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A B S T R A C T

This paper proposes a novel adaptive hierarchical control approach for Steer-by-Wire (SbW) vehicles to
improve the handling stability. The high-level stability control scheme contains a variable steering ratio (VSR)
strategy based on the adaptive-network-based fuzzy inference system (ANFIS) and an active front steering
(AFS) controller designed with the integral sliding mode method by tracking the expected yaw rate, in
which the desired front wheel angle is generated to enhance the cornering stability performance. Besides, an
adaptive tracking controller (ATC) for the SbW system is designed by using the adaptive sliding mode control
method to achieve desired steering performance in the lower level. The proposed adaptive control strategy is
validated with different driving circles from ISO standards in simulation tests and hardware-in-the-loop (HiL)
experiments. The results demonstrate that the designed control approach improve the vehicle handling stability
significantly, even in some extreme driving conditions.
. Introduction

In recent years, road vehicle automation has become an increasingly
opular research topic in both academia and industry. Advanced driver
ssistance system (ADAS) plays an important role in vehicle intelligence
evelopments, while Steer-by-Wire (SbW) system of the automobile is
ecognized as an important one for ADAS [1]. Due to its high efficiency
nd flexibility in communication and control integration, SbW systems
rovide a necessary hardware condition for the vehicle autonomous
teering.

As the primary aspect of vehicle dynamics and safety, vehicle han-
ling performance is greatly influenced by the steering system. In [2],
himizu et al. found that the larger steering wheel angle would gen-
rate increased driver’s physical workload at low speeds, conversely,
he meticulous steering operation with a relatively small angle would
ncrease the mental workload at high speeds. Some variable gear
atio steering methods based on specific mechanical actuators were
eveloped to improve the vehicle steering stability [3,4], but their
ccuracy and reliability may not be guaranteed in practice due to the
echanical wear. Since the mechanical linkage between the steering

olumn and the actuator is removed in SbW systems, the steering
ontrol with a variable transmission ratio can be realized without
ardware limitations. By using a fuzzy adaptation method, Azzalini

✩ This paper was recommended for publication by Associate Editor Yan Chen.
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et al. [5] presented a variable steering ratio (VSR) approach with the
temporal gradient to determine the ‘danger’ level of driving situations.
Wu et al. [6] proposed a multi-objective evaluation scheme to further
optimize the VSR strategy according to vehicle motion states, but the
steering ratio only can be achieved as discrete values.

Active steering control plays an extremely important role in active
safety systems, which is devoted to improving the vehicle cornering
stability by providing an additional steering angle. In the previous re-
searches, many efforts have been spent on various control approaches.
Falcone et al. [7] proposed a predictive control model based on the
online linearization of a vehicle model to reduce the computational
complexity. The controller with a disturbance observer based on the
SbW system was designed to guarantee the robust yaw stability by Nam
et al. [8]. It is also quite common for researchers to integrate the
steering system with other active systems to achieve better handling
performance [9–12]. These studies all emphasized the coordination
among different sub-systems, but these proposed methods were only
examined by simulations. In contrast, sliding mode control techniques
have been widely applied in engineering practice since it does not
require an accurate mathematical model. Some different sliding mode
structures were designed to improve the vehicle cornering stability
with strong robustness [13–15], in which the driver’s input is adopted
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as the reference to calculate the desired yaw rate. Therefore, vehicle
manipulation characteristics would be fuzzy due to discontinuous front
angle compensations, especially under critical driving conditions.

In order to enable SbW systems to possess similar characteristics
as conventional steering systems, many control strategies have been
developed for the steering actuator to track desired steering inputs ac-
curately. A linear proportional-derivative (PD) controller was presented
for tracking the desired front wheel angle in [16], but the inherent
large overshoot generated by its integral term cannot be avoided.
In [17,18], a steering control model combined with an online adaptive
parameter estimator was proposed. However, these methods cannot
eliminate the effects of disturbances in real driving conditions. Wang
et al. [19,20] utilized a sliding mode controller with good robustness to
reduce the influence of parameter perturbations, but its tracking per-
formance would degenerate significantly with large disturbances. Zhu
et al. [21] developed a composite internal model control approach
to deal with external disturbances, but its tracking precision would
be poor when the nominal model mismatched the SbW system. Some
intelligent tracking controllers were proposed to achieve better perfor-
mance [22–24]. For instance, a radial basis function neural network
was adopted to adaptively learn the uncertainty bound [23], which can
effectively reduce the influence of parametric uncertainties in steering
systems. Nevertheless, these proposed methods were rarely applied in
engineering applications due to their high computational complexities.

In this paper, an adaptive hierarchical control approach is proposed
to improve the cornering stability and tracking performance of the SbW
system. The main contributions are summarized as follows:

(I) A learning-based VSR strategy is proposed to optimize the steer-
ing ratio quantitatively by introducing a compensating coefficient, in
which the steering ratio is adjusted according to the vehicle states in
real time.

(II) An active steering controller using the integral sliding mode
technique is designed to acquire the desired front angle based on time-
varying vehicle states, which can be robust against the existing vehicle
parametric uncertainties.

(III) An adaptive tracking controller (ATC) is designed for the SbW
system to realize the desired front wheel angle obtained from the
upper level, in which an adaptive law using for online estimation of
the switching gain is introduced to avoid the uncertainty bound of
disturbances.

The rest of this paper is organized as follows. In Section 2, the math-
ematical model for the reference vehicle model and the SbW actuator
are established, respectively. In Section 3, a novel hierarchical control
framework consisting of an active steering scheme with a learning-
based variable gear ratio strategy and an adaptive tracking scheme
used for following the steering command automatically is developed.
Section 4 analyzes the simulation and experimental results of the pro-
posed control approach in different operation conditions. Conclusions
and some further work are given in Section 5.

2. System modeling

2.1. Vehicle model

A 2-DOF linear single-track vehicle model, with two degrees of
freedom for yaw and lateral motions, is employed for the active front
steering (AFS) controller design, as shown in Fig. 1. Despite the reduced
complexity, the 2-DOF vehicle model captures primary handling char-
acteristics and thus is widely used in controller design as the reference
model [25]. According to Fig. 1, the lateral and yaw movement in this
model can be described as

𝑚
(

𝑣𝑦 + 𝑣𝑥𝛾𝑟
)

= 𝐹𝑓 + 𝐹𝑟 (1a)

𝐼𝑧𝛾𝑟 = 𝑎𝐹𝑓 + 𝑏𝐹𝑟 (1b)

where 𝑚 is the vehicle mass, 𝐼𝑧 represents the vehicle yaw moment of
inertia, 𝑣 and 𝑣 are the vehicle forward speed and lateral velocity
2

𝑥 𝑦 t
Fig. 1. 2-DOF single track vehicle model.

respectively, 𝑎 and 𝑏 are distances from the center of gravity (c.g.) to
front and rear axles respectively, 𝐹𝑓 and 𝐹𝑟 are lateral tyre forces of
ront and rear wheels, respectively, which can be defined as 𝐹𝑓 = 𝐶𝑓𝛼𝑓 ,
𝐹𝑟 = 𝐶𝑟𝛼𝑟 with the assumption of a small tyre sideslip angle, 𝐶𝑓 and 𝐶𝑟
denote the cornering stiffness of front and rear wheels, respectively, 𝛼𝑓
and 𝛼𝑟 are front and rear wheel sideslip angles that can be represented
respectively as

𝛼𝑓 = 𝛿𝑟 −
𝑣𝑦 + 𝑎𝛾𝑟

𝑣𝑥
(2a)

𝑟 =
𝑣𝑦 − 𝑏𝛾𝑟

𝑣𝑥
(2b)

where 𝛿𝑟 is the desired front wheel steering angle that is comprised of
driver’s input and an additional steering angle introduced by the AFS
controller.

Substituting Eq. (1) into Eq. (2), the equation of the vehicle model
motion can be rewritten in a state-space format as

[

�̇�𝑦
�̇�𝑟

]

=

⎡

⎢

⎢

⎢

⎢

⎣

−
𝐶𝑓 +𝐶𝑟

𝑚𝑣𝑥
−
𝑎𝐶𝑓 −𝑏𝐶𝑟

𝑚𝑣𝑥
−𝑣𝑥

−
𝑎𝐶𝑓 −𝑏𝐶𝑟

𝐼𝑧𝑣𝑥
−
𝑎2𝐶𝑓 +𝑏2𝐶𝑟

𝐼𝑧𝑣𝑥

⎤

⎥

⎥

⎥

⎥

⎦

[

𝑣𝑦
𝛾𝑟

]

+

⎡

⎢

⎢

⎢

⎢

⎣

𝐶𝑓

𝑚
𝑎𝐶𝑓

𝐼𝑧

⎤

⎥

⎥

⎥

⎥

⎦

𝛿𝑟 (3)

2.2. Steering actuator model

The architecture of the steering actuator module is briefly described
in Fig. 2. Compared with traditional steering systems, SbW systems
remove the mechanical linkage between steering columns and steering
actuators. According to previous studies of steering dynamics mod-
eling [19,20], the SbW system can be considered as a rigid body.
Accordingly, the dynamic model of the steering actuator module is
given as below,

𝐽𝑒𝑞𝛿𝑎 + 𝐵𝑒𝑞 �̇�𝑎 + 𝜏𝑒 + 𝜏𝑓 = 𝑖𝑐𝑟 ⋅ 𝜏𝑚 (4a)

𝑒𝑞 = 𝐽𝑓𝑤 + 𝑖2𝑐𝑟𝐽𝑚 (4b)

𝑒𝑞 = 𝐵𝑓𝑤 + 𝑖2𝑐𝑟𝐵𝑚 (4c)

here 𝐽𝑒𝑞 and 𝐵𝑒𝑞 are the equivalent inertia and damping of the
bW system respectively, 𝜏𝑒 is the tyre self-aligning torque, 𝜏𝑓 is the
ystem friction torque, 𝑖𝑐𝑟 denotes the combined steering ratio including
he planetary gear reducer and the rack & pinion gearbox, 𝜏𝑚 is the
utput torque of the steering actuating motor, and 𝛿𝑎, �̇�𝑎, 𝛿𝑎 represent
he angular position, angular velocity and angular acceleration of the
ront wheel, respectively. Besides, 𝐽𝑓𝑤 and 𝐽𝑚 are moments of inertia
f front wheels and the steering motor respectively, while 𝐵𝑓𝑤 and
𝑚 are damping coefficients of front wheels and the steering motor,

espectively.

. Adaptive hierarchical controller design

The task of handling stability control of SbW vehicles is to track
he expected yaw rate and the desired front wheel angle accurately.
onsidering the parametric uncertainties, unpredictable external dis-

urbances and particular transmission features of SbW systems, a novel
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Fig. 2. Architecture of steering actuator.

Fig. 3. Schematic diagram of the designed adaptive hierarchical control approach.

ctive hierarchical control strategy containing two levels is designed
n this section. The corresponding schematic diagram of the proposed
ontrol scheme is described in Fig. 3.

.1. Variable steering ratio design

To improve the steering agility, a relatively small steering ratio is
esired at low driving speeds. In comparison, an increased transmission
atio is required to enhance steering stability and safety at high speeds.
ased on the SbW system, a learning-based VSR strategy is developed
o achieve an ideal variable steering ratio.

Suppose that the steering wheel angle is 𝛿𝑠 and the front wheel angle
rom the driver’s input is 𝛿𝑑 . Therefore, the steering ratio of the SbW
ystem is described as

𝑑𝑠 =
𝛿𝑠
𝛿𝑑

= 𝛽𝑖𝑐𝑟 (5)

where 𝛽 represents the compensating coefficient generated by the
designed VSR strategy.

The yaw rate gain is a critical parameter to reflect the vehicle
handling performance during the steering control. With the definition
of the yaw rate generated by the driver’s input as 𝛾𝑑 , the vehicle yaw
rate gain can be obtained as

𝐺𝛾
𝑠 =

𝛾𝑑
𝛿𝑠

(6)

Based on the ISO standard [26], step steering numerical tests are
conducted with specified vehicle speeds. Fig. 4 demonstrates the char-
acteristics of the yaw rate gain with a fixed steering ratio. It can be
seen that the yaw rate gain 𝐺𝛾

𝑠 reduces nonlinearly with the increased
steering wheel angle, which makes the steering manipulation hard
especially in drastic driving conditions with extensive steering angles.
Therefore, in this study, the transmission ratio compensation is devel-
oped to achieve an invariable yaw rate gain with respect to different
steering wheel angles. Also, it can be observed in Fig. 4 that a relatively
invariable gain appears in the certain steering wheel angle range, which
is selected as the desired yaw rate gain for the specific vehicle speed.
Based on the Eq. (5), the transmission ratio compensating coefficient is
calculated as

𝛽 =
𝛿𝑠 =

𝛿𝑠𝐺
𝛾
𝑑 =

𝐺𝛾
𝑑
𝛾 (7)
3

𝑖𝑐𝑟𝛿𝑑 𝑖𝑐𝑟𝛾𝑑 𝑖𝑐𝑟𝐺𝑠
i

Fig. 4. Yaw rate gain characteristics versus different steering wheel angles for specific
vehicle speeds with a fixed steering ratio.

Fig. 5. Variable steering ratio characteristics versus different steering wheel angles for
specific vehicle speeds.

Table 1
Key parameters of proposed ANFIS.

Parameter Value

Training epochs 1000
Learning rate 0.3
Gradient 1.0e−7
Weights initialization random
Validation error 1.0e−4

where 𝐺𝛾
𝑑 denotes the gain from the yaw rate to the front wheel angle

that is derived from Eq. (3) as

𝐺𝛾
𝑑 =

𝛾𝑑
𝛿𝑑

=
𝑣𝑥∕(𝑎 + 𝑏)

1 + 𝑚
(𝑎 + 𝑏)2

(

𝑏
𝐶𝑓

− 𝑎
𝐶𝑟

)

𝑣2𝑥

(8)

Fig. 5 shows the optimized steering ratio characteristics with differ-
nt steering angles in specified vehicle forward speeds. The relatively
inear vehicle yaw rate based on the compensation of steering ratio
ould improve the handling performance of the SbW vehicle [6].
ssentially, it can be regarded as a complicated nonlinear multiple-
nput single-output (MISO) system. The adaptive-network-based fuzzy
nference system (ANFIS) was proposed by Jang [27] firstly, which
as been widely adopted in advanced control systems. In this study,
n ANFIS is designed to optimize the steering ratio in general driving
ituations. The architecture of the proposed ANFIS with five layers is
llustrated in Fig. 6 and introduced in details as follows,
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𝑠

Fig. 6. Architecture of proposed ANFIS.

Layer I : Fuzzified Layer
The vehicle forward speed 𝑣𝑥 and the steering wheel angle 𝛿𝑠 are

input variables. Every node in the fuzzified layer is assigned a Gaussian
member function with modifiable parameters as below,

𝑂1
𝑘 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝜇𝑉
𝑚
(

𝑣𝑥
)

= exp

{

−

(

𝑥 − 𝑑𝑚
)2

2𝜎2𝑚

}

𝜇𝜃
𝑛
(

𝛿𝑠
)

= exp

{

−

(

𝑥 − 𝑑𝑛
)2

2𝜎2𝑛

}

(9)

where m, n=1∼6, k=max(m+ n) is the number of nodes in the first layer,
{

𝑑𝑚, 𝜎𝑚, 𝑑𝑛, 𝜎𝑛
}

is referred to as premise parameters set.
Layer II : Participation layer

Each node in the participation layer computes the multiplication of
the incoming signals, and therefore, the output of ith node in layer II
is generated as

𝑂2
𝑖 = 𝜇𝑉

𝑚
(

𝑣𝑥
)

⋅ 𝜇𝜃
𝑛
(

𝛿𝑠
)

= 𝑊𝑖 (10)

where 𝑊𝑖 is called the firing strength of the 𝑖th node. Each node
corresponds to an ‘‘if-then’’ rule of Takagi and Sugeno’s (T-S) type.
Layer III : Normalization layer

The ith node in the normalization layer calculates the ratio of the
firing strength to the sum of all rules’ firing strengths,

𝑂3
𝑖 =

𝑊𝑖
𝑊1 +𝑊1 +⋯ +𝑊𝑠

=
𝑊𝑖

∑𝑠
𝑖=1 𝑊𝑖

= 𝑊 𝑖 (11)

Layer IV : Defuzzification layer
Each node in the defuzzification layer is a multiplication of the

normalized firing strength and the corresponding first-order polynomial
𝑓𝑖 assumed as 𝜔𝑖𝑣𝑥 + 𝜇𝑖𝛿𝑠 + 𝑟𝑖. Consequently, the output of 𝑖th node in
this layer is given by

𝑂4
𝑖 = 𝑊 𝑖𝑓𝑖 = 𝑊 𝑖

(

𝜔𝑖𝑣𝑥 + 𝜇𝑖𝛿𝑠 + 𝑟𝑖
)

(12)

where
{

𝜔𝑖, 𝜇𝑖, 𝑟𝑖
}

is referred to as consequent parameters set.
Layer V : Output layer

In the output layer, compensating coefficient 𝛽 is generated as

𝑂5
1 =

𝑠
∑

𝑖=1
𝑂4
𝑖 =

𝑠
∑

𝑖=1
𝑊 𝑖𝑓𝑖 = 𝛽 (13)

In the architecture of ANFIS, precise parameters and consequent
parameters are optimized using a composite algorithm combined by
the least squares estimator (LSE) and the Levenberg–Marquardt (LM)
method. Normally, system parameters of a specific vehicle will not
change significantly in a short period, so we adopt the batch learning
to avoid the high computational complexity during driving. Simulation
results of the VSR shown in Fig. 5 are selected as the training dataset.
Key parameters and the output surface of ANFIS are shown in Table 1
and Fig. 7, respectively.
4

Fig. 7. Fuzzy inference system output surface.

3.2. Active steering controller design

To improve the stability of manipulating steering operation, espe-
cially in some critical driving situations, the AFS controller is designed
by using an integral sliding mode control (ISMC) method.

According to the 2-DOF vehicle model shown in Fig. 1, the expected
yaw rate can be derived under the steady-state cornering condition as
below,

𝛾𝑟 =
𝑣𝑥∕(𝑎 + 𝑏)

1 + 𝑚
(𝑎 + 𝑏)2

(

𝑏
𝐶𝑓

− 𝑎
𝐶𝑟

)

𝑣2𝑥

𝛿𝑟 (14)

Therefore, the tracking error can be defined as

𝑒𝛾 = 𝛾𝑎 − 𝛾𝑟 (15)

Then the sliding variable is defined, and its derivative can be obtained
as

𝑠𝛾 = 𝑒𝛾 + 𝛬∫ 𝑒𝛾𝑑𝑡 (16a)

̇ 𝛾 = �̇�𝛾 + 𝛬𝑒𝛾 (16b)

where 𝛬 is a designed positive constant.
Substituting Eq. (15) into Eq. (16b), the following equation can be

obtained
�̇�𝛾 = �̇�𝛾 + 𝛬𝑒𝛾 = �̇�𝑎 − 𝑝1𝑣𝑦 − 𝑝2𝛾𝑟 − 𝑝3𝛿𝑟 + 𝛬𝑒𝛾

= 𝑝3

(

1
𝑝3

(

�̇�𝑎 + 𝛬𝑒𝛾
)

−
𝑝1
𝑝3

𝑣𝑦 −
𝑝2
𝑝3

𝛾𝑟 − 𝛿𝑟

)

= 𝑝3
⎛

⎜

⎜

⎝

[

1
𝑝3

−
𝑝1
𝑝3

−
𝑝2
𝑝3

]

⎡

⎢

⎢

⎣

�̇�𝑎 + 𝛬𝑒𝛾
𝑣𝑦
𝛾𝑟

⎤

⎥

⎥

⎦

− 𝛿𝑟
⎞

⎟

⎟

⎠

= 𝑝3
(

𝑊 𝑇𝜙 − 𝛿𝑟
)

(17)

where 𝑝1=−
𝑎𝐶𝑓 − 𝑏𝐶𝑟

𝐼𝑧𝑣𝑥
, 𝑝2=−

𝑎2𝐶𝑓 + 𝑏2𝐶𝑟

𝐼𝑧𝑣𝑥
, 𝑝3=

𝑎𝐶𝑓

𝐼𝑧
.

It can be observed from Eq. (17) that the idealized control input
is 𝛿𝑟 = 𝑊 𝑇𝜙. Due to the existing parametric uncertainties, a change-
able vehicle yaw moment of inertia range can be assumed within the
[

𝐼𝑧min, 𝐼𝑧max
]

, thus the nominal value is defined as

𝐼𝑧 =
√

𝐼𝑧min ⋅ 𝐼𝑧max (18a)

Similarly, the nominal values of tyres cornering stiffness can be
defined as

�̂�𝑓 =
√

𝐶𝑓 min ⋅ 𝐶𝑓 max (18b)

�̂�𝑟 =
√

𝐶𝑟min ⋅ 𝐶𝑟max (18c)
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Therefore, the corresponding nominal values of �̂�1, �̂�2, �̂�3 can be
achieved. Meanwhile, these parameters need to satisfy the bounded
conditions as below,

|

|

𝑝1 − �̂�1|| < 𝛥𝑝1 (19a)
|

|

𝑝2 − �̂�2|| < 𝛥𝑝2 (19b)
|

|

𝑝3 − �̂�3|| < 𝛥𝑝3 (19c)

Considering the parameter perturbation exists in the dynamic sys-
em, the desired steering angle is designed as

𝑟 = �̂� 𝑇𝜙 + 𝑘𝑠𝑠𝛾 (20)

here �̂� 𝑇 =
[

1,−�̂�1,−�̂�2
]

∕�̂�3, and 𝑘𝑠 is the gain of the sliding mode
erm. The steering angle compensation by AFS controller can be ob-
ained as

𝛿 = 𝛿𝑟 − 𝛿𝑑 (21)

roof. Choosing the Lyapunov function as

𝐴𝐹𝑆 = 1
2
𝑠2𝛾 (22)

then its derivative is achieved as

�̇�𝐴𝐹𝑆 = 𝑠𝛾 �̇�𝛾 = 𝑝3𝑠𝛾
[

(𝑊 − �̂� )𝑇𝜙 − 𝑘𝑠𝑠𝛾
]

= 𝑝3
[

−𝑘𝑠𝑠2𝛾 + 𝑠𝛾�̃�
𝑇𝜙

]

(23a)

where �̃� 𝑇 is the estimation error matrix.
All the parameters are bounded according to the previous analysis

and therefore �̃� 𝑇𝜙 is bounded. Assuming that �̃� 𝑇𝜙 ≤ 𝛥𝑊 , then

�̇�𝐴𝐹𝑆 ≤ 𝑝3
[

−𝑘𝑠𝑠2𝛾 +
1
2

(

𝑠2𝛾 + 𝛥2
𝑊

)]

= −𝑝3
[(

2𝑘𝑠 − 1
)

𝑉𝐴𝐹𝑆
]

+ 1
2
𝛥2
𝑊

(23b)

he solution to the inequality (23b) can be given as

𝑉𝐴𝐹𝑆 ≤𝑒−𝑝3(2𝑘𝑠−1)(𝑡−𝑡0)𝑉𝐴𝐹𝑆
(

𝑡0
)

+
𝑝3𝛥2

𝑊
2 ∫

𝑡0

𝑡
𝑒−𝑝3(2𝑘𝑠−1)(𝑡−𝑡0)𝑑𝜏

=𝑒−𝑝3(2𝑘𝑠−1)(𝑡−𝑡0)𝑉𝐴𝐹𝑆
(

𝑡0
)

+
𝛥2
𝑊

4𝑘𝑠 − 2

(

1 − 𝑒−𝑝3(2𝑘𝑠−1)(𝑡−𝑡0)
)

(24)

With the selection of 𝑘𝑠 > 1∕2, it can be seen from inequality (24) that

lim
𝑡→∞

𝑉𝐴𝐹𝑆 (𝑡) ≤
𝛥2
𝑊

4𝑘𝑠 − 2
(25)

t is concluded that 𝑉𝐴𝐹𝑆 (𝑡) would converge to 𝛥2𝑊
4𝑘𝑠−2

in finite time.
Therefore, �̇�𝐴𝐹𝑆 ≤ 0 is always satisfied with an appropriate chosen of
feedback gain 𝑘𝑠 [28].

Remark 1. In order to smooth the steering angle compensation 𝛥𝛿, a
low-pass filter is employed as below,

𝛥𝛿 = 1
𝑇𝑓 𝑠 + 1

(

�̂� 𝑇𝜙 + 𝑘𝑠𝑠𝛾
)

− 𝛿𝑑 (26)

where 𝑇𝑓 is a filtering time constant, 𝑠 represents the Laplace operator.

3.3. Adaptive tracking controller design

In order to achieve the excellent steering performance, an adaptive
tracking controller (ATC) is designed by using the robust adaptive
5

sliding mode control (RASMC) method. For the convenience of further
analyses, in this study, the system friction torque 𝜏𝑓 and the tyre self-
aligning torque 𝜏𝑒 are considered as a lump disturbance 𝑑(𝑡). Therefore,
the system dynamic equations in Eq. (4) is simplified as

𝛿𝑎 = −𝑞1�̇�𝑎 + 𝑞2𝜏𝑚 − 𝑞3𝑑 (27)

where 𝑞1 = 𝐵𝑒𝑞∕𝐽𝑒𝑞 , 𝑞2 = 𝑖𝑐𝑟∕𝐽𝑒𝑞 , 𝑞3 = 1∕𝐽𝑒𝑞 .
Define the tracking error of the close-loop SbW system as 𝑒𝛿 = 𝛿𝑎−𝛿𝑟,

so that its second derivative can be given in Eq. (28)

𝑒𝛿 = 𝛿𝑎 − 𝛿𝑟 = −𝑞1�̇�𝑎 + 𝑞2𝜏𝑚 − 𝑞3𝑑 − 𝛿𝑟 (28)

and the sliding mode variable is defined as

𝑠𝛿 = �̇�𝛿 − 𝛤𝑒𝛿 (29)

where 𝛤 > 0 is a parameter to be designed.
Based on the SbW system in Eq. (27), the output tracking error 𝑒𝛿

would converge to zero in finite time, provided that the control input
𝜏𝑚 is designed as

𝜏𝑚 = 1
𝑖𝑐𝑟

(

𝐵𝑒𝑞 �̇�𝑎 + 𝛤𝐽𝑒𝑞 �̇�𝛿 − �̂� sign
(

𝑠𝛿
)

− 𝜅1𝑠𝛿
)

=
[

𝑞1�̇�𝑎 + 𝛤 �̇�𝛿 − 𝑞3
(

�̂� sign
(

𝑠𝛿
)

+ 𝜅1𝑠𝛿
)]

∕𝑞2
(30)

where 𝜂 and �̂� are the switching gain and its estimated value respec-
tively, which are updated by the adaptive law as

̇̂𝜂 = 𝜅2 ||𝑠𝛿|| (31)

where 𝜅1 and 𝜅2 are positive constants.

Proof. Define the Lyapunov function as

𝑉𝐴𝑇𝐶 = 1
2
𝑠2𝛿 +

1
2
𝑞3𝜅

−1
2 �̃�2 (32)

here �̃� = �̂�−𝜂 denotes the switching gain error, and the time derivative
f 𝑉𝐴𝑇𝐶 is given by

̇𝐴𝑇𝐶 =𝑠𝛿 �̇�𝛿+𝑞3𝜅−1
2 �̃� ̇̃𝜂

=𝑠𝛿
(

𝑒𝛿−𝛤 �̇�𝛿
)

+𝑞3𝜅−1
2 �̃� ̇̃𝜂

=𝑠𝛿
(

−𝑞1�̇�𝑎+𝑞2𝜏𝑚−𝑞3𝑑−𝛿𝑟−𝛤 �̇�𝛿
)

+𝑞3𝜅−1
2 �̃� ̇̃𝜂 (33a)

Substituting the control input torque Eq. (30) into Eq. (33a), then

�̇�𝐴𝑇𝐶 =𝑠𝛿
[

−𝑞3𝑑−𝛿𝑟−𝑞3
(

�̂� sign
(

𝑠𝛿
)

+𝜅1𝑠𝛿
)]

+𝑞3𝜅−1
2 �̃��̇�

=−𝑠𝛿
(

𝑞3𝑑+𝛿𝑟
)

−𝑞3 ||𝑠𝛿|| �̂� − 𝑞3𝜅1𝑠
2
𝛿+𝑞3𝜅

−1
2 �̃� ̇̃𝜂

(33b)

Next, substituting the adaptive law Eq. (31) into Eq. (33b),

�̇�𝐴𝑇𝐶 =−𝑠𝛿
(

𝑞3𝑑+𝛿𝑟
)

−𝑞3 ||𝑠𝛿|| �̂�−𝑞3𝜅1𝑠
2
𝛿+𝑞3(�̂�−𝜂) ||𝑠𝛿||

=−𝑠𝛿
(

𝑞3𝑑+𝛿𝑟+𝑞3𝜂 ||𝑠𝛿||
)

−𝑞3𝜅1𝑠2𝛿
=−𝑞3

[

𝑠𝛿
(

𝑑+𝛿𝑟∕𝑞3
)

+𝜂 |
|

𝑠𝛿||
]

−𝑞3𝜅1𝑠2𝛿
≤−𝑞3 ||𝑠𝛿||

[

𝜂−
(

𝑑+𝛿𝑟∕𝑞3
)]

−𝑞3𝜅1𝑠2𝛿 (34)

Assuming that the boundary of disturbance satisfies 𝑑(𝑡) ≤ 𝜁 , and 𝜂
is selected as

𝜂 = 𝜁 + 𝛿𝑟∕𝑞3 + 𝜀 (35)

where 𝜀 is an arbitrary positive constant. Then the Eq. (34) can be
simplified as

�̇�𝐴𝑇𝐶 ≤ −𝑞3 ||𝑠𝛿|| 𝜀 − 𝑞3𝜅1𝑠
2
𝛿 < 0 (36)

Therefore, inequality (36) demonstrates that the sliding variable 𝑠𝛿
will converge to zero in finite time, i.e., the sliding mode surface 𝑠𝛿 = 0
in Eq. (29), and then the tracking error 𝑒𝛿 will converge to zero in
limited time [28].

Remark 2. Since the signum function involved in the control signal
in (30) will cause the high-frequency chattering, we introduced the
boundary layer to alleviate the control chattering [28]

[ ̇ ( ( ) )]
𝜏𝑚 = 𝑞1𝛿𝑎 + 𝛤 �̇�𝛿 − 𝑞3 �̂� ⋅ sat 𝑠𝛿 + 𝜅1𝑠𝛿 ∕𝑞2 (37)
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Table 2
Parameters of vehicle model and SbW system.

Symbol Description Value Unit

𝑚 Vehicle mass 1765 kg
𝑎 Distance from c.g. to the front axle 1.42 m
𝑏 Distance from c.g. to the rear axle 1.68 m
𝐼𝑧 Vehicle moment of inertia 3234 kg m2

𝐶𝑓 Cornering stiffness of the front wheel 79 240 N rad−1

𝐶𝑟 Cornering stiffness of the rear wheel 106 398 N rad−1

𝐽𝑒𝑞 Equivalent inertia 0.14 kg m s2

𝐵𝑒𝑞 Equivalent damping 0.8 N s
𝑖𝑐𝑟 Combined steering ratio of gearbox 15.28

Table 3
Parameters of designed controllers.

Parameter Value

𝛬 12
𝑘𝑠 100
𝑇𝑓 0.01
𝛤 8
[𝑞1 , 𝑞2 , 𝑞3] [5.71, 109.14, 7.14]
[𝜅1 , 𝜅2] [3.5, 500]
𝜉 0.15

Fig. 8. Steering wheel angle in DLC tests.

here

sat
(

𝑠𝛿
)

=
{

𝑠𝛿∕𝜉 |

|

𝑠𝛿|| < 𝜉
sign

(

𝑠𝛿
)

otherwise (38)

here 𝜉 is a positive constant. It is noted that although the output
racking error 𝑒𝛿 would only converge into the boundary layer rather
han zero in limited time, we can still achieve an optimal trade-
ff between the control bandwidth and the tracking precision by an
ppropriate choice of 𝜉 in practice.

. Results and discussions

In order to evaluate the performance of the designed control scheme
n Section 3, a series of simulation and experimental tests are conducted
n different driving conditions. System parameters of the vehicle model
nd the SbW plant are presented in Table 2, and the AFS controller and
TC parameters are given in Table 3.

.1. Simulation experiments

Several simulation tests are conducted based on an established co-
imulation platform in the Matlab-Carsim software environment. The
igh-level stability control scheme is analyzed to examine the improve-
ent of driving stability performance with high robustness. Besides,

he steering performance improvement of SbW system is also given
o demonstrate the effectiveness of the designed adaptive tracking
ontroller.
6

Fig. 9. Yaw rate in DLC tests.

Fig. 10. Sideslip angle in DLC tests.

Fig. 11. Yaw rate tracking error in robustness tests.

Based on the ISO standard [29], taking the double-lane change
(DLC) test as an example to demonstrate the steering stability improve-
ment of the designed control scheme firstly. The vehicle travels at a
high speed of 80 km/h on a slippery road with the road adhesion
coefficient set as 0.3. Simulation results including the steering input
and vehicle responses are presented in Figs. 8–10. Besides, a traditional
fixed transmission ratio scheme as well as the VSR strategy without AFS
are adopted to contrast with the presented stability control scheme.

As shown in Fig. 8, it can be seen that a quite large steering
wheel angle is required to ensure the trajectory tracking and reach a
steady state without the AFS strategy. Vehicle yaw rate and sideslip
angle correspondingly present a haphazard and unsteady variation, as
shown in Figs. 9 and 10, respectively, which indicates that the vehicle
skids between 𝑡=5s∼10s. By comparison, the proposed stability control
scheme presents steadier variations of yaw rate and sideslip angle,
demonstrating a significant improvement in stability performance. Be-
sides, it should be noted that the steering wheel angle with VSR is larger
than that in the fixed transmission ratio due to the greater transmission
ratio of VSR at high vehicle speeds, which helps improve the driving
stability with a decrease of the steering sensitivity.
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Fig. 12. Compensation of front wheel angle.

Besides, the robust performance analysis for the designed high-level
control scheme is conducted in the same driving conditions as stability
tests. The vehicle parameters, i.e., 𝐼𝑧, 𝐶𝑓 , 𝐶𝑟, are allowed to vary within
20% of normal values in tests. Figs. 11 and 12 illustrate the response
results of yaw rate tracking error and the corresponding front wheel
angle compensation introduced by AFS, respectively. It can be seen that
the tracking error of yaw rate can converged to zeros under different
driving conditions, which demonstrates that the presented stability
scheme has good robustness to the vehicular parametric uncertainties
and realizes the satisfactory stability performance.

According to ISO standards [26,29], three typical test cycles are
adopted as examples to illustrate the tracking performance of the
proposed adaptive tracking controller. The details of presented test
cycles in simulations are listed in Table 4. Besides, the conventional
7

Table 4
Parameters of test cycles in simulations.

Maneuver Velocity Type Length

Step steer 80 km/h 4.5 deg Step steering 1 s
Sine sweep 70 km/h 0.2 Hz-1 Hz Sine steering 16 s
Lane change 75 km/h Standard double-lane change 250 m

Table 5
Characteristic values of test cycles.

Parameter Weave test Transition test Square turn Serpentine

Max. steering angle (deg) 40 45 600 400
Max. steering velocity (deg/s) 10 5/15/45 400 100
Road adhesion coefficient 0.3 0.4 0.8 0.4
Vehicle forward speed (km/h) 30/60/90 80 60 40

PD control approach (𝜏𝑃𝐷 = −5.8𝑒𝛿 − 1.2�̇�𝛿) and the robust sliding
mode control method used in [19] with a Kalman disturbance observer
(SMC-KL) are employed to compare with the proposed RASMC method.
Note that all the control parameters are carefully selected with repeated
simulation tests. The tracking performance of the SbW system under
different operating conditions are presented in Fig. 13. According to
the simulation results, tracking performance of the ATC based on the
RASMC method shows better tracking precision than other approaches.

4.2. Experimental verification

Hardware-in-the-loop (HiL) experiments are carried out to further
evaluate the performance of the proposed control scheme. As shown in
Fig. 13. Comparison of SbW system tracking performance by using different controllers. (a) Step steering. (b) Sweep steering. (c) Lane change.
Fig. 14. Schematic diagram of the hardware-in-the-loop experiments.
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Fig. 15. 40◦ weave test at vehicle forward speed 60 km/h. (a) Steering wheel angle.
(b) Front wheel angle. (c) Tracking error. (d) Yaw rate. (e) Sideslip angle.

Fig. 14, the SbW experimental platform used in this research comprises
a software part and a hardware part. In the software part, a real-
time control prototype (dSPACE DS2211) is adopted as the central
controller, and the algorithm model is established in Matlab/Simulink.
Besides, Carsim is used to implement the full vehicle dynamics model
and transfer vehicle states to the algorithms in dSPACE. The hardware
part contains the steering wheel module and the steering actuator
module. Driver’s inputs are collected by the wheel angle sensor and
transmitted to the Micro-Autobox in the steering wheel module. In the
steering actuator module, the SbW system ECU receives the signals of
reference front wheel angle & control torque and transmits the infor-
mation to the steering motor. Also, the actual front angle is calculated
by signals of the rack stroke sensor and then fed back to the dSPACE.
The parameters specification of vehicle model and steering actuating
system is the same as Table 2. The system sampling time is chosen as
10 ms with the CAN bus communication applied in experiments.

According to ISO standards for the vehicle, several driving condi-
tions are presented as examples for the HiL experiments: two open
loop test cycles, i.e., Weave Test [30] and Transition Test [31] are
basic steering tests with the relative small steering wheel angle; Square
Turn Test and Serpentine Test [32] are two critical steering tests, with
the high steering velocity and large disturbances. To demonstrate the
improvement of the designed handling stability control strategy, the
sliding-mode-based wheel angle compensation method [15] with the
fixed transmission ratio and a SMC-KL tracking controller are employed
8

as the contrastive control scheme. Considering the VSR strategy and
Fig. 16. Comparison of weave test results with different vehicle forward speeds. (a)
Steering wheel angle. (b) Front wheel angle. (c) Tracking error. (d) Yaw rate. (e)
Sideslip angle.

the time-varying wheel angle compensation would lead to different
steering inputs, we selected the steering command from the steering
wheel input to the actuator as the standard steering angle in test cycles.
The main characteristic values of test cycles mentioned above are given
in Table 5.

Fig. 15 shows the HiL experimental results of the weave test. As
shown in Fig. 15(a), the steering wheel angle under two schemes are
almost the same, indicating that the VSR strategy presents a balance
between steering sensitivity and driving stability with small angle at
60 km/h. Fig. 15(b) presents the front wheel angle. Fig. 15(c) shows
that the proposed ATC has better tracking performance. As shown in
Fig. 15(d), the vehicle yaw rate under the proposed control scheme
(c.s.) shows a rather smooth change, whereas, the yaw rate under the
contrastive c.s. appears relatively irregular fluctuations in every period.
Besides, the sideslip angle based on the proposed c.s. is much smaller
with steadier variations in Fig. 15(e). Fig. 15(d) and (e) reflect that the
vehicle shows better steering stability performance with the proposed
c.s..

Fig. 16 presents the comparison of weave test results by different ve-
hicle forward speeds based on the proposed c.s.. As shown in Fig. 16(a),
the VSR strategy tends to improve the handling stability at high speeds,
so that the transmission ratio increases with the rising of vehicle speed.
Fig. 16(b) shows the actual front wheel angle. Fig. 16(c) illustrates
that the proposed ATC maintains good tracking performance at various
vehicle forward speeds. Both the vehicle yaw rate and the sideslip
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Fig. 17. 15◦/s transition test at vehicle forward speed 80 km/h. (a) Steering wheel
angle. (b) Front wheel angle. (c) Tracking error. (d) Yaw rate. (e) Sideslip angle.

angle change smoothly, as shown in Fig. 16(d) and (e), indicating
the proposed c.s. effectively enhances the driving stability at different
vehicle speeds. It is interesting to be observed that responses of vehicle
yaw rate and sideslip angle in Fig. 16(d) and (e) present a same trend
at low speeds, whereas an opposite one at high speeds due to the
change of stable point positions in the ‘‘sideslip angle – yaw rate’’ phase
diagram.

Fig. 17 presents the HiL experimental results of the transition test.
The steering wheel angle and the front wheel angle are shown in
Fig. 17(a) and (b), respectively. Fig. 17(c) shows the better tracking
performance of SbW system under the proposed c.s.. It can be found
that the response of yaw rate under the proposed c.s. in Fig. 17(d)
converges to the desired value faster with relatively smaller oscillations.
Similarly, the vehicle sideslip angle based on the proposed c.s. con-
verges at around 𝑡=7s, whereas the sideslip angle under the contrastive
c.s. oscillates until the end of the test. Fig. 17(d) and (e) illustrate the
proposed c.s. can help vehicles reach the stable states faster during the
emergency steering.

Fig. 18 shows a comparison of HiL transition test results by different
steering angular velocities under the proposed c.s.. Fig. 18(a) and (b)
present the steering wheel angle and the actual front wheel angle,
respectively. The instantaneous error at 𝑡=1s increases with the growth
of the steering angular velocity, as shown in Fig. 18(c), but the tracking
performance is satisfactory on the whole. Although the response of the
vehicle yaw rate in Fig. 18(d) oscillates violently at the high steering
angular velocity, which also converge to the desired value in limited
9

Fig. 18. Comparison of transition test results with different steering angular velocities.
(a) Steering wheel angle. (b) Front wheel angle. (c) Tracking error. (d) Yaw rate. (e)
Sideslip angle.

time. The sideslip angle response in Fig. 18(e) present the similar
convergence characteristics with an opposite tendency. On the whole,
Fig. 18(d) and (e) demonstrate that the proposed c.s effectively improve
the vehicle steering stability performance.

Fig. 19 presents the HiL experimental results of the square turn
test. As shown in Fig. 19(a), the relative small steering wheel angle
is required in the proposed c.s., demonstrating that the VSR strategy
enhances the steering agility. It can be observed that the front wheel
angle of both schemes are less than the driver’s input in Fig. 19(b),
which reveals that the AFS controller prefer to reduce the steering
angle in critical driving conditions. Fig. 19(c) shows that the proposed
ATC maintains excellent tracking performance even with the quite high
steering velocity. As shown in Fig. 19(d), the vehicle yaw rate displays
a smooth change based on the proposed c.s.. In contrast, the yaw rate
under the contrastive c.s. shows excessive fluctuations, especially when
the rotation direction of the steering wheel turns abruptly. Besides, the
sideslip angle under the proposed c.s. presents a significantly steadier
change compared with the one under the contrastive c.s. in Fig. 19(e),
indicating a great improvement in vehicle stability performance of the
proposed c.s..

Fig. 20 shows the HiL experimental results of the serpentine test.
The steering wheel angle and the front wheel angle in the test are
listed in Fig. 20(a) and (b), respectively. The proposed ATC presents
great tracking performance even with large disturbances, as shown

in Fig. 20(c). In Fig. 20(d), the vehicle yaw rate oscillates under
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Fig. 19. Square turn test at vehicle forward speed 60 km/h with the road adhesion set as 0.8. (a) Steering wheel angle. (b) Front wheel angle. (c) Tracking error. (d) Yaw rate.
(e) Sideslip angle.
Fig. 20. Serpentine test at vehicle forward speed 40 km/h with the road adhesion set as 0.4. (a) Steering wheel angle. (b) Front wheel angle. (c) Tracking error. (d) Yaw rate.
e) Sideslip angle.
Y

D

c

oth control schemes when the steering wheel rotation direction turns
wiftly, however, the yaw rate under the proposed c.s. can converge to
he stable value more quickly. Similarly, the sideslip angle under the
roposed c.s. converges faster, as shown in Fig. 20(e). Also, the sideslip
ngle based on the proposed c.s. remains between ± 2deg with signifi-
antly steadier fluctuations. Based on the above analyses, the proposed
.s. effectively improve the vehicle driving stability performance, even
n the extreme driving conditions.

. Conclusions

In this paper, a novel adaptive hierarchical control approach of
he handling stability improvement in SbW vehicles is proposed. The
igh-level control scheme comprised of the VSR strategy and an AFS
ontroller is designed to improve the steering stability with the gen-
rated desired front wheel angle, meanwhile the ATC is introduced
o ensure the accuracy tracking performance of the SbW system in
he low-level. In comparison with other existing sliding-mode based
ontrol methods, such as the SMC-KL steering controller, simulation
nd experimental results demonstrate that the designed control scheme
10

i

can achieve the excellent handling stability and tracking performance
in different driving scenarios, even in some critical steering conditions.
In the further study, the steering modeling with tyre dynamics will be
considered in the control structure to improve the handling stability
of SbW vehicles, and more vehicle experiments and evaluation will be
conducted to further validate the proposed control strategy.
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