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This paper proposed a novel direct yaw moment control (DYC) system to enhance
vehicle stability and handling performance in various driving conditions and
overcome the chattering problem of traditional sliding mode control.
Accordingly, a DYC strategy is developed for eight-wheeled DDEVs by utilizing a
super-twisting sliding mode (STSM) algorithm. Initially, a three-degrees-of-freedom
model, nonlinear tire model, and motor model are established for vehicles.
Subsequently, the reference yaw rate is obtained based on the reference model
of the vehicle to serve as a control target. The DYC strategy is then established using
the error between the actual yaw rate and the reference yaw rate as the input.
Moreover, a traditional slidingmode (SM) controller is developed to enhance vehicle
stability. A second-order SM controller is designed by incorporating a STSM control
algorithm to address the chattering problem associated with traditional SM
controllers. The algorithm adaptively adjusts the sliding surface and controls the
gains based on the dynamic state of the vehicle. The effectiveness of the proposed
control strategy is validated via hardware-in-the-loop simulations.
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1 Introduction

Electric vehicles (EVs) offer significant advantages, including enhanced energy
efficiency, superior powertrain dynamics, and reduced emissions, all of which
contribute to a more sustainable transportation system (Zhai et al., 2011; De Novellis
et al., 2013). In particular, while full-electric vehicles with on-board motor configurations
share some benefits such as improved energy management and advanced torque control,
distributed drive electric vehicles (DDEVs) with in-wheel motor technology excel by
allowing more precise and independent torque manipulation. DDEVs achieve an
advanced form of dynamic control through the use of in-wheel motors (Chen et al.,
2018; Liang et al., 2023). These motors independently control the torque at each wheel,
distributing torque according to the performance and traction conditions of each wheel,
thus improving vehicle handling and stability (Pugi et al., 2017; Lenzo et al., 2019). This
system permits one side to drive, while the other side applies brakes, enhancing the ability of
the direct yaw moment control (DYC) (Tahami et al., 2004; Sun et al., 2022). Currently,
most DDEVs use hierarchical control structures for the DYC. The upper layer is dedicated
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to motion tracking and employs a control algorithm to calculate the
required control force. The lower torque-allocation control layer is
responsible for distributing the torque to each wheel (Li et al., 2015;
Hu et al., 2019; Zhao et al., 2021).

The use of proportional–integral (PI) control to calculate an
appropriate control signal has been discussed (Fujimoto et al., 2006).
Fujimoto et al. (2006) presented a simple control algorithm that is
highly reliable and well suited for establishing accurate mathematical
models for linear steady-state systems. However, the vehicle system,
which is nonlinear and subject to parameter uncertainty, falls under
the category of a nonlinear time-varying system. The simulation
results presented by Jonasson et al. (2011) demonstrated
significant discrepancies in the control outcomes of a
proportional–integral–derivative (PID) controller under different
operating conditions. In a DYC based on a linear quadratic
regulator (LQR) (Ding et al., 2017), the system performance is
influenced by unmodeled dynamics and parameter uncertainties. To
address this problem, a robust LQR with variable gains was proposed
(Wang et al., 2018). An additional control term was introduced into the
traditional LQR feedback contribution to restrict the closed-loop
tracking error near the origin of the state space. A torque vectoring
controller is developed for an electric vehicle with dual front-wheel
electric machines, utilizing an LPV gain-scheduled vehicle dynamics
controller along with a torque and slip limiter to enhance traction
control (Kaiser et al., 2014). Furthermore, a linear parameter-varying
H∞ controller was designed using the linear matrix inequality (LMI)
approach to tackle the parameter uncertainty problem (Hang et al.,
2019). The controller was designed to generate the steering angles of the
front and rear wheels, as well as yaw moments. Vignati et al. (2022)
explored the synergistic coordination of active rear steering and torque
vectoring enabled by independent electric motors at the rear axle in
order to optimize vehicle handling and stability during cornering,
employing phase portraits to analyze the impact on vehicle dynamics.

Recently, owing to its strong robustness to uncertainties and
nonlinearities, sliding mode (SM) control has been widely applied in
vehicle dynamic control. Adaptive fuzzy sliding mode control was
proposed for implementing DYC (Ding et al., 2017). The weight
coefficients of the sideslip angle and yaw rate were dynamically
adjusted in real time using fuzzy control. An improved adaptive SM
control scheme was proposed to improve the control stability by fully
utilizing theDYCof four-wheeled electric vehicles (Nguyen et al., 2020).
A quantitative stability index was derived, and a sliding mode (SM)
controller was designed to track the desired control variables of a two-
degrees-of-freedom vehicle model. To address the chattering problem
inherent in the first-order SM control, a second-order SM control was
developed by implementing the power integrator technique in
conjunction with a nonlinear disturbance observer (Ding et al.,
2017). An integral SM (ISM) formulation was proposed for torque
vectoring control of a fully electric vehicle. An analysis of the controller
performance, including chattering and irregular control actions was
also included (Goggia et al., 2014). To combat stability problems arising
from actuator faults and uncertainties in road friction, a novel SM
controller with an adaptive PI sliding surface was developed. The
primary objective of the developed controller was to generate a
virtual control signal that can effectively counteract these problems
(Subroto et al., 2020). Wang et al. (2022) designed a controller by
utilizing the ISM control technique to achieve the desired yaw moment
by regulating both the yaw rate and sideslip angle. A novel SM reaching

lawwas developed to reduce chattering and enhance the convergence of
state variables, and its effectiveness was confirmed through theoretical
analysis. Moreover, a fuzzy compensation and preview angle-enhanced
sliding model controller were proposed to enhance the tracking
accuracy and robustness of mobile robots using the Kalman
algorithm to evaluate the centroid slip angle and yaw rate (Li et al.
(2021). To effectively handle external disturbances and parameter
changes, the SM control method utilized switching functions.
However, the benefits of SM control are hindered by oscillations
caused by chattering. Chattering adversely affects control systems. It
has been reported that mechanical parts can experience fatigue, which
quickly leads to system destruction (Boiko et al., 2007; Zhang et al.,
2022). Consequently, numerous strategies have been devised tomitigate
chattering and enhance controller performance. These techniques
include the reaching law, higher-order SM, and fractional SM.

Research on chattering problems has primarily focused on
incorporating suitable filters into the SM control. Therefore, this
paper presents a design solution for a super-twisting SM (STSM)
controller and proves its stability using the Lyapunov method.
Hardware-in-the-loop (HIL) simulation comparisons of the two
designed controllers indicate that the controller based on the super-
twisting algorithm exhibits superior control performance. The
designed controller is insensitive to uncertainties and nonlinearity
in the vehicle parameters, along with its ability to effectively and
rapidly control the yaw rate of the vehicle while efficiently
suppressing the chattering phenomenon caused by traditional SM
control. The remainder of this paper is organized as follows. Chapter
2 establishes the vehicle models employed in this study. The DYC
system is thoroughly described in Chapter 3. Chapter 4 validates the
proposed methodology using simulation experiments. Finally,
Chapter 5 presents the main conclusions of this study.

2 Vehicle modeling

2.1 3-DOF dynamic model

This study examined an eight-wheeled distributed drive electric
vehicle (8W-DDEV) with four-wheel front steering. A three-
degrees-of-freedom (3-DOF) model of an 8W-DDEV is
proposed, which assumes a vehicle driving on a level road with
negligible pitch, vertical, and roll motions and disregards the effects
of the steering and suspension systems (Zhang et al., 2022).
Consequently, the lateral, longitudinal and yaw motions can be
considered, and a 3-DOFmodel is constructed, as shown in Figure 1.

In Figure 1,O represents the vehicle’s center of gravity, the x-axis
points in the direction of the vehicle’s forward movement, and the
y-axis points to the driver’s left side. The equation for the vehicle
lateral motion can be expressed as (Rajamani, 2011)

m _Vy + Vxγ( ) � Fy11 cos δ11 + Fx11 sin δ11 + Fy12 cos δ12

+ Fx12 sin δ12 + Fy21 cos δ21 + Fx21 sin δ21

+ Fy22 cos δ22 + Fx22 sin δ22 + Fy31 + Fy32 + Fy41

+ Fy42. (1)

The equation for the vehicle longitudinal motion can be
expressed as
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m _Vx − Vyγ( ) � −Fy11 sin δ11 + Fx11 cos δ11 − Fy12 sin δ12

+ Fx12 cos δ12 − Fy21 sin δ21 + Fx21 cos δ21

− Fy22 sin δ22 + Fx22 cos δ22 + Fx31 + Fx32 + Fx41

+ Fx42. (2)

where m denotes the vehicle mass; Vx and Vy denote the velocities
along the x- and y-axis, respectively; γ denotes the yaw rate; Fxij and
Fyij denote the longitudinal force and lateral force of the wheels,
respectively (i = 1, 2, 3, 4 for the ith-axis, j = 1, 2 for the left and right
wheels); and δij denotes the steering angle of the first two axles (i = 1,
2 for the ith-axis, j = 1, 2 for the left and right wheels).

The equation for the vehicle yaw motion can be expressed as

Iz _γ � M + L1 Fy11 cos δ11 + Fx11 sin δ11 + Fy12 cos δ12 + Fx12 sin δ12( )
+ L2 Fy21 cos δ21 + Fx21 sin δ21 + Fy22 cos δ22 + Fx22 sin δ22( )
− L3 Fy31 + Fy32( ) − L4 Fy41 + Fy42( ).

(3)
where Iz represents the moment of inertia of the vehicle, Li denotes
the distance of the ith axis from the center of mass (i = 1, 2, 3, 4), and
M indicates the direct yaw moment, given by

M � l

2
Fx12 cos δ12 − Fx11 cos δ11 + Fx22 cos δ22 − Fx21 cos δ21(
+ Fx32 − Fx31 + Fx42 − Fx41).

(4)

2.2 The tire and wheel model

To simplify the study, the vehicle suspension is considered rigid,
and the vehicle body is assumed to have uniform density. The
vertical wheel load is computed by separating it into static and
dynamic components, with dynamic load variations accounting for
changes due to vehicle acceleration, deceleration, and steering.

Factors such as vehicle climb and obstacle navigation have been
omitted for simplicity, and the analysis only focuses on load changes
during horizontal surface travel. Additionally, the model excludes
the lateral tilting and pitching motions of the vehicle, with the wheel
load being influenced solely by longitudinal and lateral accelerations.
The vertical wheel load can be expressed as follows:

Fz11 � L2
b − La · L1

4L2
b − L2

a

· mg

2
− mayh

W
( ) − La

4L2
b − L2

a

· maxh

2
,

Fz12 � L2
b − La · L1

4L2
b − L2

a

· mg

2
+ mayh

W
( ) − La

4L2
b − L2

a
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2
,

Fz21 � L2
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2
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( )
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FIGURE 1
3-Dof model of the 8W-DDEV.
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where Fzij (i = 1, 2, 3, and 4 for the ith-axis, j = 1, 2 for the left and
right wheels) denotes the vertical load of the tires; g denotes
gravitational acceleration; ax and ay denote the longitudinal and
lateral accelerations, respectively; h denotes the height of the center
of gravity, andW is the wheelbase. Consequently, La and Lb

2 can be
expressed as

La � L1 − L2( ) + L1 − L3( ) + L1 + L4( ). (6)
Lb

2 � L1 − L2( )2 + L1 − L3( )2 + L1 + L4( )2. (7)

Given the requirement of nonlinear tire forces in vehicle
dynamic control, it is inevitable that a linear tire model will not
suffice. However, because of the complexity of the calculation
involving numerous fitting parameters in Pacejka Magic Formula,
this study opts for the Dugoff tire model for the tire force calculation
(Ding et al., 2010). The Dugoff tire model accurately describes the
nonlinearity of the lateral force of the tire and requires fewer
parameters. The description is as follows:

Fyij � Cij tan αijf λ( )
f λ( ) � 2 − λ( )λ, if λ< 1

1, if λ≥ 1
{

λ � μijFzij/ 2Cij tan αij
∣∣∣∣ ∣∣∣∣( )

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ . (8)

The slip angle of each tire is calculated using the
following equation.

α11 � δ11 − β + L1γ/Vx( )
α12 � δ12 − β + L1γ/Vx( )
α21 � δ21 − β + L2γ/Vx( )
α22 � δ22 − β + L2γ/Vx( )
α31 � α32 � −β + L3γ/Vx

α41 � α42 � −β + L3γ/Vx

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
(9)

Each in-wheel motor is an independent drive unit that requires a
force analysis for each wheel. The single-wheel model is illustrated
in Figure 2.

The expression for the wheel torque can be determined
from Figure 2:

Iw _ω � Td − FxR −Mf (10)

where Iw denotes the moment of inertia for the wheel (including the
in-motor), ω signifies the wheel angular velocity, R denotes the
wheel radius,Mf indicates the resisting moment of the wheel, and Td

denotes the wheel torque.
The torque of the rolling resistance exerted on the wheel is

Fx � Td

R
(11)

The torque applied to the wheels by the motor can be
approximated as follows:

Td � icTe (12)
where Te indicates motor torque, and ic indicates the transmission
ratio of the reducer.

As the primary focus of the research is on the dynamics control
of the vehicle and the formulation of a yaw torque control strategy,
the control system is particularly concerned with the output
characteristics of the in-wheel motors (Carello et al., 2021). To
maintain the clarity and scope of the study, a simplified treatment of
other powertrain components has been adopted, and as such,
extensive consideration of features such as power/torque
limitations of the electric motors (EMs), power limitations of the
energy storage system (ESS), or asymmetries of the powertrain in
acceleration and deceleration phases is not included. To simplify the
depiction of the torque dynamic response, the model used a first-
order system in which the motor output torque can be expressed
as follows:

Te � 1
τs + 1

Tref (13)

where τ denotes the response time constant of the motor, and Tref
indicates the reference torque of the motor.

2.3 Reference model

In this study, the control objective is to determine the yaw rate
of the vehicle. Therefore, it is necessary to calculate the reference
yaw rate and establish a reference model for the vehicle. The
equation for the vehicle reference model is as follows (Cai
et al., 2022):

m _Vy + Vx · γ( ) � Fy1 cos δ1 + Fy2 cos δ2 + Fy3 + Fy4

Iz _γ � Fy1 cos δ1 · L1 + Fy2 cos δ2 · L2 + Fy3 · L3 + Fy4 · L4
{ . (14)

When sideslip angle is small, it can be approximated as

β � arctan
Vy

Vx
≈
Vy

Vx
. (15)

Assuming the longitudinal speed Vx is constant, then
_β � _Vy/Vx; when the steering angle δ is not large, cos δ1 ≈ 1,
cos δ2 ≈ 1. Eq. 14 can be simplified as

_β � 1
mVx

Fy1 + Fy2 + Fy3 + Fy4( ) − γ

_γ � 1
Iz

Fy1L1 + Fy2L2 + Fy3L3 + Fy4L4( )
⎧⎪⎪⎪⎨⎪⎪⎪⎩ . (16)

FIGURE 2
Single wheel model.
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The tire lateral force can be directly proportional to the slip angle
of tire, which is expressed as

Fy1 � C1α1
Fy2 � C2α2
Fy3 � C3α3
Fy4 � C4α4

⎧⎪⎪⎪⎨⎪⎪⎪⎩ . (17)

If the vehicle operates under stable conditions, the changes in the
yaw rate and sideslip angle are gradual. Consequently, in Eq. 16 it
can be assumed that _γ � 0 and _β � 0. By applying this assumption to
Eqs 14–17, the reference yaw rate to improve the maneuverability
can be derived as follows:

γref � Vx/L
1 + KV2

x

δ1. (18)

where L denotes the equivalent wheelbase, which can be expressed as

L �
Σ
4

i�1CiΣ
4

i�1 CiL2
i( ) − Σ

4

i�1 CiLi( )[ ]2
C1Σ

4

i�1 Ci L1 − Li( )[ ] + asC2Σ
4

i�1 Ci L2 − Li( )[ ]
. (19)

where as denotes the constant ratio of the wheel angles of the two
front axles.

K is the stability factor, which can be expressed as

K � −
mΣ

4

i�1 CiLi( )
Σ
4

i�1CiΣ
4

i�1 CiL2
i( ) − Σ

4

i�1 CiLi( )[ ]2. (20)

The vehicle’s lateral motion can be influenced by the road
friction coefficient, which must satisfy the following expression:

γref ≤ μ · g( )/Vx

∣∣∣∣ ∣∣∣∣. (21)

where μ denotes the road friction coefficient. Eq. 21 reflects the
fundamental physical limitation imposed on a vehicle’s yaw rate by
tire-road friction during steering. Specifically, it conveys the
maximum achievable yaw rate before tire slip occurs, which is
dictated by the coefficient of friction between the tires and the
road surface. This boundary condition is vital for improving the
vehicle handling performance and ensuring the vehicle
lateral stability.

By combining Equations 18 and (21), the reference yaw rate for
improving maneuverability can be obtained as follows:

γref � sign δ1( ) · min μ · g( )/Vx

∣∣∣∣ ∣∣∣∣, Vx/L
1 +KV2

x

δ1

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣( ). (22)

where γref denotes the conventional reference yaw rate, which is
widely adopted as a control objective for enhancing vehicle
performance. In this paper, the reference yaw rate γref in Eq. 22
is used as the control objective of the DYC system. This control
objective improves maneuverability by providing precise control of
the vehicle direction changes and actively managing the balance
between understeer and oversteer for stability. It also adapts to
different driving conditions and preferences, ensuring predictable
vehicle behavior and enhancing the driver’s handling experience.

In practice, calculating the reference yaw rate in real-time requires
measuring the steering wheel angle, the longitudinal vehicle speed, and

the road friction coefficient. The vehicle speed and the steering wheel
angle can be readily measured using onboard sensors that are standard
in modern vehicles. Determining the surface friction coefficient,
however, is less straightforward and typically involves estimation
algorithms that leverage sensor data such as wheel slip, vehicle
acceleration, and potentially additional inputs from advanced sensor
systems like optical or infrared pavement scanners (Ahn et al., 2012).

3 Design of DYC strategy

3.1 Structure of DYC strategy

To satisfy the control objectives, a lateral dynamic control algorithm
is developed to calculate the reference yawmoment. The DYC approach
is adopted, as shown in Figure 3 (Cai et al., 2021). First, the reference yaw
rate is calculated based on the motion state of the vehicle using the
algorithm outlined in Section 2. Subsequently, the yaw moment is
computed using a tracking controller. The tracking controller is
developed by utilizing STSM algorithm and nonlinear tire models, for
overcoming the chattering problemof conventional SMCand improving
the vehicle stability in the non-linear region of tire force. Additionally, the
torque-distribution module generates additional torque for each in-
wheel motor. A tire force distribution method with the optimization
objective of tire utilization is used to improve the safety margin of tire
forces (Guo et al., 2019). Furthermore,HIL simulations, including double
lane change test and steering wheel angle sinusoidal input test, were
performed to validate the effectiveness of the control strategy.

3.2 Design of the traditional SM controller

The first step in designing an SM controller is to select a sliding
surface (Ding et al., 2017). Note that the actual yaw rate should
approach its reference values, and the yaw rate SM controller can
then be designed with the sliding surface established as

sγ � γ − γref. (23)

By applying the equal convergence law, the derivative of sγ can
be expressed as

_sγ � −kγsign sγ( ). (24)

where kγ denotes the coefficient of the equal convergence law.
Based on Equations 14–(17), (23), and (24), the feedback yaw

moment under SM control can be obtained as follows:

Mz � Iz −kγsign γ−γref( )+ _γref[ ]− L1C1 +L2C2 −L3C3 −L4C4( )β
− L2

1C1 +L2
2C2 +L2

3C3 +L2
4C4( ) γ

Vx
+ L1C1 +asL2C2( )δ1.

(25)
The Lyapunov function is defined as

V � 1
2
s2. (26)

Then,

_V � s _s � −kγsgn s( ) · s. (27)
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Taking kγ > 0, _V≤ 0, the system given by Eq. 25 is stable.
In general, the value of kγ should be sufficiently large for the

system to approach the SM surface quickly and accurately. However,
when kγ is too large, the system experiences severe chattering.

Eq. 25 is derived from traditional SM control and employs a
linear tire model. The method is effective in situations where the
road friction coefficient is high, and the lateral acceleration
remains within tolerable limits. However, when the vehicle
tires enter the nonlinear region, the linear tire model used in
Eq. 17 fails to accurately depict the lateral force of the tire. This
discrepancy can lead to excessive yaw moments and compromise
vehicle stability. Furthermore, the chattering on the sliding
surface becomes more pronounced. To address these
problems, an STSM control approach is employed to compute
the yaw moment.

3.3 Design of the STSM controller

Owing to the nonlinearity of the tire force representation, the
lateral force in Eq. 3 must be calculated using a nonlinear tire model.
The disturbance caused by the external environment is denoted as
d(t). Therefore, Eq. 3 can be written as follows:

_γ � f γ( ) +Mz + d t( ). (28)
where f(γ) is the sum of lateral moments generated by the lateral
force of the tire.

f γ( ) � L1 Fy11 + Fy12( ) + L2 Fy21 Fy22( ) − L3 Fy31 + Fy32( )
− L4 Fy41 + Fy42( ). (29)

The lateral force of each tire is calculated using Eqs 5–9.
The sliding surface is defined as

sγ � γ − γref. (30)

The design of the second-order SM controller based on the
STSM algorithm is as follows (Gonzalez et al., 2011):

Mz � − k1 s2| | 12sign s2( ) + ∫ k2sign s2( )dt( ) − f γ( ). (31)

By employing the sliding surface in Eq. 30 and the second-order
SM controller in Eq. 31, there exist gains k1 > 0 and k2 > 0 that ensure
the global stability of the systems in Eqs 1 and (3).

Taking the derivative of Eq. 30 gives

_s2 � _γ − _γref � f γ( ) +Mz + d t( ). (32)

Assuming that the disturbance d(t) is continuously
differentiable, there exists a positive constant L satisfying
the condition

_d t( )
∣∣∣∣∣ ∣∣∣∣∣≤L. (33)

Substituting Eq. 31 into (32) produces:

_s2 � −k1 s2| | 12 sign s2( ) − ∫ k2sign s2( )dt + d t( ). (34)

A variable replacement is performed in Eq. 34 by letting

z1 � s2. (35)
z2 � −∫ k2sign s2( )dt + d t( ). (36)

Therefore, Eq. 34 can be transformed into

_z1 � −k1 s2| | 12 sign s2( ) + z2. (37)
_z2 � −k2sign s2( ) + _d t( ). (38)

The Lyapunov function is defined as

V2 � ξTPξ. (39)
ξT � ξ1, ξ2[ ] � z1| | 12sign z1( ), z2[ ]. (40)

where p is a positive-definite constant matrix.
The following adaptive gain is designed for the controller:

_k1 �
α

��
σ

2

√
, s‖ ‖Pε

0, s‖ ‖< ε

⎧⎪⎪⎪⎨⎪⎪⎪⎩
k2 � k1

k1 >
2L + ] + 4( )2 − 12 4L + 1( )

12]

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
. (41)

FIGURE 3
Structure of the DYC strategy.
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where α, σ, ε, and ] are all greater than zero.
The following Lyapunov candidates are chosen:

V ξ1, ξ2, k1( ) � V0 + 1
2σ

k1 − k1
*( )2. (42)

V0 � ξTPξ � ξT1 ξT2[ ] ] + 4 −2
−2 1

[ ] ξ1
ξ2
[ ]. (43)

where k1* denotes a sufficiently large constant. Matrix p is clearly
positive and definite.

The derivation of V0 yields

_V0 � _ξ
T
Pξ + ξTPξ

.

.( )# − 1

s‖ ‖ 1
2
ξTQξ. (44)

Q � Q11 Q12

Q21 4
[ ]. (45)

Q11 � ]k1 + 2 2k1 − k2( ) + 4L, k1 >
2L + ] + 4( )2 − 12 4L + 1( )

12]

Q is positive definite, and the minimum Q eigenvalue satisfies
λmin Q{ }> 2.

For positive definite matrices p and Q, the following inequality
relationship exists:

λmin P{ } ξ‖ ‖2#ξTPξ#λmax P{ } ξ‖ ‖2
λmin Q{ } ξ‖ ‖2#ξTQξ#λmax Q{ } ξ‖ ‖2 . (46)

where λmin{ } indicates the minimum eigenvalue of the matrix, and
λmax{ } indicates the maximum eigenvalue of the matrix.

According to Eqs 44 and (46),

_V0 � − 1

s‖ ‖ 1
2
ξTQξ( )# − λmin Q{ }

s‖ ‖ 1
2

ξ‖ ‖2# − λ
1
2
min P{ }

λmax P{ }V0
1
2. (47)

The derivation of Eq. 42 yields

_V# − λ
1
2
min P{ }

λmax P{ }V
1
2
0 − α���

2σ
√ k1 − k1

*
∣∣∣∣ ∣∣∣∣ + 1

σ
k1 − k1

*( ) _k1
+ α���

2σ
√ k1 − k1

*
∣∣∣∣ ∣∣∣∣# − λ

1
2
min P{ }

λmax P{ }V
1
2
0 − α���

2σ
√ k1 − k1

*
∣∣∣∣ ∣∣∣∣

−
_k1
σ
− α���

2σ
√( ) k1 − k1

*
∣∣∣∣ ∣∣∣∣# − κ0V

1
2 −

_k1
σ
− α���

2σ
√( ) k1 − k1

*
∣∣∣∣ ∣∣∣∣

# − κ0V
1
2 + η0.

(48)

κ0 � min
λ

1
2
min P{ }

λmax P{ } , α
⎧⎨⎩ ⎫⎬⎭. (49)

η0 � − k1
.

.
σ

− α���
2σ

√⎛⎝ ⎞⎠ k1 − k1
*

∣∣∣∣ ∣∣∣∣. (50)

Thus, the controller is stable. Furthermore, ξ1 and ξ2 can
converge in finite time, and the slip mode surface also converges
in finite time.

4 Simulation verification

4.1 Hardware-in-the-loop
simulation platform

HIL simulations were performed to validate the effectiveness of
the control strategy. The structure of the HIL simulation platform
comprises a driver control system, controller system, motor drive
system, and dynamic vehicle simulation system, as shown in
Figure 4 (Cai et al., 2021; Toropov et al., 2023).

On the HIL simulation platform, the driver sends control signals
to the controller system through the control system, which includes
the dSPACE simulation system and the actual vehicle controller, and
executes the control strategy based on the driving inputs and state
information gathered from the real-time vehicle simulation
dynamics model. Subsequently, the controller sends torque
commands to the motor-drive system. The motor drive system
then transfers the actual output torque of the motor to a real-time
vehicle simulation model to propel the vehicle. Information
exchange between various systems occurs through the Controller
Area Network (CAN) and FlexRay buses.

4.2 Double lane change test

The double lane change test is a vehicle handling stability test
that simulates a vehicle changing lanes or avoiding a sudden obstacle
to assess vehicle handling stability in an emergency. With the
controllers in Eqs 25 and (31) and without control, the double
lane change maneuver was conducted under the condition of a low

FIGURE 4
Structure of HIL simulation platform.
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road friction coefficient. The simulation conditions are as follows:
the road friction coefficient was set to 0.3, the vehicle velocity was
70 km/h, and the distance was 220 m. Figure 5 illustrates the
simulation results, where Figure 5A presents the yaw rate,
Figure 5B depicts the sideslip angle, Figure 5C illustrates the
vehicle trajectory, and Figure 5D shows the steering wheel angle.

Based on the simulation results, it is evident that, without control,
the vehicle trajectory deviates significantly from the reference
trajectory. Additionally, the yaw rate experiences considerable
fluctuations, the vehicle sideslip angle surpasses the stable range,
and the steeringwheel angle reaches itsmaximum limit. This indicates
a complete loss of control by the driver. However, when the SM and
STSM controllers were implemented, the vehicle steering stability
improved, enabling the vehicle to closely follow the reference
trajectory. Furthermore, in comparing the two controllers, it can
be observed that the vehicle using the STSM algorithm exhibits
smaller trajectory deviations, lower side-slip angles, and faster
tracking of the yaw rate. Consequently, the control effect of the
STSM controller is superior to that of the SM controller.

4.3 Steering wheel angle sinusoidal
input test

The sinusoidal input test of the steering wheel angle is a critical
experimental method implemented to assess the lateral dynamic
response of a vehicle, crucial for examining its dynamic stability,

maneuverability, and responsive performance. Recognized as one of
the essential handling experiments, the sinusoidal test is a proven
approach to validate the control capabilities of a vehicle under
various operational scenarios. In the experiment, with the road
friction coefficient set to 0.3 and the vehicle velocity maintained at
50 km/h, a sinusoidal input was applied to the steering wheel angle
to induce lateral dynamics. The specific frequency and time range
were selected to exemplify the vehicle behavior within a typical
operational range and to provide a clear, reproducible assessment of
system performance. This approach enables a focused analysis on
the immediate response and stabilization of the vehicle, which is
further supported by the simulation results shown in Figure 6.

From the simulation results shown in Figure 6, it can be
observed that the experimental results differ for vehicles with
STSM, SM, and without control, although the steering inputs are
the same. From Figure 5C, the vehicle with STSM exhibits the
smallest lateral distance, which means that the vehicle has the best
steering ability, followed by the vehicle with ST control, and the
vehicle without control has the largest lateral displacement and the
worst steering ability. In terms of the yaw rate, the vehicle without
control has the largest yaw rate, and the yaw rates of the vehicles
with SM and STSM control are approximately the same; however,
the yaw rate of the SM control exhibits some fluctuation and
chattering, which is avoided by STSM control. From Figure 5B,
the vehicle without control has a larger lateral slip angle, and the
lateral slip angle is significantly reduced after control is adopted.
However, the lateral slip angle of the vehicle with the SM control still

FIGURE 5
Simulation results of double lane change test. (A) yaw rate (B) sideslip angle (C) vehicle trajectory (D) steering wheel angle.
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exhibits a certain amount of chattering. Therefore, in the case of
continuous steering, the vehicle with the STSM control achieved
excellent control performance.

5 Conclusion

This study presents a comprehensive DYC system that utilizes
the STSM algorithm to enhance the handling stability of 8W-
DDEVs. The STSM method is carefully designed to overcome the
chattering phenomenon commonly found in traditional SM control,
improving control accuracy and vehicle maneuverability. Extensive
HIL simulations conducted in the study confirm that the STSM
control strategy significantly improves the yaw rate tracking
capability and vehicle stability compared with the traditional SM
method. The proposed STSM method is characterized by fast
convergence speed and reduced chattering effect, and shows
remarkable potential in improving the accuracy and robustness
of DYC systems.

The results provide a solid foundation for the practical
improvement of DYC system performance and a crucial step
forward in optimizing vehicle performance. It is expected that
future research phases will transition from simulation testing to
empirical testing on real vehicles, a necessary step to validate and
improve the applicability and effectiveness of STSM control
strategies under real-world conditions.
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