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Abstract: The direct yaw-moment control (DYC) system consisting of an upper controller and a
lower controller is developed on the basis of sliding mode theory and adaptive control technique.
First, the two-degree of freedom (2-DOF) model is utilized to calculate the ideal yaw rate. Then, the
seven-degree of freedom (7-DOF) electric vehicle model is given to design the upper controller by
employing first-order sliding mode (FOSM) method, which is constructed to guarantee the actual yaw
rate to approach the ideal value and gain the additional yaw moment. On this basis, an adaptive first-
order sliding mode (AFOSM) controller is designed to enhance the system robustness against probable
modelling error and parametric uncertainties. In order to mitigate the chattering issue present in the
FOSM controller, a novel adaptive super-twisting sliding mode (ASTSM) controller is proposed for the
design of DYC. Furthermore, the lower controller converting the additional yaw moment into driving
or braking torque acting on each wheel is also developed. Finally, The simulation results indicate that
the proposed DYC system can improve the electric vehicle driving stability effectively.

Keywords: sliding mode control; direct yaw-moment control; finite-time convergence

1. Introduction

With the development of industry, automobile plays an irreplaceable role in daily life. However,
many environmental problems have arisen from the extensive use of vehicles. Although electric
vehicles can temporarily relax the problem of air pollution, people have been concerned about its
security when driving at high speed or low adhesion roads [1–4]. Recently, vehicle stability control
has become a research hotspot to reduce traffic accidents. As compared to active front steering
(AFS) [5–7] and antilock braking system (ABS) [8], DYC is performed by the difference between
motor torques in the left and the right side of the vehicle. Since each wheel can be controlled
individually by the in-wheel-motor-drive electric vehicle (IWM-EV), the DYC can be implemented
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on IWM-EV appropriately [9]. Overall, the DYC system helps improve the vehicle stability, handling
and safety, particularly in the situations where the driver may need to make sudden evasive maneuvers
or encounter adverse weather or road conditions [10–13].

There are numerous nonlinear control methods [14–19] for DYC. For example, in [10], the
introduced nonsmooth state feedback approach provides the better control accuracy via the finite-time
control, the second-order sliding mode (SOSM) observer and nonlinear disturbance observer (NDOB)
techniques. In [20], the fuzzy logic [21] was used in DYC to improve the vehicle stability. In [22], a
robust H∞ control [23] method based on vehicle system dynamics is proposed by using linear matrix
inequality. In [24], the DYC is composed of two coordinated Lyapunov model-based controllers to
track the stability index, which avoids the conflict between maneuverability and stability. In addition
to the above control methods, the sliding mode control (SMC) [25–27] is extensively applied in DYC
as well, which is independent on mathematical models of controlled objects and possesses strong
robustness against disturbances and uncertainties. In [28], a composite controller is developed to
decrease the influence of external disturbances by utilizing SOSM theory and NDOB technique.
Compared with traditional sliding mode controllers, the SOSM controller maintains the vehicle’s
stability and reduces the chattering [29]. It is well-known that the adaptive control technique is a class
of control methods used in engineering and control theory that enables a system to adjust and adapt to
the changes in its environment or operating conditions. The basic idea behind the adaptive control is
to use the feedback from the system to update its control parameters in real time [30]. As described
in [30], with the aim of improving the control performance of vehicle, an AFOSM control method
was proposed to fit the change of sideslip angle and enhance the vehicle’s robustness against
parametric variations and uncertainties by utilizing a variable sliding mode gain. In [31], a Cybertwin
driven multimodal network structure for electrocardiogram patterns monitoring was presented by
using the deep learning model. In [32], a Center-based Transfer Feature Learning with Classifier
Adaptation for surface defect recognition was given. It can be found from [33] that the adaptive SMC
(ASMC) scheme was presented to address the issue of overestimation and underestimation in
switching gains without making any assumptions beforehand about the upper bounds of the system
uncertainties. In fact, the chattering always exists in the FOSM controller owing to discontinuous sign
functions [34–38]. In the control of vehicle system, the chattering can be reduced by using the
saturation functions instead of the discontinuous sign functions, while the robustness will be
significantly weakened and the control accuracy will be reduced meanwhile [39]. Furthermore, most
control algorithms used to handle the vehicle stability usually assume that the key parameters of the
vehicle dynamics are known. Nevertheless, these parameters, such as the distances between the center
of mass and the front or rear axles, are usually difficult to measure in several actual extreme
conditions.

To fix the above problems, this paper develops two kinds of improved sliding mode controllers based
on the FOSM. On the one hand, an AFOSM controller with parameter adaptation laws is designed. The
adaptive laws are utilized to estimate unknown parameters in electric vehicle models, and thus the gain
of the FOSM algorithm can be reduced, which avoids heavy chatting problems. On the other hand,
the idea of the super-twisting algorithm (STA) has been utilized to put the discontinuous terms into the
derivative of the sliding variable. Consequently, the actual control input can be obtained by integrating
the discontinuous control, which will fundamentally reduce the chattering. By comparison with the
existing works, the novelty and significance of this paper can be summarized as the two points. First,
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different from the controllers given in [10, 20, 22], an ASTSM controller is developed by combining
adaptive control technique and STA to avoid the issue of excessive fixed gain estimation, which further
weakens the chattering. Second, unlike the existing adaptive laws, the adaptive law does not need
to adopt the form of piecewise function, which reduces the complexity of the parameter adjustment
process.

2. Electric vehicle dynamic model and control strategy structure

We will present the 2-DOF electric vehicle dynamic model first, which will be used to calculate the
desired value of yaw rate. Then, the comprehensive 7-DOF model will be given to design the upper
controller.

2.1. 2-DOF electric vehicle dynamic model

The 2-DOF electric vehicle model is widely used for analyzing vehicle yaw stability control. The
motion equation of the electric vehicle is given by [40]

β̇ =
k1 + k2

mu
β +

(
ak1 − bk2

mu2 − 1
)
ωr −

k1

mu
δ f (2.1)

ω̇r =
ak1 − bk2

Iz
β +

a2k1 + b2k2

Izu
ωr −

ak1

Iz
δ f (2.2)

where m indicates the electric vehicle total mass, u is the longitudinal speed at the center of gravity
of electric vehicle, k1 and k2 are the front-wheel and rear-wheel corning stiffness, a and b respectively
represent the distances from the front and rear axles to the electric vehicle center of gravity, Iz is the
total yaw moment of inertia about the z-axis, β is the ratio of longitudinal speed to lateral speed to
express the sideslip angle, ωr indicates the yaw rate, δ f is the steering angle of the front wheels.

Remark 1: The 2DOF model cannot be used in the DYC algorithm. It is because the realization of
DYC algorithm is based on yaw-moment Mz which is generated by the torque difference between right
and left wheels. However, the 2DOF model regards the right and left wheels as one wheel so that the
2DOF model does not include Mz.

2.2. 7DOF electric vehicle dynamic model

The 7DOF model is introduced as follows [41], which contains the lateral, longitudinal and yaw
motions of the electric vehicle body, as well as the rotational dynamics of four wheels, as shown by
Figure 1.

(1) The longitudinal motion is given as

m(V̇x − V̇yωr) = (Fx f l + Fx f r) cos δ − (Fy f l + Fy f r) sin δ + Fxrl + Fxrr. (2.3)

(2) The lateral motion is established as

m(V̇y + Vxωr) = (Fy f l + Fy f r) cos δ + (Fx f l + Fx f r) sin δ + Fyrl + Fyrr. (2.4)

(3) The yaw motion is expressed as

Izẇr = a
(
Fy f l + Fy f r

)
cos δ +

d f

2

(
Fy f l − Fy f r

)
sin δ − b

(
Fyrl + Fyrr

)
+ Mz (2.5)
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with Mz =
d f

2 (Fx f r − Fx f l) cos δ + a(Fx f l + Fx f r) sin δ + dr
2 (Fxrr − Fxrl).

(4) The wheel rotational dynamics can be shown by

Jwω̇i j = Tdi j − Tbi j − Fxi jRi j (2.6)

where i is rear (r) or front ( f ) wheel, j is right (r) or left (l) wheel; Jω is the moment of inertia of the
wheel, Fxi j and Fyi j denotes the tire’s longitudinal force and lateral force, di is track width, Tbi j is the
braking torque, Tdi j is the driving torque, ωi j is the wheel angular velocity and Ri j is the rolling radius
of the tire.

 

Figure 1. 7-DOF electric vehicle model.

2.3. Problem formulation

To keep the electric vehicle drive safely, reference values of the yaw rate and sideslip angle are
calculated by 2DOF models (2.1) and (2.2) as follows

ωrd = min
{∣∣∣∣∣∣ u

L
(
1 + Ku2)δ f

∣∣∣∣∣∣ ,
∣∣∣∣∣µgu

∣∣∣∣∣} sign
(
δ f

)
(2.7)

βd = 0, (2.8)

where µ is the road adhesion coefficient and K is the steering coefficient.

The block diagram of control structure is described in Figure 2. One can observe that the upper
controller, which provides additional yaw moment, is constructed to make the actual yaw rate and the
sideslip angle approach the target value. Since the sideslip angle changes greatly in case of collision
and other accidents, the performance of the electric vehicle will be improved by controlling the yaw
rate. Then, the lower controller distributes the torque from the upper controller to four wheels.
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Figure 2. The diagram of DYC structure.

3. Controller design

3.1. Upper controller

First of all, we construct the DYC controller by using the traditional SMC and adaptive control
technique. On this basis, we will apply the STA for the chattering reduction.

3.1.1. FOSM controller design

For the real yaw rate and its desired value, the sliding surface can be designed as

s = ωr − ωrd. (3.1)

Taking the derivative of (3.1) produces

ṡ = ω̇r − ω̇rd. (3.2)

Substituting (2.5) into (3.2) gets

ṡ =
1
Iz

[a
(
Fy f l + Fy f r

)
cos δ +

d f

2

(
Fy f l − Fy f r

)
sin δ − b

(
Fyrl + Fyrr

)
+ Mz − Izω̇rd]. (3.3)

Denote the following term as the lumped disturbance

d1(t) =
1
Iz

[(a − â)(Fy f l + Fy f r) cos δ + (
d f

2
−

d̂ f

2
)(Fy f l − Fy f r) sin δ

− (b − b̂)(Fyrl + Fyrr)]
(3.4)

with â, b̂ and d̂ f being respectively the estimated values of a, b and d f . Since the longitudinal or the
lateral forces and the estimated values of â, b̂ and d̂ f are always bounded in practical cases, we can use
a positive constant D1 in symbol of the upper bound of model error such that

|d1 (t)| ≤ D1. (3.5)
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Now, it is easy to obtain the following result.
Theorem 1: If the direct yaw-moment controller is constructed as

Mz = −[â
(
Fy f l + Fy f r

)
cos δ +

d̂ f

2

(
Fy f l − Fy f r

)
sin δ

− b̂
(
Fyrl + Fyrr

)
− Izω̇rd] − K1Izsign (s)

(3.6)

with K1 > D1, the sliding variable s will finite-time converge to the origin.
Proof. Putting (3.6) into (3.3) yields

ṡ =
1
Iz

[(a − â)(Fy f l + Fy f r) cos δ + (
d f

2
−

d̂ f

2
)(Fy f l − Fy f r) sin δ

− (b − b̂)(Fyrl + Fyrr)] − K1sign(s).
(3.7)

The Lyapunov function can be selected as

V1 (s) =
1
2

s2. (3.8)

Taking the derivative of (3.8) obtains

V̇1 = sṡ

= −K1 |s| +
1
Iz

s[ã(Fy f l + Fy f r) cos δ +
d̃ f

2
(Fy f l − Fy f r) sin δ − b̃(Fyrl + Fyrr]

= −K1 |s| + d1(t)s

≤ −(K1 − D1) |s|

(3.9)

with ã = a − â, d̃ f

2 =
d f

2 −
d̂ f

2 , b̃ = b − b̂.
Noting that K1 > D1, one has

V̇1 ≤ −cV1/2
1 ,

with c =
√

2 (K1 − D1) . Based on the Lyapunov stability theory, the sliding variable s can converge to
zero in finite time. We thus complete the proof of the theorem.

Remark 2: One can clearly see that the gain K1 of controller (3.6) should be selected to guarantee
K1 > D1. Nonetheless, the upper bound of disturbance D1 is hard to be estimated accurately. Hence,
we need a very large gain K1 to suppress the disturbance, which may cause heavy chattering problems.
Based on this, an AFOSM direct yaw-moment controller will be constructed later.

3.1.2. AFOSM controller design

Generally speaking, the system parameters in electric vehicle affecting the system performance
seriously are hard to be detected. In this subsection, we are going to design the adaptive laws for
electric vehicle system to estimate the parameter a, b and d f based on the following rules

˙̂a =
k1

Iz
s
(
Fy f l + Fy f r

)
cos δ (3.10)
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˙̂d f

2
=

k2

Iz
s
(
Fy f l − Fy f r

)
sin δ (3.11)

˙̂b = −
k3

Iz
s
(
Fyrl + Fyrr

)
(3.12)

where k1, k2, k3 are all positive numbers. Now it is ready to present the following result.
Theorem 2: If the direct yaw-moment controller is constructed as

Mz = −â
(
Fy f l + Fy f r

)
cos δ + b̂

(
Fy f l − Fy f r

)
sin δ

−
d̂ f

2

(
Fyrl + Fyrr

)
+ Izω̇rd − K2Izsign (s)

(3.13)

with K2 > 0, the sliding variable s can asymptotically converge to zero.
Proof. Redesign a Lyapunov function as

V2 =
1
2

s2 +
1

2k1
ã2 +

1
2k2

(
d̃ f

2

)2

+
1

2k3
b̃2. (3.14)

Taking derivative of (3.14), one has

V̇2 = − K2 |s|+
1
Iz

s[ã(Fy f l+Fy f r) cos δ+
d̃ f

2
(Fy f l−Fy f r) sin δ

− b̃(Fyrl+Fyrr)]+
1
k1

ã ˙̃a+
1
k2

(
d̃ f

2
)(

˙̃d f

2
)+

1
k3

b̃ ˙̃b.

(3.15)

Since ã = a − â, d̃ f

2 =
d f

2 −
d̂ f

2 , b̃ = b − b̂, it is derived from (3.15) that

V̇2 = − K2 |s|+
1
Iz

s[ã(Fy f l+Fy f r) cos δ+
d̃ f

2
(Fy f l−Fy f r) sin δ

− b̃(Fyrl+Fyrr)]−
1
k1

ã ˙̂a−
1
k2

(
d̃ f

2
)(

˙̂d f

2
)−

1
k3

b̃ ˙̂b.

(3.16)

By a simple calculation, one has

V̇2 = − K2 |s| + [
1
Iz

s(Fy f l + Fy f r) cos δ −
1
k1

˙̂a]ã + [
1
Iz

s(Fy f l

− Fy f r) sin δ −
1
k2

˙̂d f

2
]
d̃ f

2
− [

1
Iz

s(Fyrl + Fyrr) +
1
k3

˙̂b]b̃.
(3.17)

It is noted that the adaptive laws (3.10), (3.11) and (3.12) are respectively generated by

1
Iz

s
(
Fy f l + Fy f r

)
cos δ −

1
k1

˙̂a = 0. (3.18)

1
Iz

s
(
Fy f l − Fy f r

)
sin δ −

1
k2

 ˙̂d f

2

 = 0. (3.19)

Mathematical Biosciences and Engineering Volume 20, Issue 7, 13334–13355.



13341

1
Iz

s
(
Fyrl + Fyrr

)
+

1
k3

˙̂b = 0. (3.20)

Substituting (3.10), (3.11) and (3.12) into (3.17), formula (3.15) can be rewritten as

V̇2 = −K2 |s| ≤ 0. (3.21)

As long as the gain K2 is positive, the sliding variable s can asymptotically converge to the origin.
Remark 3: Comparing the traditional FOSM direct yaw-moment controller (3.6) with the

AFOSM controller (3.13), the adaptive laws used to estimate the parameters can indirectly reduce the
disturbance. On this basis, we can conclude that the gain K2 used to overcome the upper bound of the
disturbance in (3.13) can be significantly reduced, which will greatly weaken the chattering.
However, the high-frequency chattering problem in controller (3.13) still exists. In the next
subsection, we will propose an ASTSM controller to further reduce the chattering.

Remark 4: It can be seen from Eqs (3.10)–(3.12) that k1, k2 and k3 are the gains of the estimated
values of a, d f and b. Thus, one need first let k1, k2 and k3 be large enough to ensure the estimated
values are accurate. Additionally, these gains should be decreased until the distortion occurs.

3.1.3. ASTSM controller design

The STA was first presented in [42] by Arie Levant, which is a category of SOSM algorithm.
Recently, the STA algorithm has been attracted much attention and widely applied to numerous
plants, such as the permanent magnet synchronous motor [43, 44], the projective synchronisation of
flexible manipulator [45], the liquid level regulation problem [46], aircraft system [47],
electropneumatic actuator [48], etc.

The mathematical expression of STA is{
ṡ = −α∗ |s|1/2 sign (s) + v
v̇ = −β∗sign (s)

(3.22)

where s is sliding variable, α∗ and β∗ are gains, v is an intermediate variable.

System (3.3) can be rewritten as
ṡ = d2 (t) + bu (3.23)

where b = 1
Iz

, u = Mz and d2(t) = 1
Iz

[a(Fy f l + Fy f r) cos δ + d f

2 (Fy f l − Fy f r) sin δ − b(Fyrl + Fyrr) − Izω̇rd]
is regard as the unknown disturbance. As a matter of fact, ωrd is a continuous funciton, which can also
be seen from the simulation results. Therefore, one can reasonably assume that the disturbance d2(t)
meets

∣∣∣ḋ2 (t)
∣∣∣ ≤ D2 with D2 > 0 being a constant.

By combining the traditional STA (3.22) with some adaptive laws, an adaptive super-twisting
sliding-mode based DYC controller is constructed as follows Mz =

1
b

(
−α̂ |s|1/2 sign (s) + v

)
v̇ = −β̂sign (s)

(3.24)

˙̂α = ρ1

((
λ + 4ϵ2

)
|s|1/2 − 2ϵsign (s) v

)
(3.25)

˙̂β = ρ2

(
−2ϵ |s|1/2 + sign (s) v

)
, (3.26)

Mathematical Biosciences and Engineering Volume 20, Issue 7, 13334–13355.



13342

where λ, ϵ, ρ1, ρ2 are parameters. The adaptive laws (3.25) and (3.26) are used to update the controller
gains in real time. On this basis,the following result will be obtained.
Theorem 3: If the direct yaw-moment controller is constructed as (3.24) with the adaptive laws (3.25)
and (3.26), the sliding variable s can asymptotically converges to the origin.
Proof: By letting x1 = s, x2 = v, the closed-loop systems (3.23)–(3.26) can be written as

ẋ1 = d2 (t) + bu (3.27)

 Mz =
1
b

(
−α̂ |x1|

1/2 sign (x1) + x2

)
ẋ2 = −β̂sign (x1)

(3.28)

˙̂α = ρ1

((
λ + 4ϵ2

)
|x1|

1/2
− 2ϵsign (x1) x2

)
(3.29)

˙̂β = ρ2

(
−2ϵ |x1|

1/2 + sign (x1) x2

)
(3.30)

A new state vector is introduced as follows:

ξ =
(
|x1|

1/2 sign (x1) x2

)T
. (3.31)

Taking the derivative of (3.31) and combining the system (3.27), one has

ξ̇ =

 1
2|x1 |

1/2

(
−α̂ |x1|

1/2 sign (x1) + x2

)
−β̂sign (x1) + ḋ2 (t)


=

1
|x1|

1/2

(
Âξ + Bh

) (3.32)

which can be written as

ξ̇T =
1
|x1|

1/2

(
ξT ÂT + BT h

)
(3.33)

where A =
(
−α2

1
2

−β 0

)
, Â =

(
− α̂2

1
2

−β̂ 0

)
, Ã = A − Â =

(
− α̃2 0
−β̃ 0

)
, B =

(
0 1

)T
, h = ḋ2 (t) |x1|

1/2, α, β are

respectively the upper bound of adaptive laws α̂ and β̂, which guarantees that α̃ and β̃ are greater than
0.

A Lyapunov function is defined as follows

V0 = ξ
T Pξ (3.34)

where P =
(
λ + 4ε2 −2ε
−2ε 1

)
is a positive definite matrix.
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From (3.34), one has

V̇0 = ξ̇
T Pξ + ξT Pξ̇

=
1
|x1|

1/2

(
ξT ÂT + BT h

)
Pξ + ξT P

1
|x1|

1/2

(
Âξ + Bh

)
=

1
|x1|

1/2 ξ
T
(
ÂT P + PÂ

)
ξ +

1
|x1|

1/2

(
BT Pξ + ξT PB

)
h

=
1
|x1|

1/2 ξ
T
(
AT P + PA

)
ξ −

1
|x1|

1/2 ξ
T
(
ÃT P + PÃ

)
ξ

+
1
|x1|

1/2

(
BT Pξ + ξT PB

)
h

(3.35)

Note that

1
|x1|

1/2 ξ
T (ÃT P + PÃ)ξ = −α̃((λ + 4ϵ2) |x1|

1/2
− 2ϵsign(x1)x2) − 2β̃(−2ϵ |x1|

1/2 + sign(x1)x2) (3.36)

and
Γ =

1
|x1|

1/2 ξ
T
(
AT P + PA

)
ξ +

1
|x1|

1/2

(
BT Pξ + ξT PB

)
h

=
1
|x1|

1/2 ξ
T
(
AT P + PA

)
ξ +

1
|x1|

1/2 2ξT PBh
(3.37)

Applying Young’s inequality to (3.37) yields

Γ ≤
1
|x1|

1/2

(
ξT

(
AT P + PA + PBBT P

)
ξ + h2

)
=

1
|x1|

1/2

(
ξT

(
AT P + PA + PBBT P

)
ξ +

(
ḋ2 (t)

)2
|x1|

) (3.38)

Namely

Γ ≤
1
|x1|

1/2

(
ξT

(
AT P + PA + PBBT P

)
ξ + D2

2ξ
TCTCξ

)
=

1
|x1|

1/2 ξ
T
(
AT P + PA + PBBT P + D2

2C
TC

)
ξ

(3.39)

with C =
(
1 0

)
.

Letting Q = −
(
AT P + PA + PBBT P + D2

2C
TC

)
, one has

Q =
(
Q11 Q12

Q21 Q22

)
(3.40)

with
Q11 = α

(
λ + 4ε2

)
− 4βε − 4ε2 − D2

2

Q12 = Q21 = −
1
2

(
λ + 4ε2

)
− αε + β + 2ε

Q22 = 2ε − 1.
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To ensure the positive definiteness of matrix Q, we enforce Q11 > 0 and Q11Q22 − Q12Q21 > 0.

The matrix Q can be positive definite if
α =

− 1
2 (λ+4ε2)+β+2ε

ε

ε > 1
2

λ > max
{

4βε+4ε2+D2
2

α
− 4ε2, 0

}
.

(3.41)

Inequality (3.39) can be simplified as

Γ = −
1
|x1|

1/2 ξ
T Qξ ≤ −λmin (Q) ∥ξ∥2 ≤ 0. (3.42)

Equation (3.35) is rewritten as

V̇0 ≤ α̃
(
(λ + 4ϵ2) |x1|

1/2
− 2ϵsign (x1) x2

)
+ 2β̃

(
−2ϵ |x1|

1/2 + sign (x1) x2

)
.

(3.43)

Construct the whole Lyapunov function as

V = V0 +
1

2ρ1
α̃2 +

1
2ρ2
β̃2. (3.44)

The derivative of Eq (3.44) is given as follows

V̇ ≤ α̃
(
(λ + 4ϵ2) |x1|

1/2
− 2ϵsign (x1) x2

)
+ 2β̃

(
−2ϵ |x1|

1/2 + sign (x1) x2

)
−

1
ρ1
α̃ ˙̂α−

1
ρ2
β̃ ˙̂β.

(3.45)

We further have
V̇ ≤α̃((λ + 4ϵ2) |x1|

1/2
− 2ϵsign(x1)x2 −

1
ρ1

˙̂α)

+ 2β̃(−2ϵ |x1|
1/2 + sign(x1)x2 −

1
ρ2

˙̂β).
(3.46)

Substituting (3.29), (3.30) into (3.46), inequality (3.46) can be simplified as

V̇ ≤ 0. (3.47)

This implies that the state x1 can asymptotically converges to the origin. Thus, the proof is finished.

3.2. Lower controller

Additional yaw moment is used to act on each wheel by changing the drive torque of the inner and
outer wheels. The relationship between the longitudinal force of tire and the torque of motor is

Fxi j =
Ti j

R
, (3.48)

Mathematical Biosciences and Engineering Volume 20, Issue 7, 13334–13355.



13345

where Fxi j is the longitudinal force, Ti j is the braking or driving torques of wheels and R is the tire
radius.

The braking or driving torque acting on each wheel can be obtained as follows [49]

T f l =
Fz f l

Fz

Mz(
−d f /2

)
cos δ + asinδ

R

T f r =
Fz f r

Fz

Mz(
d f /2

)
cos δ + asinδ

R

Trl = −
Fzrl

Fz

Mz

2dr
R

Trr =
Fzrr

Fz

Mz

2dr
R

(3.49)

with Fzi j being the vertical load.
Finally, considering the constraints such as motor output and road adhesion coefficient, the torque

constraints calculated by formula (3.49) are as follows∣∣∣Ti j

∣∣∣ ≤ min
(
µRFzi j,Tmax

)
. (3.50)

Remark 5: The advantages of ASTSM can be summarized as follows. On the one hand, by
combining adaptive control technique and STA, the proposed ASTSM in this paper can avoid the
issue of excessive fixed gain estimation, which further weakens the chattering. On the other hand, as
compared to the existing ASTSM, the adaptive law in the proposed ASTSM is not required to adopt
the form of piecewise function, which reduces the complexity of the parameter adjustment process.
However, it also should be pointed out that by comparing with the conventional super-twisting
algorithm, the ASTSM is more complex in general since more adjustable parameters are added.
Moreover, some extra assumptions on the disturbance are required.

Remark 6: Several possible applications of the proposed DYC system are listed as follows. One
possible application is in autonomous vehicles, where the DYC system can be used to improve the
vehicle’s stability and handling during high-speed maneuvers, emergency avoidance or adverse
weather conditions. Another possible application is in electric vehicles, where the DYC system can be
integrated with regenerative braking to improve the vehicle’s energy efficiency and reduce brake wear.

In addition to these applications, there are several possible extensions of the proposed DYC system
that can improve its performance or make it more adaptable to different situations. One extension is
the use of machine learning techniques, such as neural networks or reinforcement learning, to learn
the optimal control parameters for the DYC system in different driving scenarios. Another extension
is the use of multiple actuators to generate the yaw moment, which can provide the greater flexibility
and control over the vehicle’s behavior.

4. Simulation

In order to compare the direct yaw-moment controllers (3.6), (3.13) and (3.24), we use cosimulation
environment including Carsim (C-Class Hatchback) and Simulink to conduct simulations for driving
conditions under side-wind disturbances. In the process of simulation test, only the interference of
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side wind is considered, while the external influence such as the environment with uneven ground and
disturbed by external forces is not considered. The simulation test parameters are selected according
to Carsim software in Table 1.

Table 1. Electric vehicle model parameters.

Symbol Value Unit
m 1412 kg
a 1.015 m
b 1.895 m
Iz 1536.7 kg · m2

K1 −176142 N/rad
K2 −139046 N/rad
d f 1.65 m
dr 1.65 m

4.1. Double lane change

To demonstrate the availability of the proposed direct yaw-moment controllers, a double lane
change condition under lateral wind is designed for simulations. The parameters of direct
yaw-moment controllers (3.6), (3.13) and (3.24) are shown in Table 2. The simulated car model is
driven at a high speed 80 km/h. Meanwhile, the road adhesion coefficient µ is 0.5. Figures 3–7 show
the simulation results. The side wind as an external disturbance is depicted in Figure 3, and its
maximum value can reach 800 (N.m), which can better prove the effectiveness of the presented
solution.

Table 2. Controllers’ parameters under double lane change condition.

Controller Parameters
FOSM controller (3.6) K1 = 2
AFOSM controller (3.13) k1 = k2 = k3 = 3000, K2 = 0.35
ASTSM controller (3.24) ρ1 = 0.5, ρ2 = 0.5 λ = 200, ε = 5

In Figure 4, all controllers (3.6), (3.13) and (3.24) designed in this work can make the actual yaw
rate track its expected values. From Figure 5, as comparison with no control, the sideslip angle is in
a suitable range. The sideslip angle is not taken as the controlled quantity, and hence it does not fully
track the given value, which does not influence the improvement of the performance of the electric
vehicle. In Figures 4–6, the performance of system without control is worse than the system using
other three controllers, which also exhibits the good performance of the sliding mode controllers (3.6),
(3.13) and (3.24). One can clearly see from Figure 7, due to the fact that the gain K2 in AFOSM
controller (3.13) is smaller than the gain K1 in FOSM controller (3.6), AFOSM controller (3.13) has
the less chattering. Meanwhile, AFOSM controller (3.13) still has heavy chattering since it includes
discontinuous sign functions. In contrast, ASTSM controller (3.24) has significantly weakened the
problem of chattering by putting the discontinuous terms into the derivative of the sliding variable,
which reflects the effectiveness and superiority of the proposed solution. To sum up, the proposed
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SMC strategy ensures the vehicle driving stability and improves the disturbance rejection performance
of the vehicle.
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Figure 4. Yaw rate under double lane change.
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Figure 5. Sideslip angle under double lane change.
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Figure 7. Yaw moment under double lane change.

4.2. Snake lane

Table 3. Controllers’ parameters under snake lane condition.

Controller Parameters
FOSM controller (3.6) K1 = 2
AFOSM controller (3.13) k1 = k2 = k3 = 3000, K2 = 0.35
ASTSM controller (3.24) ρ1 = 0.2, ρ2 = 0.1, λ = 20, ε = 5
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Figure 8. Side wind under snake lane condition.

Mathematical Biosciences and Engineering Volume 20, Issue 7, 13334–13355.



13350

0 10 20 30 40 50
Time/s

-25

-20

-15

-10

-5

0

5

10

15

20

25

Y
a
w
 
r
a
t
e
/
(
d
e
g
/
s
)

FOSM
AFOSM
ASTSM
Desired
Uncontrol

44 46 48

-0.02

0

0.02

0.04

Figure 9. Yaw rate under snake lane condition.
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Figure 10. Sideslip angle under snake lane condition.

The snake lane condition differs from the double lane change condition, which is more complex. It
is also utilized to test the effectiveness of the proposed controllers. There are more than ten sharp turns
in this condition, which is a bigger challenge for the sliding mode controllers (3.6), (3.13) and (3.24).
The simulation time of the whole experiment is up to 50 seconds, while only 10 seconds in the double
lane change condition. The parameters of direct yaw-moment controllers (3.6), (3.13) and (3.24) in
snake lane condition are shown in Table 3. Simulation results can be seen in Figures 8–12. In Figure
8, the maximum value of the side wind is also set as 800 (N.m). In Figures 9 and 10, without the use of
sliding mode controllers, the stability index will be out of control so that the electric vehicle will lose
stability. In Figure 11, by comparing with the situation without control, all the sliding mode controllers
(3.6), (3.13) and (3.24) can make the electric vehicle keep a good trajectory. In Figure 12, ASTSM
control method (3.24) is much better than FOSM control method (3.6) and AFOSM control method
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(3.13). Owing to the discontinuous term of FOSM controller, FOSM controller (3.6) and AFOSM
controller (3.13) have the heavy chattering, while the chattering in ASTSM controller (3.24) has been
significantly reduced. All simulation results show that the SMC improves the system performance.

By the way, it should be mentioned that improved SMC algorithms proposed in the paper can
avoid the excessive chattering caused by fixed gain. However, they depend on the selection of
adaptive parameters. If the parameter selection is not appropriate, it may cause some problems such as
parameter drift. Therefore, the parameters need to be restricted in practical engineering applications.
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Figure 11. Lateral position under snake lane condition.
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Figure 12. Yaw moment under snake lane condition.
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5. Conclusions

In this paper, the proposed ASMC and ASTSMC for DYC systems have been proved remarkable
in tracking desired electric vehicle behaviors. Although the AFOSM controller attenuates the
chattering by utilizing the adaptive laws, the chattering still exists attributed to discontinuous sign
functions. To address this issue, an ASTSM control method puts the discontinuous sign functions into
the derivative of the sliding variable, which fundamentally reduces the chattering. Finally, it can be
seen by simulation results that the proposed ASTSM controller is more effective in improving the
driving stability.
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