And
results are also shown in Figs. 2, 3 and 4. It is shown in Fig. 2b that although the
sideslip angle is not zero, it is a very small. Correspondingly, in Fig. 3b, the yaw
rate does not track the DFAS vehicle, but it is not so far than the reference. Those
prove the modified controller almost does not deteriorate the performance. The
adverse-phase steering turns into a same-phase steering shown in Fig. 3b with
small value.

6 Co-simulation and Results

In order to investigate the effect of the modified controller, double lane change test
and crosswind disturbance test are carried out [8]. The modified controller is built
in Matlab/Simulink. And a high precision vehicle model is developed in TruckSim
where we choose the ‘‘Military: Armored combat vehicle, 8 9 8(ii–ii)’’ and adopt
the default driver model. The real velocity, the steering angle of first axle, the
sideslip angle and the yaw rate computed from the vehicle model are considered as
the feedback inputs for the controller. Then the steering angles of 3rd axle and 4th

Table 1 Vehicle and control
parameters

Parameters Value

m 11000 kg
Iz 3048.1 kg m2

Ki (i = 1, 2, 3, 4) 260000 N rad-1

L1 1.8 m
L2 0.5 m
L3 -0.85 m
L4 -2.2 m
k 0.9
g1 10
g2 10
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axle are outputted by the controller. Though this co-simulation, two types of tests
of driver-controller-vehicle close-loop system can be easily accomplished.

6.1 Double Lane Change Test

‘‘Double Lane Change @ 65 km/h’’ procedure containing a preview driver mode
and a given double lane change road is adopted for double lane change test. Here,
two road surface conditions were prepared: dry road (tire-road friction coefficient
l = 0.85) and wet road (l = 0.3). Vehicle velocity is 65 km/h. The results are
shown in Figs. 5, 6, 7, 8, and 9.

Fig. 3 The yaw rate. a Eq. (12), b Eq. (19)

Fig. 4 The steer angles of 3rd and 4th axle. a Eq. (12), b Eq. (19)

Fig. 2 The sideslip angle. a Eq. (12), b Eq. (19)
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It can be seen from Fig. 5, whether on dry road or wet road, AWS vehicle has
smaller lateral offset than DFAS vehicle. However, compared to the reference
trajectory, the real trajectory on wet road has larger lateral offset than that on dry

Fig. 5 Vehicle trajectory. a l = 0.85, b l = 0.3

Fig. 6 The sideslip angle. a l = 0.85, b l = 0.3

Fig. 7 The yaw rate. a l = 0.85, b l = 0.3

Fig. 8 The steer angles of 3rd axle and 4th axle. a l = 0.85, b l = 0.3
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road. This illustrates that although the driver tries to cover this test, the reduced
lateral force of tire makes it difficult to accomplish. Comparing the sideslip angle
(Fig. 6) and the yaw rate (Fig. 7), driver inclines the AWS vehicle because of its
smaller sideslip angle and nearly unchanged yaw rate whether on dry road or wet
road. Figure 8 shows the steering angle of 3rd axle and 4th axle which come from
the modified controller outputs. The max steering angle is 1.58 on dry road, and 48
on wet road. This is an acceptable value at the high velocity 65 km/h. In Fig. 9 the
steering wheel angle indicates the AWS vehicle reduces the driver’s work. In
summary, the double lane change test under two road surface conditions shows
that the modified controller has good robustness in the tire cornering stiffness
perturbation, and improves handling and stability.

6.2 Crosswind Disturbance Test

Like double lane change test, we adopt default crosswind test procedure which has
‘‘No Offset w/1 s. Preview’’ driver path follower, the default vehicle velocity
80 km/h and the default wind velocity 100 km/h. Driver tries to keep a straight
line to pass through a left crosswind disturbance firstly then a right crosswind
disturbance. The simulation results are shown in Figs. 10, 11, 12 and 13.

Figure 10 shows that the vehicle trajectory of AWS vehicle with modified
sliding mode controller has the smaller lateral offset than the DFAS vehicle. In
Fig. 11, the max sideslip angle of DFAS vehicle is 1.78, but just 0.58 of AWS
vehicle. The smaller lateral offset and sideslip angle show the modified controller

Fig. 9 The steering wheel angle. a l = 0.85, b l = 0.3

Fig. 10 Vehicle trajectory
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has better performance in rejection of crosswind disturbance. The max steering
angle of 3rd axle and 4th axle is 1.28 shown in Fig. 12, which imply its few energy
input. At last, the smaller steering wheel angle of AWS vehicle shows the reducing
of driver’s work.

7 Conclusion

A sliding mode controller to control the steering angles of the third axle and forth
axle is proposed for a four-axle vehicle to improve handling and stability. In order
to avoid the adverse-phase steering angle input for the third and fourth axle,
a modified controller is given which is a compromise between the control per-
formance and the tire wear. Then the effectiveness of the modified controller is
verified though double lane test and crosswind disturbance test. The simulation
results show that the modified SMC has robustness to vehicle parameter pertur-
bations and insensitivity to crosswind disturbance. Moreover, it could enhance the

Fig. 11 The sideslip angle

Fig. 12 Steer angle of 3rd
axle and 4th axle

Fig. 13 The steering wheel
angle
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handling performance and stability of all-wheel steering four-axle vehicle com-
pared with traditional DFAS vehicle.
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