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Abstract: To fully unleash the performance potential of the Wheel Drive Driverless Vehicle (WDDV)
and enhance its handling stability across a wide range of extreme operating conditions, this paper
proposes a novel approach for designing a multi-directional motion coupling control system. Firstly,
an analysis of the unmanned driving modes of the WDDV is conducted, followed by the establish-
ment of a method for defining the control target parameter set for handling stability. Subsequently,
a coupled dynamic model that considers the wheel drive counter force is developed. Building this
model, a method for estimating the handling stability state is introduced, focusing on improving
both handling and stability aspects. Furthermore, by combining the sliding mode control algorithm
with the coupled dynamic model, a design methodology for a multi-directional motion coupling
control law that adapts to extreme operating conditions is proposed. Finally, through comprehensive
simulation experiments and testbed, the effectiveness of the proposed multi-directional motion
coupling control system is validated, demonstrating superior handling stability compared to the
decoupled control system.

Keywords: control target; handling stability state; motion coupling control; wheel drive driverless vehicle

1. Introduction

Improving the transport efficiency of vehicles has been an enduring pursuit, necessitat-
ing the rational control and optimal utilization of their dynamic performance advantages.
The wheel drive vehicle has multiple independent and controllable power units, which can
realize the optimal distribution of longitudinal force, lateral force and vertical force of each
wheel, so as to improve the handling and stability of the vehicle. The wheel drive system
has introduced a novel implementation approach to enhance the dynamic performance of
electric vehicles, positioning it as one of the most promising electric vehicle configurations.
The wheel drive system adapts to the development needs of electrification and intelli-
gence of automobiles. It has broad application prospects and has been widely studied [1].
Vehicles equipped with wheel drive systems inherit the inherent dynamic performance ad-
vantages, thus assuming a pioneering role in bolstering transport efficiency. Consequently,
they inevitably confront the imperative of maneuvering stability control under extreme
operating conditions. The control of wheel drive vehicles in extreme conditions presents
several challenges: the forceful nonlinearity exhibited by the vehicle’s dynamic response
necessitates a broader scope of state parameters for modeling and analysis; the control
system of wheel drive vehicles under extreme conditions must strike a delicate balance
between complexity and real-time responsiveness. Intelligent technologies imbue vehicles
with an array of perceptual sensing units, advanced planning and decision-making systems,
and high-performance computing units [2]. Leveraging such cutting-edge hardware plat-
forms enables the utilization of intelligent algorithms [3-5] to enhance vehicle performance.
Therefore, the fusion of wheel drive vehicles and intelligent technologies in the automotive
domain holds considerable potential for resolving the issues pertaining to maneuvering
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stability control under extreme operating conditions. This integration forms the primary
subject of this study: the Wheel Drive Driverless Vehicle (WDDV). The WDDV combines
the advantages of wheel drive and driverless vehicle software and hardware, amplifying
the complexity of designing its handling and stability control system. To improve the
handling and stability of WDDYV, addressing the challenges posed by control actuators and
controllable degrees of freedom is of paramount importance.

The determination of vehicle handling and stability control objectives usually starts
with improving the yaw stability and roll stability of the vehicle. Key state variables for
characterizing lateral stability in automobiles include yaw rate and lateral displacement
of the center of gravity, which are often directly targeted in the pursuit of lateral stability
control [6-14]. Additionally, the distribution of tire forces, which is closely related to tire slip
angles, plays a vital role in determining the vehicle’s handling stability. Hence, employing
the slip angles of the front and rear tires as control targets can also effectively achieve
manipulation stability control [15,16]. Restricting the vehicle speed to remain below the
maximum permissible speed under given operating conditions serves as an effective means
of ensuring driving stability.

Consequently, vehicle roll angle is commonly regarded as a control target for roll sta-
bility control [17,18]. In the context of autonomous driving, the maximum achievable speed
is also frequently employed as a control target for manipulation stability [19,20]. Further-
more, there is a growing trend to consider multiple parameters as comprehensive control
targets [21,22]. Therefore, determining reference values for these control target parameters
assumes utmost importance. Common methodologies include the estimation of reference
values for control targets under extreme conditions using empirical rules [23,24], as well
as techniques such as phase-plane analysis [25,26]. The estimation of reference values for
control targets under extreme conditions using empirical parameters or experimental data
presents challenges and suffers from issues of accuracy.

Moreover, phase-plane analysis methods [27,28] heavily rely on specific vehicle re-
sponses, thereby limiting their applicability across different vehicle models. An ideal
approach would involve deriving reference values for control targets under extreme condi-
tions through vehicle dynamics models. However, due to the strong nonlinearity exhibited
by vehicle dynamics responses under extreme conditions, modeling becomes challenging,
and control systems designed based on complex dynamics models may struggle to meet
real-time requirements.

Cooperative control methods for enhancing vehicle handling stability can be catego-
rized into rule-based methods and coupling-based methods. Rule-based methods trigger
control strategies based on specific driving conditions and driver input behavior [6,29].
These strategies can be implemented across different electronic control units (ECUs) to
reduce computational demands on individual units. However, this approach may intro-
duce oscillations in vehicle states at control activation boundaries, which can undermine
control system stability. Moreover, achieving optimal comprehensive vehicle dynamics
performance in extreme conditions remains a challenge. Consequently, the increasing com-
putational capabilities of autonomous driving vehicles have prompted a growing emphasis
on coupling control methods for multi-actuator systems.

Coupling control strategies, such as four-wheel coupling control [30], four-wheel active
steering coupling control [31], coupling control between wheel drive and active steering [32,33],
coupling control involving wheel drive, active braking, and active steering [34—42], and
coupling control incorporating wheel drive, active braking, active steering, and active
suspension [28], have been proposed to improve different aspects of vehicle stability
and handling. However, addressing the coupling control problem of WDDV space multi-
directional motion requires the development of multi-degree-of-freedom coupling dynamic
models specific to vehicle types, enabling direct design of multi-directional control laws.
In practical design, model simplification is often necessary to achieve complete solutions
for control variables, which may hinder the full representation of nonlinear effects in
extreme conditions. Additionally, wheel drive vehicles operating at the limit often utilize
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independent wheel torque control to enhance stability, necessitating the consideration of
the coupling effect between longitudinal and roll motions in the dynamic modeling of
wheel drive vehicles under extreme conditions.

Summarizing the research status, the deficiencies in the existing research are mainly
reflected in the following two aspects:

1.  Existing research on manipulation stability control targets exhibits certain limita-
tions: the differences between autonomous vehicles and conventional ones are not
adequately addressed; a unified and systematic approach to establishing WDDV
manipulation stability control targets is lacking.

2. At present, the WDDV handling and stability control method is mainly based on
decoupling control, which is difficult to fully consider the influence of the multi-
degree-of-freedom coupling relationship of the vehicle, and the influence of the hub
drive reaction force is not considered in the design process of the control system.

In summary, the existing research has not fully addressed the control problem of
WDDYV for stable maneuvering. Achieving stable maneuvering with coupled control for
WDDYV remains a challenging task that necessitates further investigation. This paper pro-
poses methodologies for establishing precise control objectives and designing coupled
control laws tailored specifically to WDDV. The primary contributions of this study are
as follows:

1.  Beginning with the classification of automated driving levels, incorporating the un-
manned driving mode of WDDYV, a comprehensive parameter set for control objectives
is established. The approach serves as a valuable reference for quantifying the evalua-
tion indicators of maneuvering stability in unmanned driving scenarios.

2. Based on the established WDDV dynamic model suitable for conventional and ex-
treme conditions, the control objectives of handling and stability is derived. These ob-
jectives strike a balance between stability and transportation efficiency, making them
adaptable to different operating conditions.

3. A sophisticated coupled control law for WDDV’s multi-directional motion under ex-
treme operating conditions is formulated. This approach is highly effective in meeting
the control requirements for stable maneuvering under extreme operating conditions.

The subsequent organization of this paper is as follows: Section 2 provides a concise
introduction to the underlying theory. In Section 2.1, we establish a parameter set for control
objectives. Section 2.2 focuses on the development of an 8-degree-of-freedom (8-DOF)
coupled dynamic model for WDDV. Section 2.3 provides a methodology for estimating the
reference values of control objectives. Section 2.4 presents the design of coupled control
laws for multi-directional motion in WDDV. Section 3 presents the simulation analysis and
experimental verification. Finally, Section 4 offers conclusions.

2. System Framework and Methodology
2.1. Research on Control Target Parameter of WDDV

To establish the target parameter set for handling and stability control, it is essential to
define the evaluation indices for handling and stability. Currently, there exists industry-
level, national-level, and international-level standards, such as “GB/T 6323-2014 [43],
The Handling and Stability Test Method for Vehicle,” “QC/T 480-1999 [44], The Han-
dling and Stability Index Limit and Evaluation Method for Vehicle,” and “ISO 3888-2:
2002 Double-shift International Standard Experiment” [45]. However, given the distinct
operational characteristics of driverless vehicles compared to traditional vehicles, the con-
ventional handling and stability evaluation methods are insufficient and require adaptation.
Consequently, there is a need to update these methods to address the specific requirements
of driverless vehicles.
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2.1.1. Establish the Evaluation Paradigm of the Handling Stability

The concept of vehicle handling stability encompasses two fundamental aspects:
ma handling and stability. Driverless vehicles exhibit diverse handling patterns, including
manned driving, human-machine co-driving, and fully autonomous operation. Moreover,
the specific handling and stability requirements vary depending on the intended purpose
of different types of driverless vehicles. It is crucial to propose evaluation indices for
handling and stability that consider both passengers and vehicles, as the conventional
evaluation criteria used in traditional driver handling research are no longer applicable
to driverless vehicles. When examining stability, the analysis takes into account both
vehicle stability and passenger safety, making the proposed stability evaluation criteria
still relevant. However, in the driverless context, the stability index for the vehicle as an
electromechanical system becomes less restrictive compared to that of traditional vehicles.
For instance, even if the vehicle experiences drifting, fishtailing, or a tire slip on one side,
it may still maintain operability.

Nevertheless, these extreme phenomena can significantly impact the passengers’
sense of security. This study focuses on the WDDV system, which represents an L4-level
automated passenger vehicle. To determine the target for handling and stability control
in WDDYV, it is necessary to consider its general application as a passenger vehicle and
establish appropriate evaluation criteria that align with the characteristics of its driverless
control mode. The absence of a human driver characterizes the driverless maneuvering
pattern of the WDDV. Instead, the WDDV integrates a sensory sensing system, decision-
making planning system, and intelligent execution system, which collectively emulate the
visual perception, sensory capabilities, cognitive processes, and motor functions of a human
driver. This integrated system functions as the virtual driver of the WDDV. For virtual
drivers, the key performance criterion lies in their ability to seamlessly manipulate and
control the vehicle in accordance with the intended driving objectives, known as motion
controllability in autonomous driving. In other words, within the established hardware
system’s capacity, the WDDV can precisely execute driving actions based on the motion
objectives determined by the decision-making planning system, thereby exemplifying its
objective motion-tracking ability. Motion tracking in the context of driverless vehicles
typically encompasses speed tracking and path tracking, allowing for a clear definition of
the handling evaluation indices for the WDDYV, specifically in terms of longitudinal speed
error and lateral error.

As a passenger vehicle, the evaluation of stability requires consideration of both
occupant safety and vehicle endurance. Therefore, the stability evaluation criteria for the
WDDV are determined by referring to research findings in traditional vehicle stability
assessment. In accordance with the guidelines specified in “QC/T 480-1999, The Handling
and Stability Index Limits and Evaluation Methods for Vehicles,” the scoring function for
assessing the handling and stability of passenger vehicles is as follows:

N; =1/6(Ns + Nj + Ny + N + Ng + Nyy) (1)

where N is the comprehensive score of the serpentine driving test. Through the time
domain response analysis of yaw rate and steering wheel angle, the scores formed by
the two parameters are calculated, respectively, and then the two scores are weighted
to obtain the comprehensive score; Nj is the comprehensive score of the steering wheel
angle step input test, which is calculated by the time domain response analysis of the
yaw rate; Ny is the comprehensive score of the steering wheel angle pulse test, which is
calculated by the time domain and frequency domain response analysis of the yaw rate;
Ny is the comprehensive score of the steering returnability test, which is obtained by time
domain analysis and calculation of yaw rate; Ny is the comprehensive score of the steering
portability test, which is obtained by time domain analysis and calculation of steering wheel
steering force; and Nyy is the comprehensive score of the steady-state rotation test, which is
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obtained by the time domain analysis of roll angle and yaw rate. The comprehensive scores
in Equation (1) are all in the percentage system.

With the advancement of vehicle technology, there is a continuous improvement
in vehicle handling and stability, resulting in higher load-carrying efficiency. In 2014,
the government introduced the latest test methodology for assessing vehicle handling
and stability, documented as “GB/T 6323-2014, Test Method of Vehicle Handling and
Stability”. This updated test method includes a handling and stability assessment centered
around the steering wheel. The test primarily focuses on high-speed conditions, where the
response speed, sensitivity, and accuracy of steering are tested when the vehicle is running
at elevated speeds. Under high-speed driving, small disturbances can also easily make
the vehicle dynamic response enter a nonlinear state. The higher the speed, the easier it
is for the car to enter the extreme driving condition. The test is closely aligned with the
investigation of handling and stability control methods under extreme vehicle conditions in
this study. Consequently, in accordance with the prescribed test methodology, the scoring
Function (1) has been revised as follows:

Nzc =1/7(Ns + Ny + Ny + Ny + No + Ny + Nzx) 2)

where Nzx is the comprehensive score of the handling and stability test in the central area
of the steering wheel. From the handling and stability test method of the steering wheel
center area, the handling and stability of the vehicle is evaluated by the analysis results of
the steering wheel torque and yaw rate. Nzx is also a percentage system.

To facilitate the observation of the relationship between evaluation results of the
handling and stability and related evaluation parameters, according to Equation (2) and
the influence parameters of each scoring item in the equation, the handling and stability
evaluation paradigm of traditional vehicles is as follows:

yi = Aifs(7,0s) + Bif1(7, B) + Cefm(7) + Difu(y) + Etfo(Fo) + Fefw(2,7) + Gifz (7, To) ©)

where y; is the comprehensive evaluation result of passenger vehicle handling and stability;
7 is yaw rate; B is sideslip angle; J; is steering wheel angle; Fy is the steering force of
the steering wheel; V is the speed; and Ty is the steering wheel torque; fs(7,Js) is the
evaluation function of the serpentine driving test, which describes the calculation method
of this result by yaw rate and steering wheel angle in the national standard. f;(7, )
is the evaluation function of the steering wheel angle step input test, which describes
the calculation method of the result by yaw rate in the national standard; fj;(y) is the
evaluation function of the steering wheel angle pulse test, which describes the calculation
method of the result by yaw rate in the national standard; fr () is the evaluation function
of the steering returnability test, which describes the calculation method of the result by
yaw rate in the national standard; and f(Fgp) is the evaluation function of the steering
portability test, which describes the calculation method of this result by steering wheel
steering force in national standards. fyy (&, y) is the evaluation function of the steady-state
rotation test, which describes the calculation method of the result through roll angle and
yaw rate in the national standard; f7 (7, Tg) is the evaluation function of the test in the
central area of the steering wheel. The calculation method of this result by yaw rate and
steering wheel torque in the national standard is described. Ay, B, Ct, Dy, E¢, Ft, and G; are
the weight coefficients of each evaluation result.

According to the national standards, s and Tg in fs5(1, Js) and fz ('y, TQ) are the
parameters used to evaluate the handling of real drivers and f,(Fg) is a function used
to evaluate the handling of real drivers. There is no real driver in WDDV; the handling
evaluation is realized by longitudinal speed error and lateral error. Therefore, combined
with the handling evaluation parameters of WDDYV, referring to the evaluation paradigm
of the handling and stability Equation (3) for traditional vehicles, the evaluation paradigm
of WDDV handling and stability was proposed as follows:
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Ye = Acfsc(v) + Befj (7, B) + Cefm(y) + Defes(es) + Ecfry(ep) + Fefu(v) + Gefw (2, v) + Hefze(7) (4)

where v, is the comprehensive evaluation result of the handling and stability; e; is the
longitudinal speed error; ep is the lateral error; and fcs(es) is the evaluation function
of vehicle speed tracking test, which describes the method of calculating the result by
longitudinal speed error. f;(ep) is the evaluation function of path tracking test, which
describes the calculation method of this result by lateral error. f;(y,8), fm (), fu(v),
and fiy (@, ) are the same as the evaluation function of the handling and stability of
a traditional vehicle; fs.(vy) is the evaluation function of the serpentine driving test for
driverless patterns. The calculation method of the result calculated by the yaw rate is
described, which is obtained by referring to the calculation method of f5(7, ds), without
considering the influence of the evaluation parameters for the real driver of the traditional
vehicle. fz.(7) is the evaluation function of the test for the steering wheel center area
of the driverless pattern, which describes the calculation method of this result by yaw
rate. A, B¢, C, D, Ec, Fe, G¢, and H, are the weight coefficients of each evaluation result.
fes(es) and fij(ep) propose corresponding test conditions and evaluation result calculation
methods for the driverless vehicle. To adequately evaluate the handling of WDDV and
better describe the controllability of the vehicle in the process of vehicle speed tracking and
path tracking, fcs(es) and frj(ep) should be able to make a comprehensive evaluation of
the rapidity and accuracy of the control response. In addition, in the process of detailed
design, the functions fcs(es) and fij(ep) should pay attention to the characteristics of
virtual drivers and correctly configure the weight coefficients.

In this paper, the target parameter set for the handling and stability control of the
WDDV is established by considering the influential factors derived from the evaluation
results of handling and stability. Consequently, the investigation does not extensively delve
into the evaluation result functions and weight coefficients presented in Equation (4).

2.1.2. Establishment of the Target Parameters Set of Control

The evaluation paradigm for handling and stability, as represented by Equation (4),
provides insight into the influence parameters affecting the evaluation results of the WDDV.
These parameters encompass lateral error, longitudinal speed error, yaw rate, sideslip
angle, and body roll angle. To enhance the handling and stability performance of the
WDDYV, this research focuses on investigating control methodologies applicable to extreme
conditions. Specifically, it explores methods to improve handling and stability by regulating
the response of the aforementioned five parameters. Considering the influence parameters
derived from the handling and stability evaluation of the WDDYV, real-time control processes
are affected by factors such as the target path, target speed, target yaw rate, target sideslip
angle, target body roll angle, and the corresponding control strategies associated with each
target parameter. The path tracking strategy corresponds to the target path, the speed
tracking strategy corresponds to the target vehicle speed, the yaw stability control strategy
corresponds to the target yaw rate and target sideslip angle, and the roll stability control
strategy corresponds to the target body roll angle. Collectively, the target path, target speed,
target yaw rate, target sideslip angle, and target body roll angle constitute the control target
set for enhancing the handling and stability of the WDDV, as illustrated in Equation (5):

CP = [Py, Vi, Ya, Bar D) 5)

where the target path P; and the target vehicle’s speed V,; are handling control targets, and
the target yaw rate 4, the target sideslip angle 8, and the target body roll angle @; are
stability control targets. In the stability control targets, the target yaw rate and the target
sideslip angle are the yaw stability control targets, and the target body roll angle is the roll
stability control target. In this paper, the principle of cooperative control of handling and
stability of WDDV is determined as follows: The primary objective is to enhance handling
performance during conventional driving conditions for the WDDYV, while also ensuring



Electronics 2024, 13, 2744

7 of 32

stability when the WDDV is driving in extreme conditions. The path tracking strategy,
vehicle speed tracking strategy, yaw stability control strategy, and roll stability control
strategy constitute the core control strategy set of WDDV.

Therefore, the handling and stability control system of WDDV is a multi-objective and
multi-strategy complex control system.

2.2. Dynamics System Modeling

To address the research requirements for handling and stability control of the WDDYV,
a comprehensive 8-DOF vehicle dynamics model was developed. This model accurately
captures the longitudinal, lateral, yaw, and body roll motions of the vehicle, as well as
the variations in four-wheel rotation. The stability of wheel drive vehicle is improved by
wheel torque independent control under extreme conditions. When the torque of the hub
motor is transmitted to the body, the vertical component force generated can change the
roll dynamic response of the vehicle. Therefore, the dynamic model used in the design of
WDDV handling and stability control system needs to focus on the influence of the hub
drive reaction force on the vehicle motion.

2.2.1. Vehicle Dynamics Modeling

The 8-DOF vehicle dynamics model is shown in Figure 1. The body dynamics equation
of WDDV was established as follows:

‘\,5 j
Fip\ |
|

[
o

~

1L
DGR
P \J j"‘@J‘ TL D

Figure 1. Illustration of 8-DOF vehicle dynamics model.

The longitudinal motion:
CpAVy?

ﬁ(VX + Vy')/) + muhu’)”¢ = (FXfr + F;(fl>COS(5 — (Fyfr + Fyfl>5in5 + Fxp +Fypr — mg(i +f) - 2115 (6)
The lateral motion:
II(Vy + V)()’) + (amf — bmr)"y — muhuiﬁ = (Fyfr + Fyfl)COS5 + (FXfr + PXfl)Sin(S + Fyy + Fyyy (7)

The yaw motion:

(amf — bmr) (Vy + VX'y) + Ly — Lo
d . d
= H(nyr —+ Fyfl)COS(S =+ 7f (Pyﬂ — Fyfr)Sli’l(S — b(Fyrl + Fyrr ) + 7f (FXfr — FXfl)COS(S (8)
+{1(F;\gfr + FXfl)sinJ + %(F/\(w — Fyy)

The roll motion:

Ix(.i) + myhy (Vy + VX'Y) - Ixz'j’ = Adf (Fyfr + Fyfl)C055 + Adr(Fyrr + Fyrl) - D®¢ - (C@ - mughu)(l) + My (9)
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Jwwij = Taij — Tpij — FxijR (10)

where ] is the vehicle mass; Vy is the longitudinal speed; Vy is the lateral speed; m, is
the sprung mass of the vehicle; ¢ is roll angle; Fy;; is the tire’s longitudinal force; Fy;; is
the tire lateral force; ¢ is the average angle of the front wheel; i is the longitudinal slope
of the road; f is the tire rolling resistance coefficient; g is the acceleration of gravity; Cp
is the air resistance coefficient; A is the windward area of the vehicle; m; is the springing
mass of the front suspension; m;, is the springing mass of the rear suspension; h, is the
distance from the center of mass of the sprung mass to the roll axis; I, is the moment of
inertia of the vehicle around the Z axis of the vehicle coordinate system; I is the rotational
inertia of the vehicle around the X-axis of the vehicle coordinate system; I, is the inertial
product of the whole vehicle in the XZ plane of the vehicle coordinate system; a2 and b are
the distances from the front axle and the rear axle to the center of mass, respectively; d¢
and d, are the front and rear wheel tracks, respectively; M;;s is the roll moment generated
by wheel drive counter force acting on the body; D¢ is the roll-damping coefficient of the
vehicle; Cg is the roll stiffness of the vehicle; Ay 1 is the lateral offset of the front tire caused
by unit roll angle; A, is the lateral offset of the rear tire caused by unit roll angle; J, is the
rotational inertia of the wheel; Tj;; is the wheel driving torque; Tj;; is the wheel braking
torque; and R is the wheel rolling radius (in X'ij or X'xij the footmark i represents f orr,
which in turn represents the front wheel or the rear wheel, j represents [ or r, which in turn
represents the left wheel or the right wheel). The tire force in the model is calculated by the
Dugoff nonlinear tire model [46]. The 8-DOF vehicle dynamics model included M;, which
can consider the influence of wheel drive configuration on the roll motion of WDDV. The
calculation method of M, will be studied in detail later.

2.2.2. Analysis of Wheel Drive Counter Force

Previous research by scholars has investigated the influence of wheel drive counter-
force on the roll dynamic response of the vehicle body and has established a correlation
between the suspension structure and the roll moment M, [47]. Currently, the WDDV is
equipped with a multi-link suspension, but there is limited research available on the wheel
drive counterforce specifically related to this suspension type. In most studies, the front
and rear suspension systems were projected onto the vehicle’s longitudinal plane and the
roll moment Ms was calculated through force analysis. Although this calculation method
is straightforward, it overlooks the motion coupling relationship between the front and
rear suspension systems, as well as the dynamic changes and spatial relationships within
the suspension structure. Consequently, significant estimation errors can occur. To address
this, this study utilized simulation data fitting to determine the variation pattern of the roll
moment M induced by the wheel drive counterforce. By considering the generation mech-
anism of the roll moment M, the established dynamic model incorporates the interaction
forces between the wheel motor, steering knuckle, suspension rod system, and vehicle body.
Furthermore, this dynamic model facilitates the calculation of the roll moment M,s by
obtaining the forces at each connection point between the suspension guide rod system and
the body. Therefore, a multi-body dynamics model for the WDDV system was developed,
and the variation pattern of the roll moment M,s; was obtained through simulation.

By analyzing the generation mechanism of roll moment M., the main influence
parameters of M;s mainly include the driving torque difference between the left wheel and
right wheel in wheel motor, steering wheel angle and the height of each quarter suspension.
Therefore, the paradigm of M;; is proposed as follows:

Mzs = f(ATsf/ATsr/ Oste, Hs 1, Hsfr, Hsrl,Hs,r> (11)

where AT % is the torque difference on the left and right sides of the front axle; AT, is the
torque difference between the left and right side of the rear axle; Js. is the steering wheel
angle; Hyy is the suspension height of the first quarter of the left; H;, is the suspension
height of the right front quarter; Hy,, is the suspension height of the left rear quarter; and
Hg;r is the suspension height of the right rear quarter. The peak torque of the wheel motor
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M= (7Hg? — 14Hg,,” + 3AT g H g + 3AT s Hy g + 30T Hypy + 3ATs Hy g + 775AT s — 12824A T, —

is 1250 Nm, so the value range of AT % and AT, is [-2500, 2500] Nm. According to the
range of steering wheel angle of the prototype vehicle, the range of Js is determined
to be [—540, 540]°. According to the Wheel jump range of the front suspension and the
rear suspension of the vehicle, the value range of H; 1, Hsfr, Hspr, Hepy is determined as
[—70, 50] mm. The negative value indicates suspension compression, and the positive
value indicates suspension stretching.

Based on the multi-body dynamics model of WDDYV, the experimental design was
carried out with AT} fr AT, dste, Hy fls H; frr Hy;, and Hg,, in Equation (11) as the influencing
factors. Then, the value of M;s under different influencing factors were obtained by
simulation and the response surface model of M,; was finally established. Based on the
above ideas, firstly, multi-level simulation tests were carried out on the various influencing
factors in the Equation (11), and the following conclusions are drawn: the seven influencing
factors showed a weak nonlinear relationship with M. Therefore, the relationship between
each influencing factor and M;s can be described by using fewer levels for each influencing
factor. Based on the above analysis, through the value range of each influencing factor,
the level of each influencing factor in the test process are determined as follows: AT ¢
and AT, are taken as 8 levels of equal spacing, ds is taken as 7 levels of equal spacing,
H; s H; frr Hg,;, and Hgr are taken as —70 mm, 0 mm, 50 mm three levels. Finally, the
simulation test is carried out according to the comprehensive test method, and the value of
M, under various influencing factors is recorded, and then the response surface model of
M, is obtained by fitting.

Because the dimension of the response surface model is too high to be fully displayed
by a figure, the results of M,; response surface under some assumed conditions are shown:
(1) Figure 2 shows the response surface model of the body roll moment M, generated
by the wheel motor torque within the allowable range under the uniform linear condi-
tion. There was no steering and suspension deformation under this condition, és;e = 0,
Hs5p = 0mm, Hyp, = 0 mm, Hy;y = 0 mm, and H,,y = 0 mm. The figure shows that the
response range of M, is [—3390, 2835] Nm. (2) Figure 3 shows the response surface model
of the body roll moment M,s generated within the allowable range of the wheel motor
torque under the right sharp turn condition. In this condition, the steering wheel turned
right to the limit, ds; = —540°, the left suspension is compressed, and the right suspension
is stretched, Hf; = 70 mm, Hyf, = —50 mm, Hg,y = 70 mm, and Hsyy = —50 mm. From the
figure, the response range of M., is [-3530, 3050] Nm. The above data shows that the
response range of M is large, and it is necessary to consider the influence of M on the
roll stability of WDDYV in stability control.

In the process of real-time control, the simulation data is imported into the control
strategy for direct application. However, large volumes of data occupy a lot of storage
space. The mathematical model of M, is established by regression analysis. In theory,
polynomials fit any mathematical model. Therefore, the regression model of M;; is con-
structed by polynomials. Firstly, a 7-variable quadratic polynomial and 7-variable cubic
polynomial were constructed as the regression models of M, respectively. Then, based on
the data obtained from the above simulation test, the parameters of the regression model
were calculated by using the solving function of the multivariate nonlinear regression
model in Matlab. Furthermore, the results of the solution were analyzed, and the items
in the polynomial that had minimal influence on the results were discarded. Finally, the
mathematical model of M, is determined as follows:

12
22255t — 230H,f; + 336 Hy g, — 1753Hyy + 608 Hsyy ) /10000 (12)
The regression model with Equation (12) as M; is analyzed, and the root mean square
error (RMSE) < 94 N/m. Compared with the vehicle, the value is very small and within
the acceptable range. Furthermore, in the process of regression analysis, the absolute value
of residuals is less than 250 N/m, and the absolute value of residuals less than 100 N/m
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accounts for 86.5% of the total residuals. In summary, the established mathematical model
of M;; has high accuracy and meets the research needs.
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Figure 2. Response surface model of roll moment M,s under uniform linear condition.
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Figure 3. Response surface model of roll moment M,s under a right sharp turn condition.
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2.3. Estimation of Reference Values for Control Targets

The handling and stability state of a vehicle encompasses three distinct states: a stable
state with weak nonlinearity, an unstable state with strong nonlinearity, and a critical
state characterized by a strong dynamic response between these two states. The stable
state corresponds to the vehicle operating under normal conditions, while the critical
state pertains to extreme conditions, and the unstable state signifies a safety issue with
the vehicle. However, this paper focuses solely on the dynamic aspects of the vehicle in
the stable state, excluding the investigation of the vehicle’s behavior in the unstable state.
Under normal conditions, virtual drivers anticipate a specific handling and stability state
that aligns with their intended driving behavior. This state ensures the virtual driver’s
driving intentions are easily accommodated, thereby enabling the driverless vehicle to
achieve optimal handling.

Similarly, under extreme conditions, virtual drivers also have an expected handling
and stability state. In this state, the driverless vehicle operates at high speeds, pushing
the dynamic response of the vehicle to its stability limits. This state represents an ideal
condition for enhancing vehicle transportation efficiency. For clarity, we will refer to the
aforementioned states as the “expected state of handling” and the “extreme stable state”,
respectively. This paper aims to investigate the estimation method for determining the
expected handling state and stable limit state of WDDV. The estimation results serve as the
reference values for controlling the handling and stability of WDDV.

2.3.1. Estimating the Expected State of the Handling

Under conventional conditions, the determination of target speed and target path in
WDDYV relies on the decision planning module, considering the driver’s intention and the
driving environment. To ensure stability, the target values for yaw rate, body roll angle,
and sideslip angle must be established. The target path and target speed define the desired
dynamic response envisioned by the virtual driver. Consequently, the reference value
for the stability control target is derived to effectively characterize the expected dynamic
response of the virtual driver in conventional conditions. Ultimately, this process yields the
anticipated handling state, which is characterized by the expected sideslip angle, yaw rate,
and roll angle.

The existing research on the anticipated handling state lacks full applicability to
WDDV, primarily due to the following three limitations:

(1) The derived expected state model of vehicle handling is based on a 2-DOF vehicle
dynamics model that considers lateral motion and yaw motion. However, it fails to
incorporate the expected roll angle, thereby resulting in an incomplete estimation of
the anticipated state for WDDV.

(2) The current research commonly employs the average front wheel angle and real-time
vehicle speed as inputs to estimate the expected control state. However, this approach
inadequately reflects the anticipated state of the virtual driver, which relies on the
target vehicle speed and target path as references.

(8) The prevailing studies often derive the expected handling state using a linear vehicle
model, neglecting the nonlinear characteristics of the tires. Consequently, the estima-
tion of the desired control state becomes inaccurate as the influence of tire nonlinearity
is disregarded.

Considering the limitations observed in previous studies, this research aims to address
them by simplifying the established 8-DOF dynamic model and deducing the expected
handling state of WDDV based on the requirements for conventional conditions.

Under conventional conditions, the driverless vehicle operates smoothly, adhering to
the target path and target speed while accounting for real-time control system demands.
The dynamic model is based on the following assumptions:

(1) The vehicle traverses a flat road without any input of vertical road roughness, allowing
us to neglect the influence of the tire’s vertical force caused by unevenness.
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(2) The suspension system is taken into consideration, focusing solely on the roll rotation
of the vehicle’s sprung mass relative to the unsprung mass. It is assumed that the roll
axis of the vehicle remains parallel to the ground, leading to negligible changes in the
wheel steering angles (Ag¢ ~ 0, Agy = 0). This assumption disregards the effects of
suspension deformation on wheel steering angles and the vertical displacement of the
vehicle’s centroid caused by the relative vertical motion between the partially sprung
mass and unsprung mass.

(3) The vehicle’s speed changes gradually without rapid acceleration or deceleration,
maintaining a constant value. Consequently, the dynamic differential equation gov-
erning longitudinal motion can be omitted.

(4) The consideration of aerodynamics is omitted from the model.

(5) In the context of conventional conditions, emergency sharp turns are not encountered,
resulting in a small value for the steering angle (6). Consequently, approximations
can be made such that sind ~ ¢ and cosd ~ 1.

(6) Under conventional conditions, WDDV maintains stability, eliminating the need to
enhance stability through torque vector control of the wheel motor. Hence, the counter
force exerted by the wheel drive has minimal impact on the vehicle body’s roll motion,
leading to M, ~ 0.

Consequently, WDDV can be simplified into a monorail model, considering both
the sprung mass and unsprung mass. This simplified vehicle dynamics model accounts
for longitudinal, lateral, yaw, and roll motion, supported by front and rear elastic tires
interacting with the ground. Finally, by combining Equations (7)—(9) with the simplified
Dugoff tire model [48], which is suitable for conventional conditions, the simplified vehicle
dynamics equations for WDDYV, describing longitudinal motion, lateral motion, yaw motion,
and roll motion can be established as follows:

The lateral motion:

ﬂ:(Vy + de7> + (amf - bm,)"y — muhu = cyff(af) (5 n ‘% - (5d> +Cy, f(oy) (5 - f;:) (13)

The yaw motion:

(g = bm) (V4 Vi) 127 = Besp = aCyg (o) (B+ - = 01) = b fen) (- ) (14)

The roll motion:
Ix(.l.) + myhy (Vy + de7> — Ly = _D@¢ - (C@ - m”gh“)cp (15)

where ¢, is the average rotation angle of the expected front wheel to achieve the target
path tracking calculation. Cyy is the equivalent slip angle stiffness of the front axle tire;

Cyr is the equivalent slip angle stiffness of the rear axle tire; and f( oy ) is the coefficient
equation in the Dugoff tire model [48]. The simplified vehicle dynamics model takes the
target speed V4 and the J; calculated according to the target path as input, which is more
conducive to describing the expected vehicle dynamics response of the virtual driver and
has the characteristics of the driverless vehicle.

In conventional conditions, the curvature of the target speed and target path changes
slowly. When the corresponding target speed and target path are reached and stabilized
during the driving of the WDDV, Vy ~0,v=0, q} ~0, (]) ~ 0. Further, combined with the
simplified WDDV vehicle dynamics Equations (13)—(15), the expected state of the handling
of WDDYV is obtained as follows:

de
E . B— 16
T = Ta+kvz) (16)
b Vfd(aerbm,famf)
Cysf(or)L
By = 2 34 (17)

L(1+K,V2)
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V,?dmuhu
Psp = 2 0
L(l + K;{de) (mughu - C@)

(18)

where 75, is the yaw rate expected by the virtual driver; s, is the sideslip angle expected
by the virtual driver; ¢s, is the expected roll angle of the virtual driver; and K, is the
stability factor derived from the estimation of the expected state of the handling of WDDV.
Compared with the stability factor K [49], K, considers the effects of unsprung mass, road
adhesion characteristics, and tire nonlinearity on vehicle stability. The expression of K, is
similar to K, as follows:

a b
Cyrf(or) - Cyff((ff

11
Cof(@) — Cyf (o)

) + (bmr — amf) (19)

where K is expressed as: K = 1/L2 [m (Q/Cy,f(O'r) - b/Cyff(Gf) )} . The stability factor
of the vehicle is affected by many factors, and the expression of K and K}, is not accurate.
From the expression form and derivation process of K and K}, the difference between K,
and K is that K, replaces the original tire linear stiffness with nonlinear stiffness. Because
Kj, is derived from the simplified WDDV dynamics model considering the sprung mass
and unsprung mass, respectively, and K is derived from the 2-DOF vehicle dynamics model
with the sprung mass and unsprung mass as a whole. Therefore, the expression K}, contains
the parameter term composed of unsprung mass. In essence, K and Kj, are both stability
factors. Their connotations and different values have the same influence on the stability of
the vehicle. Compared with K, K, can consider the influence of the unsprung mass and
tire nonlinearity on the stability factor. In theory, the stability factor of the vehicle can be
calculated more accurately by the expression of K,.

The expected state of the handling of WDDV is composed of 7sy, Bs; and ¢s,. Con-
sidering the influence of road adhesion characteristics and load changes on tire cornering
stiffness through the function f(o;), the influence of tire nonlinearity on vehicle handling
under different driving conditions can be considered.

2.3.2. Estimating the Stabilization of Extreme State

Under extreme conditions, the WDDV decision-planning module determines the
target path based on driving intention and environmental factors, resulting in the remaining
control targets reaching their limits. Estimation of the limit values for target yaw rate, target
sideslip angle, target body roll angle, and target speed become crucial. The root cause of
vehicle instability lies in the insufficiency of tire-generated forces to sustain stable driving.
To ensure the stable operation of WDDV under extreme conditions, it is imperative to
describe the limit dynamic response state that adheres to the maximum adhesion force
provided by the tire and determine the stability control target.

By considering the maximum tire adhesion as a constraint, the calculation model for
determining the limit value of the target yaw rate and target sideslip angle can be derived
as follows [28]:

\/(ﬂg)2 (ot gl + Ga)°

max| — 20
b Vy am+bmrfamf
,Bmax = Ymax | 5 — ( ) (21)
VX Cyff(U'r)L

where 74y is the limit value of the target yaw rate; By is the limit value of the target
sideslip angle; and T, is the safety factor, and the value is greater than 0 and less than 1.
Considering many practical factors that are not taken into account in the modeling pro-
cess, the appropriate safety margin is retained. a, is the longitudinal acceleration; L is
the wheelbase.
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Under extreme conditions, WDDV frequently enhances lateral stability by employing
independent control of torque applied to the left and right wheels. During such instances,
the wheel drive counter force becomes significant, necessitating careful consideration of
the generated body roll torque. The vehicle’s roll instability during driving is primarily
observed in the form of rollover or sideslip. Consequently, the dynamic model equations
for WDDV’s rollover and sideslip are established as follows:

dr+d me+my)glds+d
myhelay| + (mf+mr)R|ay] = mug<f47 — ®|hu) + mgheor, + ( ! r>4 ( d r> + M, (22)
de+d de+d
muhc‘ﬂymax’ + (mf+mr)R‘ﬂymax| = mug( ! 4 - — |®hu> +mghcar, — (szx +Fzrx)% + Mzs (23)

where h, is the height of the vehicle’s center of gravity; «,, is the lateral slope of the road;
ay is the lateral acceleration; aymqy is the maximum lateral acceleration that the vehicle can
achieve in stable driving; F, fx is the vertical force of the front wheel unilateral tire; and F,;,
is the vertical force of the rear wheel unilateral tire of the vehicle. When a,,5x points to the
left side of the driving direction of the vehicle, F, fx = Fp1, Forx = Fopy. When ay.x points
to the right side of the driving direction of the vehicle, F, fx = Fafr Forx = Forr The roll
model considers the influence of wheel drive configuration on roll stability through M.
The maximum roll angle under the critical state of vehicle rollover is as follows:

mg(dfid’ + hczxm> — |ay| {R (mf + mr> +hcmu} + My
my, ghy

|® max1 ‘ = (24)

With the maximum adhesion of the tire as the constraint, combined with Equation (23),
the maximum roll angle of the vehicle in the critical state of sideslip is as follows:

de+d, d+d, -\ 2
mug L+ mghea—(E,po+For ) L5 ’_\/(Vg)z_(ux—&-g(i—o—f)—&-%) [R (1 p+my ) +hemy |+ Mz
|®max2| = 1y gy (25)
The maximum target roll angle of WDDV is as follows:

|®mux| = min(‘@maxﬂ ’ |®mux2|)’r® (26)

where Tg is the maximum roll angle safety factor of the vehicle, which is greater than 0 and
less than 1. To account for numerous practical factors that are not considered during the
modeling process, an appropriate safety margin is maintained.

From the above analysis, the Yuax, Bmax and @Dpay are the important part of the
extreme state of the vehicle’s stable driving. In the estimation process of ¥yax and Buax,
the longitudinal acceleration ay, lateral acceleration a,, and roll angle @ are obtained by
the sensor. The road longitudinal slope i and the road lateral slope &, are obtained by
high-precision map. Based on the camera and radar, the road adhesion coefficient y is
estimated. The longitudinal speed Vy is obtained by the sensor (integrated navigation
system), or by estimation. The extreme state estimation method of yaw stability plays the
intelligent advantage of WDDV.

Owing to the dynamic nature of speed limits under random conditions, their real-time
identification and subsequent tracking and control pose significant challenges. Leveraging
the intelligent capabilities inherent in WDDYV, a predictive approach for estimating the limit
speed is proposed. For a detailed exposition of this method, the author refers to their prior
research findings [28].
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2.4. Design of Multi-Directional Motion Coupling Control Law
2.4.1. Analysis of Coupling Control Principle

The dynamic coupling characteristics of the vehicle system manifest through the
interplay among the motion relationship, tire forces, and dynamic load distribution.
Equations (6)—(9) elucidate the following aspects:

(1) The established 8-DOF vehicle dynamics model equation for WDDV encompasses
longitudinal speed Vy, lateral speed Vy, yaw rate <, and roll angle ¢. Alterations in
motion parameters in any direction induce corresponding changes in the motion re-
sponse of the other three directions, highlighting the coupling characteristics inherent
in the vehicle’s motion relationship.

(2) The equations governing motion in each direction incorporate the longitudinal force
Fyjj and lateral force Fy;; exerted by the tires. The roll motion equation accounts for the
body roll torque arising from the wheel drive counter force, which is engendered by
the longitudinal force exerted by the wheel motor through the tire and onto the ground.
The Dugoff tire model is employed to calculate the longitudinal and lateral forces of
the tire, with the model relying on the tire’s vertical force as input. By incorporating
the Dugoff tire model, the vehicle dynamics model effectively captures the coupling
characteristics of tire forces.

(3) During driving, braking, steering, and other operational scenarios, the redistribution
of the vertical load on the four wheels occurs due to changes in the centroid position
and the effects of inertia. The coupling relationship of tire forces leads to alterations
in the longitudinal and lateral forces exerted by the tires, subsequently affecting the
overall vehicle response. By employing the Dugoff tire model, the vehicle dynamics
model takes into account the dynamic variations in wheel vertical load and its impact
on the dynamic response of WDDV.

The 8-DOF vehicle dynamics model for WDDV has been devised to comprehensively
address the dynamic coupling characteristics inherent in the system. Building upon this
dynamic model, an all-direction motion control law is formulated for WDDYV, serving as
the foundation for achieving multi-directional motion coupling control within the WDDV
space. Moreover, the sliding mode control algorithm, renowned for its swift response,
robustness against parameter variations and disturbances, independence from online sys-
tem identification, and straightforward physical implementation, has garnered significant
attention from industry scholars for actively regulating vehicle dynamics performance [50].
Therefore, this study adopts the sliding mode algorithm to design the Multi-directional
Motion Coupling Control System (MMCCS) for WDDV.

The MMCCS of WDDV is shown in the dotted box in Figure 4. The input parameters
of MMCCS are road adhesion coefficient y, road longitudinal slope i, yaw angle 1, and
other parameters of the WDDV perception fusion module and decision planning module.
Other commonly used input parameters for vehicle dynamic performance control include
tire force (Fy;j, Fxij, F,ij), longitudinal speed Vy, lateral speed Vy, yaw rate v, sideslip
angle B, body roll angle ¢, etc. These parameters include the control target parameters that
have been identified in the previous study, including the target path point set (Xj;, Y3), the
target vehicle speed Vy,, the expected state of the handling: s, Bsy, ¢sy and yaw stability
extreme state: Yyuax, Bmax, and roll stability extreme state: &,5¢. The output parameters
of MMCCS include steering wheel Angle e, the driving torque of each in-wheel motor
AT451, AT4fr, AT gy, ATgy,, and the braking torque of each wheel AT, ¢, ATy g, ATy,
AT,y and the control force of each quarter suspension AF, ¢, AF,¢, AFyy1, AFxr. MMCCS
provides parameter input for the control system with the environment perception and road
reconstruction components, path planning components and speed planning components
in the perception fusion module and decision-planning module and gives full play to the
intelligent advantages of WDDV.
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Figure 4. Architecture of MMCCS for a wheel drive driverless vehicle.

2.4.2. Design of Coupled Control Law

The multi-directional motion coupling control law of WDDV encompasses the path
tracking law, vehicle speed tracking law, yaw stability control law, and roll stability
control law. By incorporating the existing research findings of the author, along with
Equations (6)—(9) and the sliding mode control algorithm, the design of the path tracking
law, speed tracking law, and yaw stability control law can be achieved [28], which will
not be elaborated upon. In this paper, the same approach is adopted to formulate the roll
stability control law, considering the wheel drive counter force. The design of the sliding
mode for roll stability control is as follows:

Sqp =¢ea+caen (27)

where c4 is an adjustable parameter, and c4 >0; e4 is the roll angle tracking error, which is
calculated by the current roll angle & and the target body roll angle ©@,,. According to the
cooperative principle of improving the handling of WDDV under conventional conditions
and ensuring stability under extreme conditions, the reference value of the roll angle control
target is composed of @y, and Dyex. The specific expression for Dgy is as follows:

epa = — gdy (28)

Dy, | Dsu| < |Dmax|
By = # # 29
an {Qmax/ |®s;4| > |®mux| @)

Using the saturation function sat(s4) replaces the sign function sgn(s4) [50], and

a new exponential-reaching law is obtained as follows:
sa = —¢€a-sat(sa) —kasa (30)

where ¢ 4 is an adjustable parameter; k 4 is an adjustable parameter.
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Combined with Equations (9), (27), (28) and (30), the sliding mode control law for
calculating the roll control torque AM y is as follows:

AMy = —Iy [easat(sy ) — Day +ca (@ - éd”) +ka (@ - édy) tca (@ - @dy)] — [Do@ + Ixz7+

(31)
@(CQ - ghumu) + ﬂyhumu + Adf (Fyfr + Fyfl)C055 + Adr(Fyrr + Fyrl) + MZS]

Using Lyapunov’s second stability criterion, the stability analysis of the control system
composed of the designed roll stability control law is carried out. The Lyapunov function is
defined as V4 = s4%/2. Then VA < —éeylsal — ka5 42 can be obtained from Equation (30).
eq >0,kq >0, 54| > 0,5 Az >0, so VA < 0. Therefore, the roll stability control system is
asymptotically stable.

During roll control, the objective is to minimize the discrepancy between the roll
angles induced by the roll control force in both the front and rear suspensions, aiming to
prevent the emergence of supplementary torsional moments on the vehicle’s front and
rear bodies. The computation equation for the supplementary suspension-induced driving
force is expressed as follows:

AMy (Fzﬂ + sz,)

AFyp = Ed, (32)
AF,f = —AF, (33)
AE,, — AMx %Zf Fer) (34)
AFy = —AF (35)

where AF; is the control force of the left front suspension; AF, is the control force of the
right front suspension; AF,,; is the control force of the left rear suspension; and AF,, is the
control force of the right rear suspension.

3. Experiments and Results Analysis
3.1. Simulation Research

To validate the efficacy of the proposed multi-directional motion coupling control
methodology, a simulation analysis is conducted employing a representative WDDV model.
The example WDDC model’s principal parameters are enumerated in Table 1, at which
point the vehicle dynamics model is established in CarSim, taking into consideration the
data provided therein. Through thorough validation against prototype vehicle experimen-
tal data and comparative analysis with analogous models, the CarSim model demonstrates
a commendable level of simulation accuracy. The MMCCS model is implemented in Matlab
2021a/Simulink, while the performance assessment entails a comparative analysis between
the MMCCS and a decoupling control system (DCS). The control law for the DCS, detailed
in the author’s prior research endeavors [28], adheres to conventional control methodolo-
gies.

Table 1. Main WDDV parameters.

Symbol Description Value (Unit)

m Vehicle mass 1798 (kg)
mg springing mass of the front suspension 150 (kg)
my springing mass of the rear suspension 150 (kg)

a Distance from center of gravity to front axle 1.050 (m)

b Distance from center of gravity to rear axle 1.620 (m)
d 5 Front wheel track 1.565 (m)
dy Rear wheel track 1.565 (m)
he Height of vehicle center of gravity 0.650 (m)

I Roll moment of inertia of vehicle 700.7 (kg-m?)
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Table 1. Cont.

Symbol Description Value (Unit)
Iy Pitch moment of inertia of vehicle 2059.2 (kg-mz)
I Yaw moment of inertia of vehicle 2059.2 (kg-m?)
Jw Rotational inertia of the wheel 0.85 (kg~m2)
R Wheel rolling radius 0.347 (m)

3.1.1. Setting Conditions

To fulfill the requirements for evaluating the control effectiveness and advantages
of the MMCCS, the simulation scenario design encompasses a comprehensive range of
driving conditions for the WDDYV, including both conventional and extreme scenarios.
The following specifications are defined for the solution configuration, encompassing road
conditions and driving regulations within the simulation framework:

(1) The simulation adopts a time step of 0.01 s.

(2) The initial velocity of the WDDV is initialized to 0 km/h.

(3) The selection of the target path aims to encapsulate the complex operational
conditions encountered during vehicle maneuvering, thereby facilitating an assessment of
the vehicle’s handling and stability control efficacy across normal and extreme scenarios.
In adherence to industry-standard procedures for evaluating vehicle handling and stability,
the target path is designed as a composite trajectory, combining a double lane change
condition with a serpentine condition, as visually depicted in Figure 5.
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© I

g 21 1
_3_ .
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Figure 5. The target path.

(4) To conduct a comprehensive evaluation of the control system, a diverse set of
test roads was designed. Under each road condition, including extreme and conventional
speeds, corresponding test analyses were performed. Due to space limitations, this article
focuses on the analysis of dry road and ice-snow road scenarios as exemplars. The adhesion
coefficient for the dry road is 0.8, while for the ice and snow road, it is 0.15. The extreme
speed planning methodology for each respective road condition is as follows: the principle
is to ensure that the vehicle does not exceed the extreme speed and that the vehicle’s speed
is reduced to a safe level before entering the corner. The conventional speed is significantly
lower than the extreme speed. Under dry road conditions, the corresponding speeds relating
to the target path are displayed in Figure 6a. In this figure, V, 4 f represents the maximum
target speed limit, Vs denotes the extreme speed planned by the WDDV speed planning
component, adhering to the principle of not surpassing Vs and reducing the speed to
a safe level before turning and V. represents the significantly lower conventional speed.
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Figure 6. (a) The various speeds correspond to the dry road. (b) The relevant speed corresponds to
the ice-snow road.

WDDV is driven under the target path illustrated in Figure 5 at both extreme speed
Vg and conventional speed V.. The lateral acceleration response is presented in
Figure 7a, where a,  represents the lateral acceleration response at extreme speed V¢, and
ay represents the lateral acceleration response at the normal speed V,;. As observed in
Figure 7a, the maximum value of 4, reaches 7.31 m/ s?, which closely approximates the
lateral acceleration limit of 7.84 m/s? that the vehicle can achieve on the dry road with
an adhesion coefficient of 0.8. This finding substantiates the reasonableness of the chosen
extreme speed V¢, which enables WDDV to operate under extreme conditions. Further-
more, the maximum value of a,; amounts to 456 m/s?, significantly lower than 7.84 m/ s2.
This demonstrates that the set conventional speed V,; is rational and enables WDDV to
operate under conventional conditions. For the ice-snow road condition, the corresponding
speeds associated with the target path are depicted in Figure 6b.

151 8
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0.0
-0.5
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Lateral Acceleration (m\s?)
Lateral Acceleration (m\s?)
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Figure 7. (a) The lateral acceleration corresponds to various speeds under dry road conditions.
(b) The lateral acceleration corresponds to various speeds under ice-snow road conditions.

Analogous to the ice-snow road conditions, the lateral acceleration responses corre-
sponding to the respective speeds are presented in Figure 7b. Through the same analytical
process applied to each vehicle’s speed and its corresponding lateral acceleration under dry
road conditions, it can be concluded that the planned extreme speed and set conventional
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speed are reasonable and consistent. For brevity, further repetition of the analysis process
will be omitted.

3.1.2. Verification of Validity

The control system comprises MMCCS and DCS, with the vehicle dynamics model
established in CarSim serving as the controlled object. The simulation test was conducted
based on the aforementioned settings. In the subsequent simulation results, the No.1
curve represents the effect results of MMCCS, while the No.2 curve represents the effect
results of DCS.

Under conventional conditions, WDDV operates at the conventional speed V. on both
the dry road and the ice-snow road, following the target path depicted in Figures 5 and 6a,b,
respectively. Considering the emphasis on handling under conventional conditions, the
lateral error and longitudinal speed error outcomes are presented in Figures 8 and 9.
The figures indicate that the absolute values of lateral error and longitudinal speed error
for both control systems on the dry road do not exceed 0.03 m and 0.007 m/s, respectively.
On the ice-snow road, the absolute value of lateral error remains below 0.013 m, while
the absolute value of longitudinal speed error does not exceed 0.006 m/s. To facilitate a
quantitative evaluation of the control effectiveness, the simulation results were organized,
and a summary of the simulation outcomes under conventional conditions is presented

in Table 2.
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Figure 8. Comparison of the path tracking error. (a) The speed tracking error. (b) Two algorithms on
the dry road.
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Figure 9. Comparison of the path tracking error. (a) The speed tracking error. (b) Two algorithms on
the ice-snow road.
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Lateral Error (m)

Table 2. Summary of simulation results of double-shift line driving and serpentine driving under
conventional conditions.

Control System DCS MMCCS
Improvement Rate
1 Parameters (Units) Min Max Min Max
0.8 ep (m) —0.029 0.029 —0.024 0.024 17%
) es (m/s) —0.001 0.007 —0.001 0.004 43%
0.15 ep (m) —0.013 0.013 —0.009 0.009 31%
' es (m/s) 0.004 0.006 0.003 0.005 17%

The improvement rate in the table is calculated relative to the DCS control results and is calculated according
to the larger absolute value of the upper and lower boundaries of the corresponding parameter variation range.
For example, e, for the road adhesion coefficient is 0.8, from the data in the table: abs (—0.001) < abs (0.007), and
abs (—0.001) < abs (0.004), so the optimized ratio is [abs (0.007) — abs (0.004)]/abs (0.007) ~ 43%. The improvement
rate is positive, indicating performance improvement.

Figures 8 and 9 demonstrate that the MMCCS and DCS effectively achieve path-
tracking control and vehicle speed-tracking control for WDDV in conventional scenarios.
Consequently, both MMCCS and DCS exhibit favorable handling control performance
on WDDV. Furthermore, MMCCS demonstrates superior performance in minimizing
lateral error and longitudinal speed error when compared to DCS, particularly in dry
and ice-snow road conditions under conventional circumstances. Table 2 illustrates that
the reduction in peak lateral error ranges from 17% to 31%, while the reduction in peak
longitudinal speed error ranges from 17% to 43%. It is proved that the control expectation
state estimation method proposed in this paper can estimate the expected dynamic response
of the virtual driver more accurately than the traditional method. The control strategy is
used to control the vehicle to track the estimated control desired state in this paper, which
is more conducive to improving the path tracking accuracy and vehicle speed tracking
accuracy. Thus, MMCCS proves to be more conducive to enhancing the handling of WDDV
than DCS in conventional conditions.

The evaluation of the control effect of WDDV under extreme conditions necessitates
careful consideration of stability assessment parameters while ensuring that the handling
evaluation parameters remain within an acceptable range. Utilizing the extreme speed Vj, ’
depicted in Figure 6a for both dry and ice-snow road conditions, the response outcomes of
lateral error, longitudinal speed error, yaw rate, sideslip angle, and roll angle, resulting from
WDDV driving along the target path illustrated in Figure 5, are presented in Figures 10-14.

0.08 — 0.02 ; ; ; ;
0.06 = 001
o N
0.04 =
0.02 g 0.00
0.00 &
-0.02 E -0.01
E
~0.04 ® -0.02
-0.06 S
_008 Il 1 1 1 1 1 _003
25 30 35 40 45 50 55 60 25 30 35 40 45 50 55 60
Time (s) Time (s)
(a) (b)

Figure 10. The comparison of the path tracking error. (a) The speed tracking error. (b) The dry road.
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Figure 12. The comparison of the roll angle. (a) The dry road and the path tracking error. (b) The
ice-snow road.
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Figure 13. The comparison of the speed tracking error. (a) The yaw rate. (b) The ice-snow road.
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Figure 14. The comparison of the sideslip angle. (a) The roll angle. (b) The ice-snow road.

Figure 10a,b illustrate that under the extreme conditions corresponding to the dry road,
the absolute value of lateral error remains within 0.08 m, while the absolute value of longi-
tudinal speed error remains within 0.03 m/s. Similarly, Figures 12b and 13a demonstrate
that under the extreme conditions associated with the ice-snow road, the absolute value
of lateral error does not exceed 0.1 m, and the absolute value of longitudinal speed error
does not surpass 0.06 m/s. Both control systems effectively ensure that WDDV exhibits the
required handling under these extreme conditions.

Figure 11, Figure 12a, Figure 13b, and Figure 14 indicate that MMCCS exhibits a
narrower range of control over the yaw rate, sideslip angle, and roll angle of WDDV
compared to DCS under both road conditions, thereby enhancing the stability of WDDV.
Specifically, under extreme ice-snow road conditions, the stability evaluation parameter
range of MMCCS is smaller than that of DCS, whereas this distinction is less pronounced
under extreme dry and wet road conditions. These findings suggest that the ability of the
handling and stability control system to improve WDDV'’s stability becomes limited under
extremely low adhesion conditions on icy and snowy roads. To quantitatively evaluate
the control effect of MMCCS and DCS under extreme conditions, the simulation results
of WDDV during double lane changes and serpentine road sections were analyzed, and a
summary of the simulation outcomes is presented in Table 3.

Table 3. Summary of simulation results of double-shift line driving and serpentine driving under
extreme conditions.

Control System DCS MMCCS
Improvement Rate
i Parameters (Units) Min Max Min Max

ep (m) —0.072 0.072 —0.06 0.06 17%

es (m/s) —0.029 0.014 —0.019 0.003 34%

0.8 7 (rad/s) —0474 0474 —0.433 0.432 9%
B (rad) —0.051 0.051 —0.044 0.042 14%

¢ (rad) —0.058 0.058 —0.05 0.05 14%

ep (m) —0.093 0.093 —0.062 0.061 33%

es (m/s) 0.003 0.006 0.003 0.006 0%

0.15 7 (rad/s) -0.197  0.197 —0.176 0.175 11%
B (rad) —0.024  0.024 —0.022 0.022 8%

¢ (rad) —0.01 0.01 —0.009 0.009 10%

The improvement rate in the table is calculated relative to the DCS control results and is calculated according
to the larger absolute value of the upper and lower boundaries of the corresponding parameter variation range.
For example, e; with a road adhesion coefficient of 0.8, from the data in the table: abs (—0.029) > abs (0.014), and
abs (—0.019) > abs (0.003), so the optimization ratio is [abs (—0.029) — abs (—0.019)]/abs (—0.029) ~ 34%. The
positive improvement rate indicates improved performance.
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Based on the data in Table 3, the following conclusions can be drawn: (1) Under
extreme conditions, MMCCS is more effective than DCS in enhancing WDDV’s handling.
The improvement rate for reducing the peak lateral error ranges from 17% to 33%, while the
improvement rate for reducing the peak longitudinal speed error ranges from 0% to 34%.
(2) Under extreme conditions, compared to DCS, MMCCS achieves an improvement rate for
reducing the peak yaw rate ranging from 9% to 11% and an improvement rate for reducing
the peak sideslip angle ranging from 8% to 14%. This indicates that MMCCS demonstrates
superior yaw stability control. Additionally, the improvement rate for reducing the peak
roll angle ranges from 10% to 14%, indicating that MMCCS exhibits better roll stability
control. It is proved that the stability limit state estimation method proposed in this paper
can more accurately estimate the dynamic response of the vehicle to maintain stable driving
under extreme conditions than the traditional method. Through the control strategy, the
vehicle is controlled to track the stable extreme state estimated in this paper, which is more
conducive to reducing yaw rate, sideslip angle and body roll angle. At the same time, the
above conclusions also prove that the coupling control method proposed in this paper
takes into account the longitudinal motion, lateral motion, yaw motion and roll motion
and coupling effect of WDDYV, and avoids the control conflict of each direction motion, so it
can improve the yaw and roll stability while reducing the lateral path tracking error and
longitudinal speed tracking error. These results confirm that MMCCS is more effective
in improving the stability of WDDV under extreme conditions. The above conclusions
demonstrate that, in comparison to DCS, MMCCS offers more effective control over the
dynamic response of WDDV during extreme driving conditions, thereby enhancing both
handling and stability.

3.2. Experimental Verification

The assessment of MMCCS's actual control effectiveness primarily relies on real
vehicle testing, which entails significant costs, lengthy research and development cycles,
and substantial security risks. However, the testbed test partially addresses the limitations
of pure digital simulation, offering benefits such as a secure testing process, reduced
testing costs, shorter debugging and optimization cycles, and better control over the testing
environment. To further validate the suitability of MMCCS for extreme conditions in
practical applications, experimental verification was conducted as an extension of the initial
pure digital simulation verification process.

3.2.1. Building a Testbed

The testbed for MMCCS comprises two distinct components: the software system and
the hardware system.

The software system of the testbed encompasses two key elements: the central com-
puting unit and the virtual WDDV. Following industry practices, the central computing
unit’s software system consists of the Ubuntu operating system and ROS. The MMCCS C++
code, derived from the automatic conversion of Matlab/Simulink, operates within the ROS
framework on the central computing unit of the WDDV. The virtual WDDV terminal model
primarily encompasses the controlled object’s WDDV model. To better compare with the
pure digital simulation results, the model uses the same controlled WDDV model as the
pure digital simulation verification, and the model is established in CarSim. Figure 15
depicts the software platform architecture of the testbed.

During the operation of the autonomous vehicle, the control system’s computational
power and the communication interface’s capabilities are subjected to stringent require-
ments. To meet these demands, an industrial control computer is employed as the central
computing platform in the implementation of the driverless vehicle. As a result, the in-
dustrial control computer functions as the physical controller in the WDDV'’s testing.
Internally, the industrial control computer’s functionality is realized through the automatic
compilation of program code using Matlab/Simulink. In the experimental setup, a per-
sonal laptop serves as the virtual WDDV simulation platform, with the joint simulation
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of Matlab/Simulink and CarSim facilitating the creation of the virtual WDDV. The data
communication between the industrial control computer and the laptop is established
through the dual-channel Kvaser Memorator Pro CAN analyzer. Figure 16 illustrates the
testbed configuration for MMCCS.

Figure 15. Architecture of the testbed software platform.

Power supply for industrial computer Data Channel (kvaser Memorator Pro CAN Analyzer)

Figure 16. The testbed of MMCCS.

3.2.2. Verifying the Adaptability of Extreme Conditions

The verification of MMCCS's adaptability to extreme conditions in a real controller
environment was accomplished by comparing the outcomes of both pure digital simulation
tests and testbed tests. The verification process encompassed the same solution settings,
comprehensive road conditions, and driving rule designs as described in the aforemen-
tioned pure simulation test. In the subsequent analysis, the simulation test results are
denoted as X, while the testbed test results are represented as Xj;;.

Figures 17-21 illustrate the response results of lateral error, longitudinal speed error,
yaw rate, sideslip angle, and roll angle exhibited by the WDDV while driving under
extreme conditions on both dry and ice-snow roads. Figures 17, 18 and 19a demonstrate
the comparison between the testbed test results and the pure digital simulation test results
under extreme conditions encountered on dry roads. The following observations can
be made: (1) The response trends of each parameter were consistent between the two
test methods. (2) Both lateral error and longitudinal speed error exhibited significant
increases. The absolute value of lateral error ranged from 0.15 m, while the absolute value
of longitudinal speed error ranged from 0.025 m/s. Despite these increases, the magnitudes
of both errors remained within acceptable limits. (3) The yaw rate and sideslip angle
displayed slight increases, exhibiting a satisfactory correspondence. (4) Notably, the roll
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angle demonstrated a significant increase, but its absolute value was effectively controlled
within the range of 0.062 rad.
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Figure 17. The comparison of testbed test results and digital simulation test results. (a) The path
tracking error. (b)The speed tracking error on the dry road.
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Figure 18. The comparison of testbed test results and digital simulation test results. (a) The yaw rate.
(b) The sideslip angle on the dry road.
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Figure 19. The comparison of testbed test results and digital simulation test results. (a) shows the roll

angle on the dry road. (b) The path tracking error on the ice-snow road.
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Figure 20. The comparison of testbed test results and digital simulation test results. (a) The speed
tracking error. (b) The yaw rate on the ice-snow road.
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Figure 21. The comparison of testbed test results and digital simulation test results. (a) The sideslip
angle. (b) The roll angle on the ice-snow road.

Figures 19b, 20 and 21 present a comparative analysis between the testbed test results
and the results obtained from the pure digital simulation test under extreme conditions sim-
ulated on ice and snow-covered roads. The following observations can be made: (1) Lateral
error response trends were consistent, but the values were quite different. (2) The lateral
error and the longitudinal speed error increased significantly. The absolute value of lateral
error was in the range of 0.11 m, and the absolute value of longitudinal speed error was
in the range of 0.0076 m/s. The values of the two errors are still within the acceptable
range. (3) The yaw rate and the sideslip angle increased slightly, and the correspondence is
good. (4) Noticeable increase in roll angle: the roll angle exhibited a significant increase,
but effective control measures limited its absolute value to within the range of 0.012 rad.

The above phenomena show that in the testbed test process, the control ability of
MMCCS decreases, and the path tracking error, vehicle speed tracking error and roll
angle increase. At this time, the yaw rate and the sideslip angle should also become larger.
However, the turning radius of the vehicle is closely related to the yaw rate and the sideslip
angle. Because the path tracking error increases too much, it is difficult to control WDDV
to drive strictly according to the target path, the turning radius of the vehicle increases,
and the yaw rate and the sideslip angle of the center of mass decrease too much. Finally,
the phenomenon of the yaw rate and sideslip angle decreasing is shown. Compared to
the pure digital simulation test environment, the handling control ability of MMCCS in
the testbed test environment experiences a reduction, yet it still meets the fundamental
requirements for handling control. The yaw stability control ability remains unchanged,
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while the roll stability control ability is diminished, but the preservation of roll stability is
still ensured.

The testbed test results indicate the following: (1) In the real controller environment,
the handling and stability control ability of MMCCS under extreme conditions experiences
a reduction due to code conversion and hardware real-time performance. However, it effec-
tively enables the handling and stability control of WDDV. (2) Within the real controller
environment, MMCCS achieves coupled control of longitudinal motion, lateral motion,
yaw motion, and roll motion of WDDV under extreme conditions. It ensures stability while
satisfying the requirements of handling control, demonstrating commendable real-time
control capabilities.

4. Conclusions

This paper analyzes the technical characteristics of vehicle handling stability in the
context of driverless systems. It establishes control targets for the handling stability of
Wirelessly Driven Driverless Vehicles (WDDV). An 8-DOF coupled dynamic model of
WDDYV is developed based on its configuration characteristics and control requirements.
The study investigates the mechanism of handling and stability, deriving the control
expectation state and stable extreme state estimation model for WDDV. Furthermore, the
paper designs a Multi-directional Motion Coupling Control System (MMCCS) for WDDV
based on the 8-DOF coupled dynamics model, which is verified through digital simulation
and testbed verification. In the future work, the contents that need to be improved are as
follows: (1) Under extreme conditions, it is difficult to accurately describe the real response
through the vehicle model. To verify the application feasibility of the proposed method,
real vehicle verification under extreme conditions is needed. (2) The test method of the
handling and stability evaluation index and the determination method of index limit for the
driverless vehicle need to be further studied. (3) Under the background of electrification
and intelligence, the controllable degree of freedom of WDDV is greatly increased. With the
complexity of the model, the real-time challenge of the control system will also be brought.
How to comprehensively consider the driving conditions and carry out the “degradation”
and “evolution” of the model in real-time remains to be further studied.
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Nomenclature

Distance from center of gravity to front axle.

Longitudinal acceleration.

Lateral acceleration.

Maximum lateral acceleration that the vehicle can achieve in stable driving.
Windward area of the vehicle.

Weight coefficients of the handling and stability evaluation paradigm of traditional vehicles.

Weight coefficients of the handling and stability evaluation paradigm of the wheel drive driverless vehicle.

Distance from center of gravity to rear axle.
Roll stiffness of the vehicle.
Adjustable parameter.
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MMCCS
AMy
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Alir resistance coefficient.

Equivalent slip angle stiffness of the front axle tires.
Equivalent slip angle stiffness of the rear axle tires.
Roll-damping coefficient of the vehicle.
Decoupling control system.

Front wheel track.

Rear wheel track.

Roll angle tracking error.

Lateral error.

Longitudinal speed error.

Coefficient equation in the Dugoff tire model.

Tire rolling resistance coefficient.

Evaluation function of vehicle speed tracking test.

Evaluation function of the steering returnability test.

Evaluation function of the steering wheel angle step input test.
Evaluation function of path tracking test.

Evaluation function of the steering wheel angle pulse test.

Evaluation function of the steering portability test.

Steering force of the steering wheel.

Evaluation function of the serpentine driving test.

Evaluation function of the serpentine driving test for driverless patterns.
Evaluation function of the steady-state rotation test.

Longitudinal control force.

Control force of the right front suspension.

Control force of the left front suspension.

Tire’s longitudinal force.

Control force of the left rear suspension.

Control force of the right rear suspension.

Tire lateral force.

Evaluation function of the test in the central area of the steering wheel.
Evaluation function of the test for the steering wheel center area of the driverless pattern.
Vertical force of the front wheel unilateral tire.

Vertical force of the rear wheel unilateral tire of the vehicle.
Acceleration of gravity.

Height of vehicle center of gravity.

Suspension height of the first quarter of the left.

Suspension height of the right front quarter.

Suspension height of the left rear quarter.

Suspension height of the right rear quarter.

Distance from the center of mass of the sprung mass to the roll axis.
Longitudinal slope of the road.

Roll moment of inertia of vehicle.

Inertial product of the whole vehicle in the XZ plane of the vehicle coordinate system.
Pitch moment of inertia of vehicle.

Yaw moment of inertia of vehicle.

Rotational inertia of the wheel.

Stability factor.

Stability factor derived from the estimation of the expected state of the handling of WDDV.
Adjustable parameter.

Wheelbase.

Vehicle mass.

Springing mass of the front suspension.

Springing mass of the rear suspension.

Sprung mass of the vehicle.

Multi-directional Motion Coupling Control System.

Roll control torque.

Yaw control torque.

Roll moment generated by wheel drive counter force acting on the body.
Comprehensive score of the steering returnability test.

Comprehensive score of the steering wheel angle step input test.
Comprehensive score of the steering wheel angle pulse test.
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Comprehensive score of the serpentine driving test.
Comprehensive score of the steady-state rotation test.
Comprehensive score of the steering portability test.
Comprehensive score of the handling and stability test in the central area of the steering wheel.
Target path.

Wheel rolling radius.

Wheel braking torque.

Driving torque of the front left in-wheel motor.

Driving torque of the front right in-wheel motor.

Wheel driving torque.

Driving torque of the rear left in-wheel motor.

Driving torque of the rear right in-wheel motor.

Steering wheel torque.

Torque difference on the left and right sides of the front axle.
Torque difference between the left and right side of the rear axle.
Braking torque of the front left wheel.

Braking torque of the front right wheel.

Braking torque of the rear left wheel.

Braking torque of the rear right wheel.

Vehicle speed.

Longitudinal speed.

Target vehicle’s speed.

Lateral speed.

Wheel Drive Driverless Vehicle.

Testbed test results X denotes lateral error, longitudinal speed error, yaw rate, sideslip angle, and roll angle.
Target path point set.

Simulation test results X denotes lateral error, longitudinal speed error, yaw rate, sideslip angle, and roll angle.
Comprehensive evaluation result of the handling and stability.
Comprehensive evaluation result of passenger vehicle handling and stability.
Lateral slope of the road.

Limit value of the target sideslip angle.

Sideslip angle.

Sideslip angle expected by the virtual driver.

Target sideslip angle.

Limit value of the target yaw rate.

Target yaw rate.

Yaw rate.

Yaw rate expected by the virtual driver.

Average angle of the front wheel.

Average rotation angle of the expected front wheel to achieve the target path tracking calculation.
Lateral offset of the front tire caused by unit roll angle.

Lateral offset of the rear tire caused by unit roll angle.

Steering wheel angle.

Steering wheel angle.

Adjustable parameter.

Road adhesion coefficient.

Maximum roll angle safety factor of the vehicle.

Safety factor.

Expected roll angle of the virtual driver.
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