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A Sliding Mode Control Scheme for Steering Flexibility and Stability in
All-wheel-steering Multi-axle Vehicles
Tao Xu, Xiangxin Liu, Zheng Li, Bo Feng, Xuewu Ji, and Fuwei Wu* �

Abstract: Multi-axle vehicles that have important roles in transport systems require high load-carrying capacity,
steering performance, and stability. Thanks to the multiple steering characteristics, the dynamic performance of
multi-axle vehicles can be greatly improved, which also brings great challenges for the design of their steering
controller. Therefore, this paper proposes a steering control scheme for an all-wheel-steering multi-axle vehicle with
the goal of optimizing low-speed steering flexibility and high-speed vehicle stability. With the dynamic analyses, the
vehicle’s steady-state gains at different speeds are reshaped, which provide the closed-loop steering control system
with good tracking performance. Correspondingly, a steering controller based on the sliding mode control approach
is designed to control the steering angle of each wheel at different axles. The super-twisting control algorithm is
also combined with a model-based observer to deal with disturbance while eliminating chattering effects of the
control system. Simulation results based on a co-simulation platform verify the efficiency and disturbance rejection
of the proposed control approach.

Keywords: Multi-axle vehicle, sliding mode control (SMC), steering performance, super twisting control (STC).

1. INTRODUCTION

Multi-axle vehicles with large load requirements, such
as all-terrain cranes, military vehicles, articulated heavy
vehicles, and mining trucks, are often designed with in-
wheel motors or independent steering motors to achieve
all-wheel drive [1-3] or multi-axle steering [4]. The multi-
axle steering mode can directly participate in and affect
the vehicle steering process, which is more important than
all-wheel drive in improving the vehicle’s dynamic perfor-
mance. Several studies have investigated steering control
methods for multi-axle vehicles to improve their maneu-
verability.

There are multiple steering modes for multi-axle ve-
hicles with independent steering motors, including front-
or rear-axle steering, all-wheel steering, diagonal steering,
and center steering [5]. Different steering modes have dif-
ferent applications, and all-wheel steering has the broad-
est adaptability. Correspondingly, its controller design is
also complex. Wang et al. [6] proposed a proportional
control strategy based on the zero side slip angle for
a 3-axle-steering vehicle to decrease its steering radius

at low speeds and improve the vehicle stability at high
speeds. Note that the yaw angle is also a key parame-
ter in the design of all-wheel-steering controllers. Thus,
yaw angle was optimized in the design of a steering con-
trol system for a 5-axle vehicle based on model predic-
tive control (MPC) to improve the driver’s steering effi-
ciency and decrease the vehicle’s steering radius in [4].
Moreover, the optimal linear quadratic control algorithm
for articulated heavy vehicles with an active semi-trailer
steering system was discussed in [7] to improve the roll
stability. In [8], a steering controller with two separate
proportional-integral-derivative (PID) methods was pro-
posed for a 6WS/6WD vehicle to improve its cornering
performance. And in [9], the center of rotation or the steer-
ing angles of each wheel was used to design the control
strategies for the steering flexibility of multi-axle wheeled
robot. Although these studies provide valuable references
for the steering control of multi-axle vehicles, how to re-
alize the vehicle steering process like the passenger cars
with good steering performance [10] (i.e., steering flexi-
bility at low speeds and stability at high speeds) remains
a challenging control issue. Furthermore, the complexity
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of vehicle systems and uncertain working environments
makes controller design for multi-axle vehicles rather dif-
ficult. In particular, the disturbance produced by external
excitations or model uncertainty can seriously influence
vehicular yaw stability at high speeds [11]. Therefore, im-
proving system robustness in the process of effective steer-
ing control is another challenge to the design of multi-axle
vehicle steering controllers. Yet, these two problems have
received little investigation.

In consideration of these two problems above, this pa-
per proposes a control scheme based on the sliding mode
control (SMC) method. SMC is a nonlinear control ap-
proach that has gained much attention for its capacity to
deal with disturbance and uncertainty [12-14]. In exist-
ing literatures [15,16], SMC has been widely applied to
the steering control of vehicles to enhance the system’s
robustness. Nevertheless, the traditional SMC strategies
described in the above studies have difficulty in dealing
with the chattering problem of the control system. Sev-
eral methods have been used to solve this problem [17,18].
One effective method is the super-twisting control (STC)
algorithm [19]. STC is a well-known second-order sliding
mode algorithm and has been widely used for system con-
trol [20] and observation [21]. According to the author’s
research, this paper is the first to introduce the SMC and
STC approaches into steering controller design for multi-
axle vehicles to improve their steering performance.

Referring to the steering control strategies of passenger
cars [10,22,23], this paper proposes an optimized steering
control scheme for multi-axle vehicles based on the SMC
and STC strategies. The main contributions are as follows:
1) The vehicle’s steady-state gains at different speeds are
reshaped via dynamic analyses to provide good tracking
performance for the closed-loop steering control system
of a multi-axle vehicle. 2) A steering controller based on
the SMC and STC approaches combined with a model-
based observer is proposed to control the steering angle of
each wheel at different axles to achieve the desired steer-
ing performance and deal with disturbances while mitigat-
ing the chattering effect of the control system. Finally, a
co-simulation platform is implemented to verify the effec-
tiveness and robustness of the proposed control strategies.

The remainder of this paper is organized as follows:
Section 2 presents the dynamic model and analyzes the
steady-state characteristics for the multi-axle vehicle. In
Section 3, a steering controller and disturbance observer
are proposed. Section 4 presents the results of simulations
of the vehicle under different driving conditions. Con-
clusions and future research prospects are summarized in
Section 5.

2. VEHICLE DYNAMIC MODEL

This paper considers a 6-axle vehicle with all-wheel
steering to make dynamic analyses and build a dynamic

model. In this 6-axle vehicle, the front two axles have a
mechanically linked steering system. The steering angle
of the two wheels at the second axle is determined by that
of the wheels at the first axle, which are all controlled by
a driver via the steering wheel. The other wheels at the
3rd, 4th, 5th and 6th axles are steered independently by
steering motors.

2.1. Dynamic model design
Traditionally, the Ackermann steering approach is of-

ten used as the steering theory to reduce tire wear and im-
prove steering control performance. Under the guidance of
the Ackermann steering theory, the steering angle of each
wheel follows a proportional relationship.

Combined with the above description, a simplified lin-
ear dynamic model of this 6-axle vehicle was designed for
the steering analyses, as shown in Fig. 1. In this model, O
is the mass center; O-x is the x-coordinate along the lon-
gitudinal direction of the vehicle; O-y is the y-coordinate
along the lateral direction of the vehicle; OR is the steering
center of the vehicle; u is the longitudinal velocity while
v is the lateral velocity of the vehicle; ω is the yaw rate
of the vehicle around the mass center O; β is the side slip
angle of the vehicle; lio is the longitudinal distance from
each axle to the mass center O; i represents the ith axle;
lRo represents the deflection of steering center that is the
longitudinal distance from mass center O to the steering
center OR of the vehicle; lRo is defined as negative in the
left side of mass center O and as positive to the right; δi

and αi are the steering angle and the slid angle of each
wheel at ith axle, respectively.

In this linear dynamic model, the longitudinal velocity
of the vehicle is assumed as constant and the lateral tire
force of each wheel is considered to be proportional to its
sliding angle. Thus, the linear dynamic model of this 6-
axle vehicle can be obtained by

m(v̇+uω) =
6

∑
i=1

ki

(
δi−β − lioω

u

)
,

Izω̇ =
6

∑
i=1

lioki

(
δi−β − lioω

u

)
,

(1)

Fig. 1. Schematic of the linear dynamic model of the 6-
axle vehicle.
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where m is the vehicle mass; ki is the cornering stiffness
of the tire at the ith axle; Iz is the moment of inertia of the
vehicle.

In this 6-axle vehicle, the Ackermann steering theory
determines the relationships between each wheel at differ-
ent axles. Taking the steering angle of each wheel at the
first axle as the reference, the steering angles of the wheels
on the other axles can be expressed as

δi

δ1
=

lio− lRo

l1o− lRo
= εi, (i = 2, ..., 6), (2)

where εi is the proportionality coefficient. Note that the
deflection of steering center lRo is a particular parame-
ter, which can be used to prove the steering process of
the multi-axle vehicle following the Ackermann steering
theory.

Define x1 = β , x2 = ω , and x = [x1, x2]. The linear dy-
namic model of (1) with consideration of disturbance can
be rewritten as

ẋ = Ax+Bδ1 +Ed, (3)

where

A =

[
a11 a12

a21 a22

]
=

[
−∑

6
i=1 ki
mu −∑

6
i=1 kilio
mu2 −1

−∑
6
i=1 lioki

Iz
−∑

6
i=1 l2

ioki
uIz

]
,

B =

[
b1

b2

]
=

[
b11 +

∑
6
i=2 b1ilio−∑

6
i=2 b1ilRo

l1o−lRo

b21 +
∑

6
i=2 b2ilio−∑

6
i=2 b2ilRo

l1o−lRo

]
,

and b1i = ki/mu, b2i = kilio/Iz, E = diag[1, 1], and d = [d1,
d2]

T , where d1 and d2 represent the lumped disturbance.

2.2. Steady-state steering analysis
Taking the Laplace transform of the linear dynamic

model of the vehicle, (3) can be rewritten as
Gω(s) =

ω(s)
δ1(s)

=
a21b1−a11b2 +b2s

(s−a11)(s−a22)−a12a21
,

Gβ (s) =
β (s)
δ1(s)

=
−a22b1 +a12b2 +b1s

(s−a22)(s−a11)−a12a21
,

(4)

where Gω(s) and Gβ (s) are the transfer functions. Taking
s= 0, the steady-state gains in yaw rate and side-slip angle
are 

Gω(0) =
a21b1−a11b2

a11a22−a12a21
,

Gβ (0) =
a12b2−a22b1

a11a22−a12a21
.

(5)

For the multi-axle vehicle, it is necessary to improve
both flexibility at low speeds and vehicle stability at high
speeds. Thus, the desired steady-state gains matter greatly,
and can be determined by considering the vehicle’s longi-
tudinal speeds. Referring to conventional passenger cars

[10,22,23], the value of these two referenced parameters
can be modified asGωr =

u
lr (1+ kusu2)

,

Gβ r = 0,
(6)

where Gωr and Gβ r are referenced steady-state gains of
yaw rate and side slip angle of the multi-axle vehicle, re-
spectively; lr is the equivalent wheelbase, and lr = l1o +
l6o; kus is the stability factor, and it is a positive constant.

It can be noted that, in accordance with the definition of
(6), the referenced steady-state gain in yaw rate changes
according to the vehicle speed. There is a large difference
from the fixed value of this gain shown in (5). Thus, the
performance index term (Gω−Gωr) represents a measure-
ment of the vehicle’s steerability. In order to make the state
of the vehicle steering process tracks the referenced vehi-
cle state, the proportional relationships of the wheel steer-
ing angles between the first and other five axles should
not be fixed at any vehicle speed. This means that the pa-
rameter lRo should change according to the vehicle speed,
which can be expressed by

lRod_ω =


a21

6

∑
i=2

b1ilio−a11

6

∑
i=2

b2ilio

−
[
(a11a22−a12a21)Gωr

−a21b11 +a11b21

]
l1o



−a11

6

∑
i=2

b2i +a21

6

∑
i=2

b1i

−
[
(a11a22−a12a21)Gωr

−a21b11 +a11b21

]


,

lRod_β =

(a12b21−a22b11)l1o

+a12

6

∑
i=2

b2ilio−a22

6

∑
i=2

b1ilio


a12b21−a22b11

−a22

6

∑
i=2

b1i +a12

6

∑
i=2

b2i


,

(7)

where l_Rod_ω and lRod_β are desired deflection of steer-
ing center determined by referenced steady-state gains of
yaw rate and side slip angle, respectively.

Based on the above analyses, the desired deflection of
the steering center lRod can be calculated with the combi-
nation of two parameters lRod_ω and lRod_β , which can be
expressed by

lRod = alRod_ω +blRod_β , (8)

where a and b are weight coefficients, and a+b = 1.
Remark 1: By combining (5) and (8), the steady-state

gains in yaw rate and side-slip angle are reshaped. They
can be used to calculate the desired steering state of the
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(a)

(b)

Fig. 2. Steady-state gains of the multi-axle vehicle: (a)
Steady-state gain in yaw rate; (b) Steady-state gain
in side-slip angle.

steering controller, which is designed in the following sec-
tion.

Note that different weight coefficients determine the
different desired deflection of the steering center. Accord-
ingly, the desired steady-state gains in yaw rate (Gωd) and
side-slip angle (Gβd) will be different, as shown in Fig. 2.

For multi-axle vehicles, low, medium, and high speeds
are typically defined as 0-30 km/h, 30-60 km/h, and > 60
km/h, respectively [4]. For the convenience of controller
design, we defined low speeds as being <40 km/h and
high speeds as >40 km/h in this paper. Correspondingly,
in consideration of the trade-off between low-speed steer-
ing flexibility and high-speed vehicle stability, we chose
weight coefficients of a = 1.4 and b = 8.6 to reshape
the steady-state gains in yaw rate and side-slip angle, as
shown by the green dotted line in Fig. 2.

It can be obtained from Fig. 2, the steady-state gain in
yaw rate is significantly improved at low speeds while it
is greatly reduced at high speeds. For steady-state gain in
side-slip angle, it is greatly improved over the whole speed
range. In conclusion, these steady-state gains can satisfy

the trade-off between low-speed steering flexibility and
high-speed stability for multi-axle vehicle, which can be
applied to the tracking performance of the controller de-
sign.

3. STEERING CONTROLLER DESIGN

3.1. Problem description

The objective of the steering controller designed in this
paper is to improve the vehicle’s steering performance,
such as steering flexibility at low speeds, stability at high
speeds, and disturbance rejection during the steering pro-
cess. The main problems in the controller design are as
follows:

1) Due to the fixed ratio of the steering angles of the
wheels at the first and second axles, the desired steer-
ing states at different speeds cannot be achieved,
which seriously influences the vehicle steering pro-
cess. Therefore, it is necessary to design a steering
controller that can adjust unreasonable steering pro-
cesses by controlling the steering angles at the rear
four axles.

2) Considering the influence of disturbance on vehi-
cle steering performance, a disturbance observer and
compensation controller should be incorporated into
the steering controller to improve the robustness of
the control system.

With the analyses of steady-state gains in Section 2, the
vehicle steering performance can be improved greatly. We
simply need to control the real vehicle steering states ωa

and βa to track the desired values ωd and βd , which can be
calculated with the combination of the vehicle dynamic
model (3) and the desired deflection of the steering cen-
ter described by (8). A flowchart of the complete control
strategy is shown in Fig. 3. In this figure, θ is the steering
wheel angle, and iθ is the proportionality coefficient be-
tween the steering wheel angle and the steering angle of
the wheels at the first axle.

Fig. 3. Flowchart of the steering control system.



1930 Tao Xu, Xiangxin Liu, Zheng Li, Bo Feng, Xuewu Ji, and Fuwei Wu

3.2. Disturbance observer design
As shown in (3), the lumped disturbance has been con-

sidered in the vehicle dynamic model. This lumped distur-
bance represents ‘mismatched’ disturbances or uncertain-
ties. These are generalized concepts of disturbance that
mainly included parameters uncertainties and external dis-
turbance caused by the road or environment. To deal with
such disturbance, the following assumptions are required.

Assumption 1: The lumped disturbance d and its time
derivative are bounded.

Assumption 2: The lumped disturbance d and its time
derivative have constant values ds in the steady state.

Assumption 3: (A,B) is controllable.
With the assumption above, the lumped disturbance can

be estimated by the following theorem.
Theorem 1 [24]: With the description of the dynamic

system (3), the disturbance observer can be designed as{
ṗ =−LE (p+Lxa)−L(Axa +Buin) ,

d̂ = p+Lxa,
(9)

where p is an instrumental vector; d̂ is the estimated dis-
turbance; L is the observer gain matrix; uin represents the
input matrix of the steering angle of each wheel; Xa is ac-
tual vehicle state, i.e., xa = [xa1, xa2]

T , xa1 = βa, xa2 = ωa.
Combined with the vehicle dynamic model (3), the actual
vehicle dynamic model can be expressed by

xa = Axa +Bauin +Ed, (10)

where

uin =
[
δ1 δ2 δa3 δa4 δa5 δa6

]
,

Ba =

[
b11 b12 b13 b14 b15 b16

b21 b22 b23 b24 b25 b26

]
,

where δai (i = 3, ..., 6) are actual inputs of steering angle
of wheels at rear four axles.

Proof: Defining the error between the real and esti-
mated disturbances

ed = d̂−d (11)

Combining (9) and (10), the time derivative of error in
(11) can be expressed by

ėd =
˙̂d− ḋ

=−LE(p+Lxa)−L(Axa +Buin)+Lẋa− ḋ

=−LE(p+Lxa)+LEd− ḋ

=−ḋ−LE(d̂−d). (12)

Combined with Assumption 2, (12) can be rewritten as

ėd =−LEed . (13)

This equation implies that the error ed equals 0 in a fi-
nite time. It can also be verified that the estimated distur-
bance can track the disturbances asymptotically. The proof
is completed. �

3.3. Steering controller design
The steering controller is designed to calculate the ap-

propriate steering angles of the wheels at the rear four
axles to make the vehicle track the desired state and com-
pensate for disturbance. Namely, it is necessary to appro-
priately adjust the steering angles of the wheels at the rear
four axles under the control of the driver. Therefore, the
actual steering inputs can be given as

δai = εiδ1 +∆δai, (14)

where ∆δai are additional angles input used to control the
steering process and realize the disturbance rejection for
the multi-axle vehicle.

Define the desired vehicle steering state as x1d = βd ,
x2d = ωd , and xd = x1d , x2d ] = Axd +Bδ1. The error be-
tween the vehicle’s actual and desired state values is de-
fined as

e = xa− xd . (15)

Thus, the time derivative of the vehicle state error can
be expressed by

ė = Ae+Bauin−Bδ1 +Ed. (16)

Combining systems (3) and (10), the error model of (16)
can be rewritten as

ė = Ae+B†u† +Ed̂ +Ed̃, (17)

where d̃ is the observation error of disturbance, i.e., d =
d̃ + d̂, u† is equivalent additional inputs,

B† =

[
b†

1
b†

2

]
=

[
∑

6
i=3 b1iεi

∑
6
i=3 b2iεi

]
.

Combined with the analyses in Section 1, the SMC ap-
proach is used in this section. With consideration of dis-
turbance, a combination of two controllers is designed as

u† = u†
0 +u†

s , (18)

where u†
0 is nominal controller proposed to yield the de-

sired performance when the system is free from distur-
bance; u†

s is additional controller that is used to deal with
the influence of disturbance.

The integral sliding surface is chosen to design the SMC
controller, which is shown as

s = Ge

(
e+ ke

∫ t

0
edt
)
, (19)

where Ge ∈ R1×2 is a weight matrix, such that GeB† =
I1×1. ke ∈R4×4 is an appropriately chosen diagonal matrix
with positive diagonal elements. The time derivative of s
can be given by

ṡ = ṡ1 + ṡ2



A Sliding Mode Control Scheme for Steering Flexibility and Stability in All-wheel-steering Multi-axle Vehicles 1931

=
[
Ge (A+ ke)e+u†

0 +GeEd̂
]

︸ ︷︷ ︸
ṡ1

+
[
u†

s +GeEd̃
]︸ ︷︷ ︸

ṡ2

.

(20)

To make the system trajectory reach the sliding surface,
the equivalent controller u†

0 can be defined as (21) by mak-
ing s1 = 0, which provides a solution to the problem with-
out considering disturbance.

u†
0 =−Ge(A+ ke)e−GeEd̂. (21)

Thus, (20) can be further rewritten as

ṡ = ṡ2 = u†
s + ς , (22)

where ς = GeEd̃. In the proposed controller design, the
nominal controller ignores the influence of disturbance,
which is handled by the additional SMC controller. How-
ever, due to the discontinuous nature of the traditional
SMC approach, system chattering cannot be avoided [12,
13,19]. Also, discontinuous control input can cause oscil-
lations and actuator abrasions. To remove the chattering
effect of the control system, an adaptive STC approach is
proposed to address lumped disturbance, which is shown
as Theorem 2 below.

Theorem 2 [12,19,25]: Assuming that the time deriva-
tive of error disturbance ς in this system is bounded by
a constant de, i.e., |ς̇ | < de, the system’s additional con-
troller us can be expressed as{

us =−h1|s2|1/2sign(s2)+ν ,

ν̇ =−h2sign(s2),
(23)

where the gains of h1 and h2 can be properly chosen as
h1 = hc1

√
χ = κ

√
2γ

(1− τ)α

√
χ,

h2 = hc2χ =
1+ τ

1− τ
χ,

(24)

where χ = kχ , hc1 and hc2 are two appropriately chosen
constants. τ and γ are positive constants, i.e., 0 < τ < 1
and γ > 1; κ and α are positive constants that satisfy the
inequality

κ− 2
γ

α > α
2− τ (1+κ)α +

(1+κ)2

4
. (25)

With the reasonable selection of adaptive gains, s and
ṡ2 can be converged to 0 asymptotically.

Proof: Substituting the additional controller of (23) into
(22), one can obtain{

ṡ2 =−h1|s2|
1
2 sign(s2)+ψ,

ψ̇ =−h2sign(s2)+ ς̇ ,
(26)

where ψ = ν + ς . A new state vector is designed for the
Lyapunov analysis

ξ =

[
ξ1

ξ2

]
=

[
χ

1
2 |s2|

1
2 sign(s2)
ψ

]
. (27)

The time derivative of this new vector ξ can be written
as

ξ̇ =
χ

2 |ξ1|

[
−hc1 1
−2hc2 0

]
ξ +

[
0
ς̇

]
+

[
χ̇

2χ
ξ1

0

]
. (28)

With the definition of the new vector Λ = [−hc1, 1;
−2hc2, 0], (28) can be rewritten as

ξ̇ =
χ

2 |ξ1|
Λξ +

[
0
ς̇

]
+

[
χ̇

2χ
ξ1

0

]
. (29)

It is easy to verify that Λ is a Hurwitz matrix. Therefore,
the Lyapunov function for the proof of the system can be
expressed as

V = ξ
T Pξ , (30)

where P is a constant, symmetric, and positive definite ma-
trix, which can be expressed as

P =
1
2

[
4hc2 +h2

c1 −hc1

−hc1 2

]
. (31)

Furthermore, the time derivative of V is given

V̇ =
1

2|ξ1|
ξ

T (ΛT P+PΛ)ξ +q1ς̇ ξ +
χ̇

2χ
ξ1q2ξ , (32)

where q1 = [−hc1, 2], q2 = [4hc2 + h2
c1, −hc1]. It is can

be known that since Λ is a Hurwitz matrix, there exists a
positive definite matrix Q, such that ΛT P+PΛ =−Q and
λmin(P)‖ξ‖2 ≤ V ≤ λmax(P)‖ξ‖2. Therefore, (32) can be
rewritten as

V̇ ≤−χ

2
λmin(Q)

λ
1
2

max(P)
V

1
2 +

de ‖q1‖

λ
1
2

min(P)
V

1
2 +

χ̇

2χ
ξ

T
∆Qξ ,

(33)

where

∆Q =

[
4hc2 +h2

c1 +
hc1
2 0

0 hc1
2

]
. (34)

Correspondingly, (33) can be presented as

V̇ ≤−

(
χ

2
λmin(Q)

λ
1
2

max(P)
− de ‖q1‖

λ
1
2

min(P)

)
V

1
2

+
χ̇

2χ

λmax (∆Q)

λmin(P)
V. (35)
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For simplicity, three constants are defined as

ϖ1 =
λmin(Q)

2λ
1
2

max(P)
, ϖ2 =

de ‖q1‖

λ
1
2

min(P)
, ϖ3 =

λmax (∆Q)

2λmin(P)
.

(36)

Note that ϖ1, ϖ2, and ϖ3 are positive constants. Equa-
tion (35) can be further rewritten as

V̇ ≤−(ϖ1χ−ϖ2)V
1
2 +ϖ3

χ̇

χ
V. (37)

Furthermore, the second time derivative of V can be cal-
culated as

V̈ ≤−χ̇V
1
2 −ϖ3

χ̇

χ2 V︸ ︷︷ ︸
V2−1

− (ϖ1χ−ϖ2)V̇

2V
1
2︸ ︷︷ ︸

V2−2

+ϖ3
χ̇

χ
V̇︸ ︷︷ ︸

V2−3

.

(38)

There are three parts in (38), V2−1, V2−2, and V2−3. It’s
easy to see that V2−1 < 0. The size of V̈ dependent on the
last two parts V2−2, and V2−3. Correspondingly, the anal-
yses can be concluded to two cases according to the time
derivative of V .

1) If V̇ < 0, Theorem 2 can be proved directly.
2) If V̇ > 0, it can be concluded that the positive term

V2−3 will decreases as time goes on. And the term V2−2

will become negative from some time instant t = t1, which
will dominate the positive term V2−3, since χ is a nonde-
creasing monotonic function with χ̇ ≥ 0. Therefore, we
can conclude that after the time t = t1, V̈ < 0. Therefore,
that is to say V is not increasing faster than a time linear
function during time t ∈ [0, t1], which can be formulated
as

V ≤ kV 1t + kV 2, (39)

where kV 1 and kV 2 are some positive constants. Then, sub-
stituting (39) into (37), we can get

V̇ ≤−(ϖ1χ−ϖ2)V
1
2 +ϖ3χ̇

kV 1t + kV 2

kχt +χ(0)

≤−(ϖ1χ−ϖ2)V
1
2︸ ︷︷ ︸

V1−1

+ϖ3χ̇
max{kV 1,kV 2}
min{kχ ,χ(0)}︸ ︷︷ ︸

V1−2

, (40)

where χ(0) is the initial value of χ . Therefore, it can be
concluded that after some time t > t1, the first term of (40)
that is denoted as V1−1 will dominate the second term V1−2.
Correspondingly, the time derivative of V can be repre-
sented as

V̇ ≤−kvθ (ϖ1χ−ϖ2)V
1
2 , (41)

where kvθ is equivalent coefficient, i.e., kvθ ∈ (0, 1). ϖ1χ−
ϖ2 has be proved > 0 in finite time. Therefore, s and ṡ will
be converged to zero in finite time. Theorem 2 is proven.�

Fig. 4. The block diagram of co-simulation platform.

4. CASE STUDY

A 6-axle vehicle was constructed in ADAMS/View,
the proposed steering controller was developed in MAT-
LAB/Simulink, and a co-simulation platform based on
these two programs was built to verify the analyses and
proposed control strategies. ADAMS/View is a profes-
sional simulation software package for automatic dynamic
analysis of mechanical systems with partial models ob-
tained from real road tests [1,26]. This software uses the
Lagrange equation method to establish the system dynam-
ics equation and carry out static, kinematic, and dynamic
analyses for multi-body systems. Therefore, it is very suit-
able for building a simulation model of a multi-axle vehi-
cle with high fidelity and reliability.

In this co-simulation platform, the vehicle model, tire
model, and road were built in ADAMS while MAT-
LAB/Simulink was implemented to control the vehicle
body and translate the signal between these two software.
Its diagram is shown in Fig. 4. In this virtual prototype,
Td is drive torque, which is controlled by speed controller
(PID) and used to control the real vehicle speed (uA) with
comparison of the desired value (u). Similarly, the steer-
ing torque Tsi (i = 1, ..., 6 are different axles) controlled
by the steering angle controller (PID) are used to con-
trol the steering angle (δAi) of each wheel of 6-axle ve-
hicle in ADAMS/View. Moreover, a driver model with
single-point preview control mode was implemented to
control the vehicle to steer with the reference of set path
in ADAMS/View [27].

Three driving conditions were implemented to test the
steering controller designed in this paper: double-lane
changes under 1) low- and 2) high- speed conditions,
and 3) straight driving with disturbance. Table 1 presents
the vehicle structural parameters used in the simulation.
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Table 1. Vehicle structural parameters used in the simula-
tion.

Parameters Values Units
m 72000 kg
Iz 810000 kg·m2

l1o 4.5 m
l2o 2.3 m
l3o 1.915 m
l4o 3.565 m
l5o 5.215 m
l6o 8.045 m

ki (i = 1, ..., 6) 120000 N/rad
ε2 0.712 -
iθ 0.031 -

Moreover, in order to verify the effectiveness of proposed
control strategy with STC and SMC (denoted as STC-
SMC), the control method with traditional SMC (denoted
as TSMC) and with linear quadratic regulator (denoted as
LQR) were carried out to design the steering controller
and compare to the controller with STC-SMC. TSMC is
the common method to eliminate the chattering effects of
SMC by designing the reaching law (ṡ2) with saturation
function and boundary layer, as shown in (42). But its con-
trol accuracy can be affected while pursuing the smooth-
ness of control inputs, which will be introduced in the case
studies as follows:

ṡ2 =

− εsgn(s2), |s2|> ∆,

− s2

∆
, |s2| ≤ ∆,

(42)

where ε is the coefficient of saturation, ∆ is the boundary
layer thickness.

4.1. Double-lane change at low-speed
In this simulation, the vehicle run on a concrete road

at a low longitudinal speed (u = 30 km/h). Double-lane
changes occurred at longitudinal distances of 50 m and
250 m, respectively. The lane width was 5 m and the driv-
ing distance was 400 m, as shown in Fig. 5.

Fig. 5. Lane width for the double-lane change scenario.

Fig. 6. Simulation results of the steering angles of wheels
at different axles under the low-speed condition.

The simulation results of yaw rate and side-slip angle
are shown in Fig. 6. In this figure, the simulation results
without steering control are denoted as ‘Without control’,
while the simulation results under STC-SMC, TSMC, and
LQR control methods are denoted as ‘With control (STC-
SMC)’, ‘With control (TSMC)’, ‘With control (LQR)’,
respectively. As for the ‘Without control’, the rear four
axles of the vehicle steer under the guidance of the Acker-
mann steering theory and the control law is calculated by
the fixed relationship between the first and second axles.
From the results, one can observe that the side-slip angle
during steering process with control (STC-SMC, TSMC,
or LQR) is significantly lower than that without control.
However, the yaw rate increases slightly throughout the
steering process. For a comprehensive analysis, these sim-
ulation results also need to be combined with the wheel
steering angles at different axles (as shown in Fig. 7). In
Fig. 7, the simulation results shown as solid lines corre-
spond to the ‘Without control’ condition in Fig. 6, while
the dashed lines represent the results ‘With control (STC-
SMC)’. By combining Figs. 6 and 7, two conclusions can
be obtained: 1) By controlling the steering angles of each
wheel at rear four axles, the yaw rate of the vehicle can
be increased on the premise of reducing the steering angle
of the wheels at the first axle, so as to reduce the driver’s
steering load and improve steering flexibility. 2) When the
wheels at the rear four axles participate in the steering
process with control, the vehicle’s lateral dynamic per-
formance can be significantly improved, which effectively
improves the tracking accuracy of the steering process, as
shown in Fig. 8.

Figs. 6 and 8 also shows that the steering controller
with STC-SMC, TSMC, or LQR can all make the vehicle
steer with better performance at low longitudinal speed.
But the steering controller with LQR control method lacks
of compensation for the disturbance, and the steering con-
troller with TSMC cannot guarantee both the control accu-
racy and reducing the chattering effect, which lead to the
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Fig. 7. Simulation results of vehicle lateral tracking error
under the low-speed condition.

(a)

(b)

Fig. 8. Simulation results of vehicle states in the double-
lane change under the low-speed condition: (a)
Side-slip angle; (b) Yaw rate.

unreasonable steering process with higher yaw rate and
side-slip angle than the control process with STC-SMC.
However, the steering controller with STC-SMC have cer-

tain advantage in aspect of dealing with disturbance and
eliminating chattering effects, so that the vehicle shows
better steering and tracking performance than TSMC and
LQR.

Moreover, in order to further evaluate the steering flex-
ibility of the vehicle at low-speed, the steering effort is
introduced in this paper, which is defined as shown in the
following:

Se =
∫ t

0

∣∣θ̇ ∣∣dt, (43)

where t is the simulation time. Analyzing the steering ef-
fort of this 6-axle vehicle at low-speed, the value of Se
with control and without control are 75.21 deg and 89.32
deg, respectively. These analyses further verify the effec-
tiveness of the proposed control method in improving the
steering flexibility of multi-axle vehicles.

In conclusion, the superior performance described
above demonstrates that the steering flexibility and track-
ing performance of the multi-axle vehicle is greatly im-
proved with STC-SMC control method under low-speed
conditions, which is of great benefit to the vehicle’s han-
dling and ride comfort.

4.2. Double-lane change at high speed
The second simulation verifies the multi-axle vehicle’s

steering performance under high-speed condition (u= 100
km/h). The double-lane changes occurred at longitudinal
distances of 50 m and 250 m, respectively. The lane width
was 5 m and the driving distance was 500 m.

The simulation results of side-slip angle and yaw rate
are shown in Fig. 9. Compared with the steering control
objective at low-speed (u = 30 km/h), the control objec-
tive at high speed is to improve vehicle stability. Fig. 9
clearly shows that the smoother steering process (as evi-
dent from the simulation results of side-slip angle and yaw
rate) provides better steering performance at high speeds
with control (STC-SMC, TSMC, or LQR) than without
control. Particularly, the overshoots in yaw rate during
steering remain at a very low level, which further illus-
trates the necessity of the controller design. The simula-
tion results of the steering angles of each wheel at differ-
ent axles are shown in Fig. 10. By combining Figs. 9 and
10, it can be seen that the driver requires larger steering
wheel angle inputs to steer the vehicle in the with control
condition. That is also consistent with actual operation re-
quirements, where the operation of the vehicle cannot be
too flexible if the driver is to ensure the stability and safety
of the vehicle.

Furthermore, the vehicle steering performance with dif-
ferent control methods was compared and analyzed in
Figs. 9 and 11. From these simulation results, three con-
clusions can be obtained: 1) the STC-SMC control method
can guarantee both the control accuracy and smoothness
of vehicle states with the comparison of the TSMC and
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(a)

(b)

Fig. 9. Simulation results of vehicle states in the double-
lane change at high-speed: (a) Side-slip angle; (b)
Yaw rate.

Fig. 10. Simulation results of the steering angles of wheels
at different axles under the low-speed condition.

LQR control methods; 2) the maximum lateral error in
high-speed steering process with STC-SMC, TSMC and
LQR control methods are 0.142 m, 0.158 m, and 0.178
m, respectively, which show a better tracking performance
under the proposed control method in this paper; 3) with

Fig. 11. Simulation results of vehicle lateral tracking error
under the high-speed condition.

better vehicle state control (yaw rate and side-slip angle),
the vehicle stability can be improved effectively.

In conclusion, the better vehicle states and tracking per-
formance of multi-axle vehicle at high-speed condition
shown from these figures demonstrate that the vehicle sta-
bility is greatly improved with control. And the proposed
STC-SMC control method shows more excellent perfor-
mance than TSMC and LQR.

4.3. Straight-line driving with disturbance

In order to verify the disturbance rejection of the con-
trol system, we made the vehicle run in a straight line
at high speed (u = 100 km/h) and imposed a torque (as
disturbance) at the mass center at the longitudinal dis-
tance of 50 m. The input disturbance was set as d =
27.8sin(πt−0.5π) kN·m, as shown in Fig. 12.

The simulation results of side-slip angle, yaw rate, and
lateral error with different control methods were shown in
Fig. 13. From this figure, one can observe that the STC-
SMC and LQR control methods can both reduce the influ-
ence of disturbance on the vehicle steering process, mani-
fested in the decrease of the oscillation amplitude and pe-

Fig. 12. The referred trajectory and disturbance input.
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(a)

(b)

(c)

Fig. 13. Simulation results of the vehicle states and track-
ing error during straight-line driving with a distur-
bance at 50 m: (a) Side-slip angle; (b) Yaw rate;
(c) Lateral error.

riod of the vehicle state. With the comparation of the sim-
ulation results without control, the maximum tracking er-
rors of STC-SMC and LQR are reduced by 65% and 18%,
respectively. That thanks to the disturbance observer de-
signed for the disturbance compensation of STC-SMC be-

fore the disturbance influences the vehicle’s motion state,
which can be illustrated more clearly by the tracking error
in Fig. 13(c).

Based on the overall simulation results, it can be con-
cluded that the proposed steering control scheme can
improve the vehicle’s steering flexibility and reduce the
driver’s steering load at low speeds, while vehicle stability
is improved greatly at high speeds. At the same time, the
control system provides the multi-axle vehicle with more
robust performance, which further ensures its stability.

5. CONCLUSIONS

This paper investigated an optimized steering controller
for a 6-axle vehicle with all-wheel steering. The vehicle
steering state is adjusted by controlling the steering angle
of each wheel at the rear four axles to achieve low-speed
steering flexibility and high-speed vehicle stability. With
the dynamic analyses, the vehicle’s steady-state gains at
different speeds are reshaped, which provides the closed-
loop steering control system with good tracking perfor-
mance. An SMC strategy is adopted to achieve the steer-
ing control, while an adaptive STC algorithm and model-
based observer are proposed to cope with the disturbance
and remove the chattering effect of the control system.
A high-fidelity co-simulation model was implemented to
verify the efficiency of the controller. The results show
that the proposed control strategy can improve vehicular
steering performance and has distinct advantages in terms
of disturbance rejection.

Though the simulation results were acquired via a co-
simulation model, the proposed method still requires real-
world testing, which will be done in future work.
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