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Abstract: Most of the research on driving stability control of distributed drive electric vehicles is
based on a yaw motion design controller. The designed controller can improve the lateral stability
of the vehicle well but rarely mentions its changes to the roll and pitch motion of the body, and the
uneven distribution of the driving force will also cause instability in the vehicle speed, resulting
in wheel transition slip, wheel sideslip, and vehicle stability loss. In order to improve the spatial
stability of distributed-driven electric vehicles and resolve the control instability caused by their
motion coupling, a decoupled control strategy of yaw, roll, and pitch motion based on multi-objective
constraints was proposed. The strategy adopts hierarchical control logic. At the upper level, a yaw
motion controller based on robust model predictive control, a roll motion controller, and a pitch
motion controller based on feedback optimal control are designed. In the lower level, through the
motion coupling analysis of the vehicle yaw control process, based on the coupling analysis, the
vehicle yaw, roll, and pitch decoupling controller based on multi-objective constraints is designed.
Finally, the effectiveness of the decoupling controller is verified.

Keywords: distributed drive electric vehicles; movement coupling; yaw control; multi-objective
constraints; decoupling control

1. Introduction

With energy conservation and emission reduction becoming the focus of public con-
cern, electric vehicles have been receiving more attention in recent years [1,2]. As a new
type of drive for electric vehicles, distributed drive has various advantages, such as simple
structure and easy control, which is one of the important development directions of new
energy vehicles in the future [3–12]. Research on driving stability control for distributed
drive electric vehicles is becoming more mature as well as diverse. For example, in order
to solve the problem of wireless wheel motors where the supplied secondary side voltage
changes due to misalignment of the wheel and the body, a method of maintaining the
secondary voltage using a hysteresis comparator is proposed for efficiently driving the
wireless wheel [13]. Luque P et al. proposed an iterative algorithm for determining the
optimal chassis design for an electric vehicle given a path and reference time. The proposed
algorithm balances the capacity of the battery pack with the dynamic characteristics of the
chassis and seeks to optimize the trade-off between vehicle mass, energy consumption,
and travel time [14]. Liang Y et al. proposed a scalable vehicle state estimation concept
that fuses conventional vehicle sensors with environmental sensors using the Error State
Extended Kalman Filter (ESEKF) to ensure the accuracy and robustness of redundant sensor
data under conventional and dynamic driving conditions [15]. Shahian Jahromi B et al.
used encoder–decoder-based Fully Convolutional Neural Networks (FCNx) and traditional
Extended Kalman Filter (EKF) nonlinear state estimation methods. Camera, LiDAR, and
radar sensor configurations best suited to each fusion method are used to provide a fusion
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system solution that is cost-effective, lightweight, modular, and robust (in the event of
sensor failure) [16]. D. Tian et al. proposed a parameter estimation method based on
multidimensional information fusion to achieve real-time accurate acquisition of reference
speed, mass, and road gradient [17]. Yang S et al. proposed a method to robustly estimate
vehicle attitude by fusing data collected by 4D radar and camera. The proposed method
shows excellent performance and enhanced robustness in visually challenging scenarios
such as foggy environments [18]. Farag W et al. used a traceless Kalman filter to fuse
LiDAR and radar measurements in order to accurately provide driverless vehicles with
position and velocity information about objects moving on the surrounding road [19]. Gao
et al. proposed a target classification method based on convolutional neural networks and
image up-sampling theory to obtain informative feature representations in self-driving car
environments using integrated visual and optical detection and ranging data. As a result,
they developed a trajectory prediction model combining physical- and maneuver-based
models to solve the nonlinear estimation and prediction problem, and this interactive
multi-model trajectory prediction method can make more accurate predictions than a single
model [20]. Desjardins et al. used approximation and gradient descent learning algorithms
to implement queue control for vehicles and optimize their consistency [21]. Chong L
et al. used data such as the driver’s own characteristics, relative motion relationships,
and environmental factors as system inputs. They developed a driver model based on
a fuzzy neural network, which simulated the driving characteristics of a vehicle during
longitudinal automatic control [22]. Aiming at the problem that it is difficult to obtain
the optimal driving strategy for automated vehicle driving in complex environments and
variable task conditions, Lin J et al. proposed an end-to-end automated driving strategy
learning method based on deep reinforcement learning, which effectively improves the
efficiency of automated driving strategy learning and controlling virtual vehicles and
provides reliable theoretical and technical support for real vehicles in the decision-making
of automated driving [23]. Kumar GA et al. proposed a method to estimate the distance
(depth) between a self-driving car and other vehicles, objects, and signage in its path
using an exact fusion method [24]. Gao F et al. proposed a new test case generation
combinatorial testing algorithm to achieve a balance between multiple objects such as test
coverage, number of test cases, and test effectiveness [25]. Fan P et al. proposed a novel
V2V resource allocation scheme based on C-V2X technology to improve the reliability
and delay of VANETs. The main idea is that inter-vehicle V2V communication based on
cellular-V2X technology eliminates contention delay and helps to achieve longer-range com-
munication [26]. Gao H et al. proposed a reliable VANET routing decision scheme based
on the Manhattan mobility model, which considers the wireless and wired integration
models of roadside units (RSUs) for data transmission and routing optimization [27]. Sun C
et al. proposed a scalable and affordable data collection and annotation framework, image-
to-map annotation proximity (I2MAP), for affordance learning in autonomous driving
applications [28]. Professor Kanghyun Nam proposed a distributed drive electric vehicle
transverse sliding mode controller, designed a feedback control law with time-varying
parameters based on the real-time estimation of vehicle nonlinear time-varying parameters
on the road surface, verified the effectiveness of the controller through simulation, and
further proved the correctness of the control through real vehicle tests [29]. Guo Ning Yuan
et al. [30] proposed a weighted function-based transverse moment observation controller to
address the problems of nonlinear and time-varying dynamics of distributed drive electric
vehicles and the difficulty of the controller to ensure the control stability when it encounters
disturbances and verified, through simulation, that the controller can still ensure the lateral
stability of the vehicle when the nonlinear time-varying vehicle model encounters strong
disturbances. Zhou et al. [31] designed a kind of hierarchical control system in the upper
three degrees of freedom based on the nonlinear model and nonlinear tire model as well
as the wheel slip as a virtual control input, and they also realized the nonlinear model
predictive control in order to solve the problem of nonlinear multi-input multi-output and
a driver; the lower wheel slip is controlled by a PID controller. To generate independent
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motor drive and regenerative braking torque, we must realize the vehicle’s longitudinal
and lateral coordination control. Ataei et al. [32]. established multiple objective constraint
functions based on longitudinal slip constraints and lateral constraints based on the multi-
ple input and multiple output characteristics of model predictive control and coordinated
the distribution of drive wheel driving torque to achieve motion decoupling and improve
vehicle driving stability. Liang et al. [33] distributed the torque based on the dynamic load
changes of tires to improve the lateral stability of automobiles. Guoming Huang et al. [34]
designed a multi-model control system based on the BP-PID controller, which generalized
the operating conditions of DDEVs into seven typical types according to different road
adhesion coefficients, established a sub-model set to accurately describe the operating
modes of the operating environment, and ensured the DDEVs. The lateral stability of
DDEVs under different road attachment coefficients is ensured by accurately identifying
the operating environment of DDEVs and implementing switching control.

As shown in Figure 1, the distributed drive electric vehicle regulates the drive torque
by means of a drive wheel hub motor, which is constructed so that the reaction force from
the road due to driving acts on the tire contact points [35]. Therefore, as the vehicle is
driven, a large reaction force is also generated through the suspension in the up and down
direction of the vehicle, which affects the movement of the body. Therefore, compared to
conventional half-axle drive vehicles, the change in the driving force of the distributed
drive electric vehicle not only affects the yaw motion but also causes the body roll and pitch
motion. In the distributed drive electric vehicle, skid control and speed control are also
achieved through a change in driving force. As a typical over-driven system, its motion
coupling characteristics must be considered in the control process to avoid the mutual
constraint of each vehicle control target value, resulting in vehicle motion control instability.
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Figure 1. Distributed electric vehicle driving force analysis diagram. Gray arrow is the tire driving
force when driving, black arrow is the tire braking force when braking.

Based on the research described earlier, it was shown that we advanced powertrain
and chassis designs, accurate sensing and estimation techniques, robust control algorithms,
stable connectivity development (vehicle-to-vehicle and vehicle-to-cloud communications),
and even Artificial Intelligence (AI) techniques for driving stability control. Resulting from
an improved state of the art, we will better understand the development of a decoupled
control strategy. Fusing yaw, roll, and pitch motion is a significant focus in the field, as it
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can independently manage these aspects of vehicle motion to enhance stability, especially
under various driving conditions. Therefore, in this paper, we propose a decoupled control
algorithm, which integrates multi-objective constraints, including traverse, lateral tilt, pitch,
wheel sideslip, and vehicle speed in the control strategy, and balances different objectives
including lateral stability, body motion stability, wheel anti-slip, and vehicle speed stability,
which improves the spatial motion stability of the whole vehicle as well as reasonably
distributes the torque of the four-wheel hub motors and reduces the energy consumption.

2. Distributed Drive Electric Vehicle Simulation Model

In order to complete the research on the driving stability control algorithm of dis-
tributed drive electric vehicles, it is crucial to establish a suitable vehicle dynamics model.
At present, most of the dynamic models used in distributed drive electric vehicle stability
control research are established in the Matlab/Simulink platform. Simple mathematical
models cannot accurately reflect the dynamics of distributed drive electric vehicles, and
the test conditions are complex and variable, and a perfect driver model is also needed
to allow the vehicle model to complete the closed-loop simulation conditions. CarSim,
as a mature commercial software, has significant advantages such as a high degree of
freedom, high simulation, and stable computing. And CarSim has a complete vehicle
system model, which can define each system model of the vehicle in detail while allowing
users to perform a variety of vehicle handling stability test simulations and display the
vehicle simulation process dynamically, which can be used to analyze the vehicle response
and stability under external disturbances such as lateral wind and road excitation [36].
However, the distributed drive electric vehicle lacks a drive system model in Carsim, so this
paper identifies the main characteristic parameters of the real vehicle through experiments,
inputs the obtained parameters into the Carsim model in Table 1. establishes the hub
motor model in Simulink at the same time, and finally, verifies the reliability of the joint
Carsim/Simulink simulation model through real vehicle tests.

Table 1. Nomenclature.

Symbol Physical Meaning Unit

m vehicle mass kg
.
γ Yaw rate rad/s
a Distance from center of mass to front axis m
b Distance from center of mass to rear axis m
L Wheelbase m
l Vehicle length m
δ Driver steering angle deg
r Effective wheel radius m

Fx Wheel longitudinal force N
Fy Wheel Lateral force N
Fz Tire-ground contact force N
d Tread m
λ Wheel slip rate /
β Vehicle side slip angle deg

C f Front-wheel lateral deflection stiffness /
Cr Rear-wheel lateral deflection stiffness /
vx Longitudinal speed of the wheel m/s
vy Lateral speed of the wheel m/s
i i = f , r f is front, r is rear /
j j = l, r l is left, r is right /
u Pavement adhesion coefficient /

2.1. Identify the Actual Vehicle Parameters
2.1.1. Vehicle Rotational Moment of Inertia

The whole vehicle rotational inertia is one of the main parameters of the vehicle
dynamic characteristics, which is fundamental to the study of vehicle dynamics and has an
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inevitable role in the study of stability, such as vehicle driving stability, handling stability,
and active safety [37]. Therefore, it is necessary to identify the parameters of the whole
vehicle’s rotational inertia.

The equation for estimating the rotational inertia of the yaw pendulum is

Iz =
1
4

mL2 (1)

The transverse pendulum moment of inertia IZ is expressed as the vehicle’s moment
of inertia around its center-of-mass vertical axis Z, reflecting the vehicle’s characteristics
for transverse pendulum motion.

The estimation equation of the roll moment of inertia is

Ix = 2
(

B
l

)
Iy (2)

The roll inertia Ix is expressed as the inertia of the body around the whole vehicle roll
axis X and reflects the characteristics of the vehicle for sway motion.

The estimation equation of pitch moment of inertia is

Iy =
1
4

mL2 (3)

The pitch inertia Iy is expressed as the inertia of the vehicle around its horizontal
transverse axis of mass Y and reflects the vehicle’s characteristics for pitch motion.

2.1.2. Rolling Resistance and Air Resistance Characteristics

Distributed-drive electric vehicles are subject to drag during travel, with wheel rolling
resistance and air resistance having the most pronounced effect. Wheel rolling resistance
is the vehicle driving process, hindering the wheel rolling force and wheel rolling in the
opposite direction, increasing the energy consumption of the driving wheel hub motor;
air resistance is the vehicle in the driving process in the air medium hindering the vehicle
movement force. Generally, the faster the vehicle’s driving speed, the greater the air
resistance; air resistance also increases the energy consumption of the moving wheel hub
motor. Both have an impact on the power performance of the distributed drive electric
vehicle. The vehicle rolling resistance and air resistance coefficients are the main parameters
of vehicle dynamic characteristics [38].

The characteristic parameters of vehicle rolling resistance and air resistance are iden-
tified by the taxiing experiment. The formula of the characteristic parameters of vehicle
rolling resistance and air resistance is as follows:

F = c + dvx (4)

where c is the wheel rolling resistance parameter, and d is the vehicle air resistance charac-
teristic parameter.

In order to measure c and d, coasting experiments were conducted at lower-speed
35 km/h and higher-speed 70 km/h operating conditions, respectively, to integrate the
rolling resistance and air resistance characteristics of the vehicle under low- andhigh-speed
driving conditions. The vehicle sliding dynamic equation is{

ma1 = c + dv1
ma2 = c + dv2

(5)

where v1 and v2 are the vehicle speeds at two different points in the coasting experiment,
and a1 and a2 are the accelerations corresponding to v1 and v2.

As shown in Figures 2 and 3, the longitudinal vehicle speed profiles of the real vehicle
coasting experiments at low speed 35 km/h and high speed 70 km/h, respectively. Then,
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three longitudinal vehicle speeds and three longitudinal accelerations were selected from
the two sets of experiments, which are detailed in Table 2.
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Table 2. Longitudinal vehicle speed and longitudinal acceleration under coasting test.

Serial Number Test Conditions Longitudinal Speed (m/s) Longitudinal
Acceleration (m/s2)

1 35 km/h 8.3677 −0.1161
2 35 km/h 8.3392 −0.1061
3 35 km/h 8.2828 −0.1674
4 70 km/h 18.1849 −0.4637
5 70 km/h 18.1027 −0.3791
6 70 km/h 18.0616 −0.3477

The longitudinal speed and longitudinal acceleration under the two experiments of
low speed 35 km/h and high speed 70 km/h were randomly combined to measure the
values of c and d, as shown in Table 3.

Table 3. Measured values for c and d.

Data Portfolio c(N) d(kg/m)

1,4 −63.17 −1.66
1,5 −70.13 −1.62
1,6 −69.67 −1.59
2,4 −68.97 −1.63
2,5 −69.37 −1.56
2,6 −76.16 −1.58
3,4 −83.18 −1.62
3,5 −89.23 −1.51
3,6 −90.12 −1.52

Taking the average of each, we obtain −75.6 N for c and −1.59 kg/m for d.
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2.1.3. Steering System Gear Ratio

By turning the steering wheel in place, the front-wheel steering angle was measured,
while the steering wheel turning angle was measured by the angle sensor. The relationship
curves of the steering wheel steering angle and front-wheel steering angle are obtained
from the experimental data in Figure 4.
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2.1.4. Cornering Behaviors

Tire models are the basis for the study of vehicle dynamics, and the cornering behaviors
of tires are key characteristics of tires that are widely used in the development and study
of active vehicle safety systems [39]. In order to establish a complete distributed drive
electric vehicle Carsim model, the parameters of cornering behaviors were identified. The
side-deviation forces of the front and rear axles and the corresponding side-deviation
angles of the front and rear wheels were obtained mainly based on the steady-state rotation
test, and the cornering behaviors of real car tires were obtained. The simplified magic tire
formula (Formula (6)) was used to fit the cornering behaviors based on Matlab and input
to the distributed drive electric vehicle Carsim model to complete the tire modeling.

Fy = µFzsin(Barctan(Cα)) (6)

where B and C are the coefficients to fit the cornering behaviors of the tire.
This article needs to obtain the real vehicle cornering force between the front and rear

axle and the corresponding driving wheel front and rear slip angle because the cornering
force and side slip angle cannot be directly measured by measuring the longitudinal velocity,
lateral velocity and acceleration, and vehicle yaw rate information. For example, (7) and (8)
are obtained by Formula (9) to simplify the dynamic equation of two degrees of freedom
for the vehicle.  α f =

vy+a
.
γ

vx
− δ

αr =
vy−b

.
γ

vx

(7)

{
Fyf =

1
Lcosδ

[
ma
( .
vy −

.
γ
)
+

..
γIz
]

Fyr =
1
L
[
mb
( .
vy −

.
γ
)
− ..

γIz
] (8)

[
m 0
0 Iz

][ .
vy..
γ

]
+

 C f +Cr
vx

mvx +
aC f −bCr

vx
aC f −bCr

vx

a2C f +b2Cr
vx

[vy.
γ

]
=

[
C f
aC f

]
δ (9)

According to the Chinese national standard test requirements, the steady-state slew
test is used in this paper to identify the cornering behaviors of tires. The test design is
as follows:
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The vehicle is allowed to start from a low speed and gradually accelerate along a
circle with a 15 m radius with a longitudinal acceleration lower than 0.25 m/s2 until the
lateral acceleration of the vehicle reaches 6 m/s2. The longitudinal speed and acceleration,
lateral speed and acceleration, yaw rate, wheel angle, and side slip angle were recorded
throughout the test.

Based on the above-recorded signals, the lateral force and slip angle of the front and rear
wheels are obtained from Equations (7) and (8), respectively, as shown in Figures 5 and 6.
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Figure 5. Front and rear axle slip angle.

World Electr. Veh. J. 2024, 15, 65 9 of 33 
 

 
Figure 6. Front and rear axle lateral force. 

In order to avoid errors, this paper selects several groups of beĴer slip angle and 
lateral force data for overlap fiĴing. The analysis of experimental data shows that the cor-
nering behaviors of the front wheel enter the nonlinear region more, and a beĴer fiĴing 
effect can be obtained; the rear wheel only just reaches the nonlinear region, and it is dif-
ficult to obtain a beĴer fiĴing effect, so the fiĴing parameters 𝐵 and 𝐶 need to be selected 
manually to make a beĴer fiĴing effect. The tire model fiĴing results are shown in Figures 
7 and 8, and the fiĴing parameters are shown in Equation (10). 

𝐹௬௙ = 0.85𝐹௭௙ sin൫1.715 arctan൫0.125𝛼௙൯൯ 

𝐹௬௥ = 0.85𝐹௭௥sin (1.5arctan (0.25𝛼௥)) (10)

Equation (10) is derived from Equation (6) by simplifying the magic formula tire 
model by fiĴing the experimental data in MATLAB. 

-20 -15 -10 -5 0 5 10 15 20
-8

-6

-4

-2

0

2

4

6

 test data
 fitted data

La
te

ra
l f

ro
ce

(k
N

)

Slip angle (deg)  
Figure 7. Front axle fiĴing results. 

-20 -15 -10 -5 0 5 10 15 20
-6

-4

-2

0

2

4

6
 test data
 fitted data

    

La
te

ra
l f

or
ce

 (k
N

)

Slip angle (deg)  
Figure 8. Rear axle fiĴing results. 

0 5 10 15 20 25 30
-1

0

1

2

3

4

5

Fr
on

t a
nd

 re
ar

 a
xl

e 
la

te
ra

l f
ro

ce
 (k

N
)

Time(s)

 front axle lateral froce
 rear axle lateral froce

Figure 6. Front and rear axle lateral force.

In order to avoid errors, this paper selects several groups of better slip angle and lateral
force data for overlap fitting. The analysis of experimental data shows that the cornering
behaviors of the front wheel enter the nonlinear region more, and a better fitting effect
can be obtained; the rear wheel only just reaches the nonlinear region, and it is difficult to
obtain a better fitting effect, so the fitting parameters B and C need to be selected manually
to make a better fitting effect. The tire model fitting results are shown in Figures 7 and 8,
and the fitting parameters are shown in Equation (10).

Fy f = 0.85Fz f sin
(

1.715arctan
(

0.125α f

))
Fyr = 0.85Fzr sin(1.5arctan(0.25αr))

(10)
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Figure 8. Rear axle fitting results.

Equation (10) is derived from Equation (6) by simplifying the magic formula tire model
by fitting the experimental data in MATLAB.

2.2. Carsim/Simulink Joint Simulation Model
2.2.1. Vehicle Drive System

At present, Carsim only contains the drive system simulation model of traditional
vehicles, specifically including the engine, drivetrain, and wheels. In contrast, the object
of this paper is a distributed drive electric vehicle whose power source is a wheel hub
motor. In order to realize the wheel hub motor drive, the drive system of the vehicle Carsim
model is adjusted. As shown in Figure 9, the vehicle drivetrain in Carsim is changed to an
external differential (which disconnects the power transmission between the wheels and
the drivetrain), and the output torque of the hub motor is directly input to the wheels.
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2.2.2. Motor Model

When building the distributed electric drive system model, the torque characteristics
of the hub motor need to be obtained. Table 4 shows the list of hub motor parameters,
and the peak torque characteristics of the hub motor need to be defined in Simulink. The
connection between the motor and the whole vehicle model is realized through the joint
simulation of Carsim and Simulink.

Table 4. Motor parameters.

Motor Parameters Value Unit

Rated power Pe 14 kW
Peak power Pt 28 kW

Rated rotation speed ne 800 rpm
Peak rotation speed nw 1600 rpm

Rated torque Te 145 N · m
Peak torque Tw 290 N · m

The peak torque characteristics of the wheel motor are defined in Simulink, the
magnitude of the motor torque signal is controlled by the speed signal output from the
driver model, and the motor torque signal is input to the Carsim vehicle model.

2.3. Model Validation

In order to verify the accuracy of the vehicle model and compare it with the dynamic
characteristics of the real vehicle, this paper designed a group of test conditions according to
the international standard ISO7401 [40] “Vehicle Handling Stability Test Method—Steering
Transient Response Test”. The working condition design is as follows:

First of all, accelerate the vehicle to 60 km/h, control the speed properly, and input a
70◦ steering wheel angle quickly to carry out left steering and right steering
tests, respectively.

As shown in Figure 10, the steering wheel rotation angle, longitudinal vehicle speed,
lateral acceleration, yaw rate, side slip angle, and roll angle of the process are recorded.
The collected steering wheel angle is input into the vehicle Carsim model The model is
simulated at the same speed, and the lateral acceleration, yaw rate, side slip angle, and roll
angle output from the model are compared with the measured data from the test to verify
the validity of the model.
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Figures 11–14, respectively, show the longitudinal speed, lateral acceleration, yaw
rate, and roll angle output of the distributed drive electric vehicle Carsim/Simulink joint
model and real vehicle under test conditions. It can be clearly seen that the output data of
the model and the real car are basically fitted under the same working condition, which
fully shows that the dynamic characteristics of the distributed drive electric vehicle Car-
sim/Simulink joint model are very close to that of the real car. The distributed drive electric
vehicle Carsim/Simulink joint model established in this paper has reliable accuracy. It can
be used in the development of decoupled stability controllers.
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Figure 12. Side slip angle.
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Figure 13. Lateral acceleration.
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Figure 14. Roll angle.

3. Decoupling Controller Design
3.1. Motion Coupling Analysis
3.1.1. Coupling Analysis of Yaw Roll and Pitch Motion

Figure 15 shows the longitudinal plane force analysis diagram of a distributed drive
electric vehicle in the steering process. When the driving torque of the driving wheel hub
motor changes, its reaction torque acts on the body through the suspension.
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ᇱ  are mutual action and reaction forces, they can be found as follows: 

൜
Δ𝑃ଵ=Δ𝑃ଵ

ᇱ

Δ𝑃ଶ=Δ𝑃ଶ
ᇱ  (12)

The vertical force generated by the left front wheel through its driving force change 
is 

Δ𝐹zfl = −(Δ𝑃ଵ௟
ᇱ 𝑠𝑖𝑛 𝜃ଵ + Δ𝑃2l

ᇱ 𝑠𝑖𝑛 𝜃ଶ) (13)

The additional roll moment caused by the change in left front-wheel driving force on 
the body is 

ΔMxfl =
Δ𝐹zfl𝑑

2
 (14)

The additional pitching moment caused by the change in left front-wheel driving 
force on the body is 

ΔMyfl=Δ𝐹zfl𝑎 (15)
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Figure 15. Longitudinal plane motion analysis.

In the figure, ∆Ff , ∆Tf , ∆Fr, ∆Tr are the longitudinal driving force and reaction torque
transmitted by the suspension when the front and rear hub motors adjust the driving
torque; δ f is the wheel steering angle; C f and Cr are the instantaneous center of vehicle
body pitching movement; θ1, θ2, θ3, and θ4 correspond to the angle in the figure; z1, z2, z3,
and z4 correspond to the distance in the figure. ∆P1, ∆P2, ∆P3, and ∆P4 are the action of
the body and the suspension force; ∆P′

1, ∆P′
2, ∆P′

3, and ∆P′
4 are the reaction force of the

suspension acting on the body; ∆Fzf and ∆Fzr are the vertical force of the wheel.
The analysis of the suspension as a force-bearing body shows the following:
For the front wheel center,{

∆Ff cosδ f + ∆P1cosθ1 − ∆P2cosθ2 = 0
∆Tf cosδ f + ∆P1z1/cosθ1 − ∆P2z2/cosθ2 = 0

(11)

Through the solution of Equation (11), we can obtain ∆P1 and ∆P2, and because ∆P1,
∆P2 and P′

1, ∆P′
2 are mutual action and reaction forces, they can be found as follows:{

∆P1 = ∆P′
1

∆P2 = ∆P′
2

(12)
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The vertical force generated by the left front wheel through its driving force change is

∆Fzfl = −
(
∆P′

1lsinθ1 + ∆P′
2lsinθ2

)
(13)

The additional roll moment caused by the change in left front-wheel driving force on
the body is

∆Mxfl =
∆Fzfld

2
(14)

The additional pitching moment caused by the change in left front-wheel driving force
on the body is

∆Myfl = ∆Fzfla (15)

The vertical force generated by the right front wheel through its driving force change is

∆Fzfr = −
(
∆P′

1rsinθ1 + ∆P′
2rsinθ2

)
(16)

The additional roll moment caused by the change in right front-wheel driving force
on the body is

∆Mxfr = −
∆Fzfrd

2
(17)

The additional pitching moment caused by the change in the driving force of the right
front wheel to the body is

∆Myfr = ∆Fzfra (18)

The force analysis of the rear wheel center is basically the same as that of the front
wheel center.

Figure 16 shows the transverse plane force analysis diagram of a distributed drive
electric vehicle in the steering process. When the front wheel changes the driving force
during steering, additional roll and pitch moment acting on the transverse plane of the
vehicle will be generated. In the figure, ∆Fif, ∆Tif, ∆Fof, and ∆Tof represent the longitudinal
driving force and reaction moment transmitted by the suspension when the front two hub
motors adjust the driving torque; δif and δof are the corners of the left and right front wheels;
Qi and Qo are the instant centers of the left and right suspension roll motion; O is the roll
center of the body. θi1, θi2, θo1, and θo2 are the corresponding included angles in the figure;
zi1, zi2, zo1, zo2, h1, and h2 are the corresponding distances in the figure; ∆Po1, ∆Po2, ∆Pi1,
and ∆Pi2 are the force of the body on the suspension; ∆P′

o1, ∆P′
o2, ∆P′

i1, and ∆P′
i2 are the

reaction force of the suspension on the body; ∆Fy1, ∆Fy2 are the lateral forces generated for
the left and right front wheels.
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The force analysis of the main pin connection point Oo of the left suspension:{
∆Fofsinδof + ∆Po1cosθo1 − ∆Po2cosθo2 = 0
∆Tofsinδof − ∆Po1zo1/cosθo1 − ∆Po2zo2/cosθo2 = 0

(19)

The force analysis for the main pin connection point 2 of the right side suspension:{
∆Fifsinδif + ∆Pi1cosθi1 − ∆Pi2cosθi2 = 0
∆Tifsinδif − ∆Pi1zi1/cosθi1 − ∆Pi2zi2/cosθi2 = 0

(20)

Therefore, the additional roll moment on the transverse plane of the vehicle caused by
the change in driving force of the front wheel during steering is{

∆Mxfo = ∆P′
o1cosθo1h1 − ∆P′

o2cosθo2h2
∆Mxfi = ∆P′

i1cosθi1h1 − ∆P′
i2cosθi2h2

(21)

The additional pitching moment generated is{
∆Myfo =

(
∆P′

o1tanθo1+∆P′
o2tanθo2

)
l f

∆Myfi = −
(
∆P′

i1tanθi1+∆P′
i2tanθi2

)
lr

(22)

According to the appeal analysis, when the driving force of each wheel is changed by
the hub motor in the steering process of a distributed drive electric vehicle, the change in
driving force can obviously cause the body roll and pitch motion. Therefore, in order to
ensure the higher stability of the vehicle in yaw control, the influence of roll motion and
pitch motion should be considered.

3.1.2. Speed Coupling Analysis

As shown in Figure 17, during stability control, it is assumed that the drive/braking
force ∆Ff l +∆Frl generated by the left wheel is less than the drive/braking force ∆Ff r +∆Frr
generated by the right wheel, i.e.,

∆Fx f rcosδ + ∆Fxrr − ∆Fx f lcosδ + ∆Fxrl = max (23)
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As a result, an additional acceleration ax is generated at the center of mass of the
vehicle, resulting in a weakening of the vehicle speed during the control process. Therefore,
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when assigning torque to the stability control system, the possibility of speed reduction
should be considered, and a speed constraint should be added when assigning torque.∣∣∣∆Fx f rcosδ + ∆Fxrr + ∆Fx f lcosδ + ∆Fxrl

∣∣∣ ≤ maxmin (24)

where axmin is the minimum additional acceleration threshold, representing the degree of
resistance to speed reduction.

3.1.3. Tire Longitudinal Slip Constraint

As shown in Figure 18, the longitudinal force increases significantly and then decreases
as the slip rate increases; therefore, the longitudinal force of the tire can be equal in the
stable zone I (λ < λmax) and the unstable zone II (λ > λmax). However, when the tires are
in the instability zone II, the tires are relatively unstable, which may lead to excessive wheel
slip, causing the vehicle to skid and tailgate. Usually, the slip rate is controlled near λmax to
ensure that the control drive is sufficient to achieve stable control [41].
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The formula for calculating the longitudinal slip rate of the wheel is

λij =
vij − wijr

vij
(25)

In order to facilitate the sliding rate constraint, it is transformed into a driving force
constraint, and Equation (25) is written as follows:

wij =
vij − λijvij

r
(26)

From this, it can be seen that the corresponding slip rate can be obtained by adjustment.
For the optimal slip rate, the corresponding optimal wheel rotation speed is found. Then,
the slip rate control force function can be established [22]:

Fλij = kp

(
wij − wdij

)
+ ki

∫ (
wij − wdij

)
dt (27)

As can be seen from the slip safety zone, the regulated drive force at this time is the
maximum force that can be safely driven, so it is important to ensure that the drive force
does not exceed Fλij. So, we must add a wheel slip rate constraint when assigning torque:∣∣Fxij

∣∣ ≤ ∣∣Fλij
∣∣ (28)
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3.1.4. Tire Utilization Constraint

Vehicle instability, usuallydue to a wheel tire force saturation phenomenon, cannot
provide enough lateral force and then leads to vehicle sideslip and instability. The utilization
rate of the tire’s longitudinal force can characterize the tire’s stability margin, which should
be considered when designing the vehicle stability controller. Controlling the utilization
of tire force within a reasonable range is also the basis of and fundamental to achieving
vehicle stability control [42,43].

The optimization objective is to minimize the sum of the minimum tire utilization for
each wheel of the current vehicle.

minJ =
4

∑
i=1

Fxi
2 + Fyi

2

(u ∗ Fzi)
2 (29)

As the tire adhesion ellipse characterizes the relationship between the tire’s transverse
and longitudinal forces, the adhesion ellipse curve of the tire can be approximated by
curve fitting; see Figure 19. Within a certain side deflection angle, the tire transverse and
longitudinal forces are linear so as to linearize the relationship between the tire transverse
and longitudinal forces.
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3.2. Vehicle Reference Model

Assuming that the vehicle is turning and driving without wheel slip, the longitudinal
velocity is constant, the lateral acceleration is small, and the tire cornering behaviors are
in the linear range. The simplified 2-degrees-of-freedom motion model of the vehicle is
shown in Figure 20 after neglecting the lateral tilt, pitch, and longitudinal and vertical
motions [44].

The state space equation for the whole vehicle with 2 degrees of freedom is

.
X = AX + BU

.
X =

( .
β
.
γ

)
X =

(
β
γ

)

A =

(
a11
a21

a12
a22

)
=

 C f+Cr
mvx

aC−bCr
Iz

aC f−bCr

mvx2 − 1
a2C f+b2Cr

Izvx2


B =

(
b11
b21

b12
b22

)
=

(
− C f

mvx
0

− aC f
Iz

− 1
Iz

)
U =

(
∆δ f
∆Mz

)
(30)
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where ∆MZ is the additional transverse moment generated by the driving force.
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3.3. Yaw Controller Design
3.3.1. Vehicle Multi-Cell Dynamics Model

There are time-varying parameters in the matrix shown in Equation (41), and the
longitudinal velocity vx is usually bounded, so the range of variation is set as [vxmin, vxmax].
Similarly, for the strong nonlinear parameter of vehicle tire side-deflection stiffness, the
range of variation of front- and rear-wheel side-deflection stiffness is set as [C f min, C f max]
and [Crmin, Crmax], respectively. Considering the nonlinear characteristics of longitudinal
velocity and lateral stiffness, a convex multi-cell model with eight vertices is used to cover
all possible selected parameter variable pairs [vx, C f , Cr]. Then, the time-varying variables
of the time-varying parameter matrix at the vertices can be expressed as

κ1 = 1/vxmin, κ2 = 1/vxmin
∼
κ1 = C f min,

∼
κ2 = C f max

κ̂1 = Crmin, κ̂2 = Crmax

(31)

Thus, the time-varying variable vx and the nonlinear parameters C f and Cr can be
expressed as a linear combination of the parameter values at the vertices:

1
vx

=
1
∑

i=2
hi(t)κi

C f =
1
∑

i=2

∼
h i(t)

∼
κ i

Cr =
1
∑

i=2

⌢
h i(t)

⌢
κ i

(32)

where hi,
∼
h i, and

⌢
h i are weighting factors.

Define the combination of the individual vertex weights as
h′xyz = hx

∼
hy

⌢
h z, (x = 1, 2, y = 1, 2, z = 1, 2)

h1 = h′
111, h2 = h′112, . . . , h8 = h′222

8
∑

i=1
hi = 1

(33)
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The nonlinear time-varying parameters 1/vx, C f , Cr of the vehicle system are replaced

by κi,
∼
κ i,

⌢
κ i to obtain the state space equations at each vertex of the multi-cell body, which

are discretized and obtain y, discarding the higher-order terms:
Abi = AiT + I
Bbi = BiT
i = (1, 2, . . . , 8)

(34)

The vehicle discrete dynamics model is expressed as

x(k + 1) = Ax(k) + Bu(k)
y(k + 1) = Cx(k)

(35)

where u is the system control input and A, B is the discrete state space matrix:
A =

8
∑

i=1
hi Abi

B =
8
∑

i=1
hiBbi

(36)

From Equations (35) and (36), the discretized vehicle dynamics model can be expressed
as a multi-cellular model Ω, i.e., for a non-negative constant hi, A and B can be expressed as

[A, B] =
8
∑

i=1
hi[Abi, Bbi]

[A, B] ∈ Ω

Ω = CO

{
(Ab1, Bb1), (Ab2, Bb2)
, . . . , (Ab8, Bb8)

}
l = 23

(37)

3.3.2. Design of Feedback Controllers Based on Linear Inequalities

Robust model predictive control based on linear inequalities has the advantage of
explicitly dealing with model uncertainty and multiple input and output constraints, so it
was applied in various systems control [45–50].

Neglecting the perturbation terms of the system and with reference to linear robust
control, define an objective function for the predictive control of the robust model and
use the minimum–maximum optimization method to obtain the amount of control such
that the maximum value of the objective function over the uncertainty set Ω is minimized
as follows.

min
u(k+i), i=0,1,...m

max
[A(k+i),B(k+i)]∈ΩJ∞(k) (38)

The robust model predicts the control performance objective function as

J∞(k) =
∞

∑
i=0

[
x(k + i/k)TQx(k + i/k)
+u(k + i/k)T Ru(k + i/k)

]
(39)

The first step is to solve the maximum–minimum optimization problem for the function
and find an upper bound on the objective function, thus defining the Lyapunov function.

V(x) = PTxP; P > 0, P = PT (40)

At sampling point k, for any vertex [A(k + i), B(k + i)]∈ Ω, i ≥ 0, assume that V(k)
can satisfy the robust stability constraint.
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V(k + i + 1/k)− V(k + i/k) ≤
−
[

x(k + i/k)TQx(k + i/k)

+u(k + i/k)T Ru(k + i/k)
] (41)

Assuming that Equation (27) is bounded, then x(∞/k) = 0, and therefore
V(x(∞/k)) = 0, and accumulating Equation (27) from i = 0 to i = ∞ gives

−V(k/k) ≤ −J∞(k) (42)

Therefore,
max

[A(k+i),B(k+i)]∈Ω,i≥0
− J∞(k) ≤ −V(x(k/k)) ≤ γ (43)

Equation (43) is converted into matrix inequality form.[
1 x(k/k)T

x(k/k) Q

]
≥ 0

Q = γP(k)−1
(44)

The robust model predictive control aims at minimizing the upper bound γ of the objec-
tive function and determines a stable state feedback control rate u(k + i/k) = Fx(k + i/k)
at each sampling point k. Only u(k) = Fx(k) is taken as the control quantity and fed back
to the system. At the next time, the state feedback control rate is obtained again and used
in the vehicle system. The feedback control rate of the system is defined as{

u(k + i/k) = Fx(k + i/k)
F = YQ−1 (45)

Assuming that each vertex of the vehicle multi-cell model satisfies Equation (41), the
optimization problem of Equation (39) can be solved using LMI.

min
γ,Q,Y,Z

γ

s.t.
Q QAj

T + YT Bj
T QQ1

1
2 YT R

1
2

AjQ + BjY Q 0 0

Q1
1
2 Q 0 γI 0

R
1
2 Y 0 0 γI


j =1, 2, . . . , 8

(46)

The control volume constraint is converted into the following linear matrix inequality form.[
umax Y
YT Q

]
≥ 0[

Z C
(

AjQ + BjY
)(

AjQ + BjY
)TCT Q

]
≥ 0

j = 1, 2, . . . , 8 Zii ≤ y2yimax

(47)

The feedback control rate u, i.e., ∆Mz, is derived from the Matlab/Simulink solution
up to this point and the required yaw moment increment for the vehicle system.

3.4. Control of Roll and Pitch Motion

In this paper, the vehicle roll angle and roll rate are selected as the state variables of
vehicle roll motion stability, the vehicle pitch angle and pitch rate are selected as the state
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variables of vehicle roll motion stability, and the optimal vehicle roll and pitch controller
based on feedback is designed. {

Ix
..
φ = ∆Mx

Iy
..
ϕ = ∆My

(48)

The equation of the state can be{ .
Xi = AXi + BiUi

Y = CXi
.

X1 =

( ..
φ
.
φ

)
,

.
X2 =

( ..
ϕ
.
ϕ

)
X1=

( .
φ
φ

)
, X2=

( .
φ
φ

)
A =

[
0 0
1 0

]
, B1 =

(
1/Ix

0

)
, B2 =

(
1/Iy

0

)
, C =

[
1 0
0 1

]
U1 = ∆Mx, U2 = ∆My

(49)

where Ix is the body roll inertia, ∆Mx is the additional torque generated by the drive wheels
to suppress the body roll motion by adjusting the drive force, Iy is the body pitch inertia,
and ∆My is the additional torque generated by the drive wheels to suppress the body pitch
motion by adjusting the drive force.

Let ∆Mx = −KX = −k1
.
φ − k2 φ, ∆My = −KX = −k1

.
ϕ − k2ϕ, k1, k2, k3, and k4 be the

feedback optimal control coefficients.
Based on the LQR method, the optimization objective value function is defined to

obtain the additional torque that changes the roll and pitch of the vehicle body.

J =
∫ ∞

0

(
XT

i QiXi + ∆Mi
T Ri∆Mi

)
dt

Q1 =

[
q1 0
0 q2

]
, R1 = q3, Q2 =

[
q4 0
0 q5

]
, R2 = q6

(50)

Among them are q1 for the control of the roll rate weighting coefficient, q2 for the
control of the roll angle weighted coefficient, q4 for the control of the pitch rate weighting
coefficient, q5 to control the weighting coefficient of the pitch angle. The inclination of the
controller to the roll and pitch rate and roll and pitch angle can be changed by changing
their weights. q3 and q6 are the weighting coefficients controlling the additional roll and
pitch torques, respectively.

3.5. Torque Optimization Based on Multi-Objective Constraints

The vehicle’s yaw, roll, pitch torques, speed, and wheel slip rate are regulated by the
vehicle’s drive forces and torques. Therefore, in the stability control strategy, the optimal
distribution of the drive torque must be considered to achieve the optimal multi-objective
parameter performance.

Based on the above motion coupling analysis, the output quantities from the controller
are reprogrammed to solve for the optimal driving force for each wheel using a quadratic
programming method with the objective of minimum tire utilization. The objective function
is defined as

minJ =
4
∑

i=1

(
1− la2

lb
2

)
Fxi

2

(µ∗Fzi)
2

i = fl,fr, rl, rr

(51)
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The vehicle yaw torque is

∆Mz = −d
2

Fxflcosδ f +
d
2

Fxfrcosδ f −
d
2

Fxrl +
d
2

Fxrr (52)

The vehicle roll torque is

∆Mx= ∆Mxfl + ∆Mxfr + ∆Mxrl + ∆Mxrr + ∆Mxfo + ∆Mxfi (53)

The vehicle roll torque is

∆My= ∆Myfl + ∆Myfr + ∆Myrl + ∆Myrr (54)

Based on the coupled analysis of yaw, roll, and pitch motion,

∆Mxfl= ∆Ffl

(
cosδ f b f sinθ1cosθ1

(
z2 − rcos2θ2

)
2(z2cos2θ1 + z1cos2θ2)

+
cosδ f b f sinθ2cosθ2

(
z1 − rcos2θ1

)
2(z2cos2θ1 + z1cos2θ2)

)
(55)

∆Mxfr= ∆Ffl

(
cosδ f b f sinθ1cosθ1

(
rcos2θ2 − z2

)
2(z2cos2θ1 + z1cos2θ2)

+
cosδ f b f sinθ2cosθ2

(
rcos2θ1 − z1

)
2(z2cos2θ1 + z1cos2θ2)

)
(56)

∆Mxrl= ∆Frl

(
brsinθ3cosθ3

(
rcos2θ4 − z4

)
2(z4cos2θ3 + z3cos2θ4)

+
brsinθ4cosθ4

(
rcos2θ3 − z3

)
2(z4cos2θ3 + z3cos2θ4)

)
(57)

Mxrr= ∆Frr

(
brsinθ3cosθ3

(
z4 − rcos2θ4

)
2(z4cos2θ3 + z3cos2θ4)

+
brsinθ4cosθ4

(
z3 − rcos2θ3

)
2(z4cos2θ3 + z3cos2θ4)

)
(58)

∆Mxfo= ∆Ffl

(
cosδofb f sinθo1cosθo1

(
zo1 − rcos2θo2

)
2(zo2cos2θo1 + zo1cos2θo2)

+
cosδofb f sinθo2cosθo2

(
zo1 + rcos2θo1

)
2(zo2cos2θo1 + zo1cos2θo2)

)
(59)

∆Mxfi= ∆Ffl

(
cosδifb f sinθi1cosθi1

(
zi1 − rcos2θi2

)
2(zi2cos2θi1 + zi1cos2θi2)

+
cosδifb f sinθi2cosθi2

(
zi1 − rcos2θi1

)
2(zi2cos2θi1 + zi1cos2θi2)

)
(60)

∆Myfl= ∆Ffl

(
cosδ f l f sinθ1cosθ1

(
z2 − rcos2θ2

)
2(z2cos2θ1 + z1cos2θ2)

+
cosδ f l f sinθ2cosθ2

(
z1 − rcos2θ1

)
(z2cos2θ1 + z1cos2θ2)

)
(61)

∆Myfr= ∆Ffl

(
cosδ f l f sinθ1cosθ1

(
rcos2θ2 − z2

)
(z2cos2θ1 + z1cos2θ2)

+
cosδ f l f sinθ2cosθ2

(
rcos2θ1 − z1

)
(z2cos2θ1 + z1cos2θ2)

)
(62)

∆Myfl= ∆Ffl

(
lrsinθ1cosθ1

(
z1 − rcos2θ2

)
(z2cos2θ1 + z1cos2θ2)

+
lrsinθ2cosθ2

(
z1 + rcos2θ1

)
(z2cos2θ1 + z1cos2θ2)

)
(63)

∆Myfl= ∆Ffl

(
lrsinθ1cosθ1

(
z1 − rcos2θ2

)
(z2cos2θ1 + z1cos2θ2)

+
lrsinθ2cosθ2

(
z1 + rcos2θ1

)
(z2cos2θ1 + z1cos2θ2)

)
(64)

∆Myfo= ∆Ffo

(
cosδofl f sinθo1cosθo1

(
zo1 − rcos2θo2

)
(zo2cos2θo1 + zo1cos2θo2)

+
cosδofl f sinθo2cosθo2

(
zo1 + rcos2θo1

)
(zo2cos2θo1 + zo1cos2θo2)

)
(65)

∆Myfi= ∆Ffi

(
cosδifl f sinθi1cosθi1

(
zi1 − rcos2θi2

)
(zi2cos2θi1 + zi1cos2θi2)

+
cosδifl f sinθi2cosθi2

(
zi1 − rcos2θi1

)
(zi2cos2θi1 + zi1cos2θi2)

)
(66)



World Electr. Veh. J. 2024, 15, 65 22 of 33

We can simplify Equations (55)–(60) to

∆Mxfl= ∆Fflkfl
∆Mxfr= ∆Ffrkfr
∆Mxrl= ∆Frlkrl
∆Mxrr= ∆Frrkrr
∆Mxfo= ∆Ffokfo
∆Mxfi= ∆Ffikfi

(67)

We can simplify Equations (61)–(66) to

∆Myfl= ∆Ffllfl
∆Myfr= ∆Ffrlfr
∆Myrl= ∆Frllrl
∆Myrr= ∆Frrlrr
∆Myfo= ∆Ffolfo
∆Myfi= ∆Ffilfi

(68)

Rewrite Equations (52)–(54) into matrix form:

v = BF

v = u =

∆Mx
∆My
∆Mz


F =

[
∆Fxfl ∆Fxfr ∆Fxrl ∆Fxrr

]T

B =

 − d
2

d
2 − d

2
d
2

kfl + kfi kfr + kfo krl krr
lfl + lfi lfr + lfo lrl lrr


(69)

After considering the influence of driving force on vehicle speed and slip rate, the
wheel driving force should not exceed the limit of adhesion provided by the ground and
the limit of the hub motor drive brake. The summary constraints are as follows:

minJ =
4
∑

i=1

(
1− la2

lb
2

)
Fxi

2

(µ∗Fzi)
2 , i = f l, f r, rl, rr

s.t.
v = BF∣∣∣∆Fx f l + ∆Fx f r + ∆Fxrl + ∆Fxrr

∣∣∣ ≤ maxmin

|Fxi| ≤ |Fλi|
Tbmax/r ≤ Fxi ≤ Tdmax/r

(70)

where, axmax is the maximum allowable acceleration, Fλi is the driving force corresponding
to the optimal slip rate, Tbmax is the maximum braking torque of the hub motor, and Tdmax
is the maximum driving torque of the hub motor.

The standard type of quadratic planning is obtained by collation as

minJ = xTWx (71)

In the case of multinomial constraints, the solution is more complex, and to ensure the
optimal value is solved quickly, the least squares planning is rewritten as weighted least
squares planning.

Ω =
min

∥Wv(BF − v)∥2
2Fxmin ≤ Fxi ≤ Fxmax

(72)
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where Ω is the feasible solution domain and Wv is the control weight; Wv= diag(w1, w2, w3),
w1, w2, w3 is the control weights of the yaw, roll, and pitch. The above formula can be
solved by MATLAB to obtain the driving force increments ∆Fxfl, ∆Fxfr, ∆Fxrl, and ∆Fxrr of
each driving wheel, and the driving torque increments ∆Txfl, ∆Txfr, ∆Txrl, and ∆Txrr of each
driving wheel can be obtained by Equation (39).

In this way, the driving torque increment assigned to each driving wheel is obtained
and input to the vehicle model to complete the closed-loop of the whole system.

4. Simulation and Analysis

In order to verify the designed control strategy, step steering condition and fishhook
condition simulation experiments were conducted to verify the control effect of the al-
gorithm by simulating the yaw stability decoupling control considering the constraint
(YSDC) and the conventional yaw stability control without considering the constraint
(NYSC) [51] and the closed-loop control system constructed without the imposed control
(NC), respectively.

4.1. Step Steering Condition

The vehicle is driven at an initial speed of 72 km/h on a road surface with a road
surface adhesion coefficient µ = 0.8, and the front-wheel turning angle signal is shown in
Figure 21. The ramp step turning angle signal is input at 3.5 to 4 s to construct an equivalent
oversteering condition to examine the effectiveness of the proposed control strategy in
improving vehicle stability.
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Figure 21. Wheel steer angle.

Under this condition, the dynamic responses of the vehicle, including speed, yaw rate,
side slip angle, roll angle, pitch angle, and wheel slip rate, are simulated and analyzed. As
can be seen from Figure 22, the vehicle speed with the NYSC control system loaded shows
a significant weakening in the step condition, while with DC, the vehicle speed is able to
resist this weakening phenomenon and follow the ideal speed better.
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Figure 22. Speed.
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As can be seen from the response results in Figures 23–26, the maximum amplitude of
the no-controlled yaw rate under this condition is about 30 deg/s, the maximum vehicle
side slip angle is about 4.23 deg, the maximum vehicle roll angle is about 4.11 deg, and
the minimum vehicle pitch angle is about 0.72 deg. The yaw rate and side slip angle of
the vehicle with the DC control system are significantly reduced compared to the vehicle
without the control, and the ideal values are better tracked than those of the vehicle with
NYSC. At the same time, the roll angle of the body is significantly reduced to about 2.23 deg,
and a stable pitch angle is maintained to ensure stable steering and improve vehicle stability
and safety.
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Figure 23. Side slip angle.
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Figure 26. Pitch angle.

As shown in Figures 27–31, the wheel slip rate is in the range of (0.06 to 0.03), and
there is no large wheel slip rate overshoot, which means that the tires are working in the
stable region and can ensure good braking/driving stability. In addition, compared with
NYSC, the tire slip rate of the vehicle with a DC control system is more uniform, avoiding
the uneven wear of individual wheels.
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Figure 27. Left front-wheel slip rate.
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Figure 28. Right front-wheel rate.
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Figure 31. Torque output of four wheels.

The output torque of the wheels coordinated by DC is shown in Figure 29. By assigning
the torque to four wheels, a compensated yaw, roll, and pitch moment is formed, which
enables the vehicle to quickly enter the steady state and improves the stability of the vehicle.

4.2. Fish Hook Working Condition

The vehicle was tested at an initial speed of 72 km/h and a road adhesion coefficient
of 0.4. The fishhook working condition can better reflect the response characteristics of
the vehicle under emergency obstacle avoidance operation, which can further verify the
control effect of the designed control system on vehicle stability and drive-brake stability.
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The dynamic response of the vehicle is shown in Figures 32–37. The vehicle speed,
lateral acceleration, yaw rate, side slip angle, roll angle, and pitch angle of the uncon-
trolled vehicle have a large overshoot. Also, the vehicle is unstable, and the trajectory has
obvious deviation.

After applying the control, both control strategies ensure the yaw stability of the
vehicle, but the vehicle with YSDC exhibits better-desired value tracking in the yaw rate
response compared to the vehicle with NYSC, which is smoother and ensures a smaller
amplitude of the side slip angle to keep the vehicle trajectory close to the desired path.
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The speed of the vehicle loaded with NYSC is significantly reduced, and the body
movement is increased. Even if the yaw movement is effectively suppressed, the violent
movement of the body may cause the vehicle to roll over. The vehicle with YSDC has a
more stable speed and effectively reduces body movement, which can ensure the vehicle’s
yaw stability while taking into account the body stability and enhancing the overall spatial
stability of the vehicle.
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Figures 38–41 show the longitudinal slip rate of the wheels. During the steering
phase, the braking slip rate of the left wheel of the vehicle, without considering the slip
constraint, exceeds the desired slip rate region, the magnitude exceeds −0.5 (50%), and
the tire operates in an unstable condition. However, in contrast, the slip rate of the vehicle
loaded with YSDC can be well controlled within the desired slip rate, allowing the vehicle
to make fuller use of the tire adhesion and ensuring that the tire can provide a stable tire
force. The solved optimal torque output signal is shown in Figure 42.
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Figure 38. Left front-wheel slip rate.
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Figure 39. Right front-wheel slip rate.
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Figure 40. Left rear-wheel slip rate.
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Figure 41. Right rear-wheel slip rate.
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5. Conclusions

(1) The research revolves around the distributed vehicle motion coupling problem and
proposes a multi-objective constraint-based traverse stability decoupling control
strategy. In the objective function design of the controller, the objective is to improve
the vehicle driving stability and to optimize the vehicle speed and wheel slip rate
with constraints. The torque coordination control is carried out through a quadratic
planning method based on the minimum tire utilization rate to ensure the tires work
in the stable region and improve the stability of driving/braking.

(2) Through the test, the key parameters of the vehicle’s dynamic characteristics were
identified, and the Carsim vehicle system was customized. The vehicle Carsim model
was established, and the validity of the vehicle model was verified based on the
vehicle handling stability test.

(3) In this paper, two simulation conditions are designed to experimentally verify the
effectiveness of the proposed control strategy. The results show that the proposed
decoupled control strategy can not only effectively track the desired yaw rate and
side slip angle response but also improve the stability of the body, effectively ensure
the stability of the vehicle speed, and control the wheel slip rate within the desired
range during the driving process of the vehicle. This strategy effectively improves the
spatial stability and safety of the vehicle.

(4) In this article, the spatial motion decoupling control for distributed-drive electric
vehicles has a better control effect, but the response efficiency and energy loss of the
actual motor are not considered, and further control studies combining generator
response efficiency, energy management, and driving stability are needed.
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