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Abstract: This paper deals with the integrated control of trajectory tracking and yaw stability for
autonomous vehicles. Firstly, a nonlinear vehicle dynamics model is established. The MPC algorithm
was used to determine the best front wheel angle. The PID control algorithm is used to ensure the
accuracy of longitudinal speed tracking. The sliding mode control algorithm is used to generate
additional yaw moment and optimize the distribution of longitudinal tire force. In order to ensure the
most effective distribution of the driving torque of the four wheels of the vehicle, the PID algorithm is
used to track and manage the longitudinal slip rate of each tire on the bottom layer. Simulation tools
such as MATLAB/Simulink and Carsim are used to verify the effectiveness of the multi-closed-loop
integrated control technology. Compared with the general control strategy (no slip rate control), the
trajectory error of this control algorithm is reduced by 55.6%, which indicates that it has advantages
in obtaining a high tracking accuracy and ensuring the stability of autonomous vehicles.

Keywords: trajectory tracking; stability control; integrated control; tire sliding rate control; MPC

1. Introduction

The advent of autonomous driving technology has introduced novel opportunities
and challenges arising from the development of intelligent and electric technologies. It
has great potential to enhance traffic safety and mitigate environmental pollution. The
implementation of distributed-drive four-wheel hub electric cars, equipped with four
hub motors that can individually modulate the torque of each wheel, can significantly
enhance vehicle mobility and steering precision. A crucial component of autonomous
vehicle technology is precise trajectory tracking control. Research on trajectory tracking
and vehicle stability management in complex operational environments continues to be a
prominent area of investigation in the field of autonomous vehicles.

To address this issue, a range of trajectory tracking control methods have been pro-
posed by scholars. These include pure tracking algorithms, feedforward—feedback control,
preview tracking optimal control, linear quadratic regulator (LQR) tracking control, and
model predictive control (MPC). Pure tracking algorithms are effective for vehicle tracking
at medium and low speeds [1,2]. Feedforward-feedback tracking control relies on the real-
time calculation of future road curvature and state feedback to ensure stable driving and
trajectory tracking [3]. Preview tracking optimal control uses a driver’s preview optimal
curvature model to achieve trajectory tracking [4,5], but requires the constant adjustment of
control parameters due to its weak adaptability. LOR tracking control establishes an accu-
rate linear model for trajectory tracking control [6,7], but struggles with nonlinear trajectory
tracking in the presence of significant road curvature and external interference. The MPC
control algorithm, however, achieves optimal control of trajectory tracking through the
rolling optimization of control inputs and feedback correction via a future state prediction
of the system, showing strong robustness [8,9].

Model Predictive Control (MPC) is a control method that utilizes a predictive model,
rolling optimization, and feedback correction to form a closed-loop control for the entire
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algorithm. It is particularly suitable for controlling models with a low accuracy and nonlin-
earity and can ensure the maximum stability of the controller. As a result, MPC has been
extensively applied when tracing the trajectory and controlling stability of autonomous
vehicles [10]. With the ongoing development of MPC, researchers have proposed various
control algorithms based on the MPC algorithm for vehicle dynamics’ control. For instance,
Wang et al. [11] proposed using fuzzy control to optimize the weighting matrix of the
objective function and applied the improved MPC algorithm to enhance the trajectory
tracking and stability of autonomous driving. Sun et al. [12] proposed an adaptive model
predictive control algorithm and designed a steering angle monitor to obtain the vehicle’s
steering angle, thus achieving a means of vehicle trajectory tracking and stability control.
A linear model predictive control algorithm (LMPC) with a multi-layer control system has
been proposed in [13,14]. Zhang et al. [15] designed a multi-objective model predictive
extension coordinated control strategy to achieve vehicle trajectory tracking and lateral
stability at high speed. KABZAN ] et al. [16] developed a model prediction controller
driven by online learning data to ensure vehicle safety while achieving the stable tracking
of vehicle trajectories. ROSOLIA U et al. [17] established an optimal decision model for
vehicle trajectory tracking using a stochastic MPC control. LEMANZ A et al. [18] used
the MPC control algorithm to carry out an obstacle avoidance path tracking control of
vehicles at high speed and achieved a better trajectory tracking ability compared to the
Stanley controller. These studies demonstrate the effectiveness and versatility of MPC for
autonomous vehicle control.

The above paper creates many control algorithms for intelligent vehicle trajectory
tracking. However, the problem of yaw stability occurs when the vehicle runs at high
speeds and with low road adhesion, which leads to low track tracking accuracy and
instability in the vehicle. Therefore, many researchers studied the integrated control of
vehicle trajectory tracking and yaw stability. In this paper [19], a force-driven switching
MPC path tracking control strategy, with front-wheel active steering and external yaw
torque, is proposed. The control strategy can improve the control precision and ensure the
stability of the vehicle. In this paper [20], a comprehensive control framework for lateral
stability and trajectory tracking, considering the steering force loss caused by combined slip
effects, is proposed. Real-time experiments and simulations show that the proposed control
framework is superior to existing algorithms in dealing with the problem of reduced tire
capacity in rough maneuvers due to simultaneous vehicle and wheel stabilization and path
tracking. In this paper [21], a vehicle stability control hardware-in-the-loop test bench was
studied, aiming to reduce the experimental cost and provide a new experimental defense.
The path tracking integrated control of vehicles with four-wheel independent drive has
been explored in the literature [22,23], revealing that integrating or layering the drive
torque vector control and front-wheel steering control significantly enhances the precision
and stability when tracking the vehicle’s path. Other studies [24-29] have also investigated
stability control, with approaches including simultaneously distributing left and right
wheel torque based on their strength, vertical load, and glide rate control, establishing a
two-layer learning MPC control, proposing a new braking torque distribution method using
a nonlinear slip rate model, and designing a slip energy and stability control framework to
control the transverse and longitudinal dynamics of the vehicle. Reference [30] proposes
an integrated control strategy based on the MPC framework, which realizes the trajectory
tracking and stability control of the vehicle at high speed.

To summarize, previous studies have made significant progress in the trajectory
tracking of autonomous vehicles driven by four-wheel hubs. On the basis of the above
research, this paper puts forward a strategy and method for vehicle trajectory tracking and
yaw stability control based on the new direct slip rate control method. This paper aims
to realize the path-following control and vehicle-dynamic control of high-speed electric
vehicles independently driven by intelligent four-wheel motors through a hierarchical
control strategy and multiple control algorithms.

In summary, the main contributions of this paper are as follows:
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(1) This paper proposes a three-layer integrated control framework. In the track tracking
layer, MPC algorithm is used for track control. In addition to the yaw moment layer,
the PID algorithm and SMC algorithm are used to realize the speed tracking and yaw
angle speed tracking control. In the driving moment distribution layer, the direct
wheel slip rate control and the optimal driving moment distribution are realized using
the optimal distribution algorithm and PID control algorithm. By integrating these
layers, our approach improves the precision of trajectory-following while ensuring
the vehicle’s yaw stability.

(2) This paper focuses on the influence of direct slip rate control on vehicle trajectory
tracking and yaw stability. One method of setting the optimal slip rate threshold
control was proposed. The driving torque of the target was transformed into the ideal
slip rate using the inverse tire model. The actual slip rate tracked the ideal slip rate
using the PID control method, which finally improved the vehicle trajectory tracking
and stability control.

(3) Building upon existing research, this paper proposes the incorporation of vehicle
speed control and tire direct slip rate control, followed by a comparative analysis with
previous findings. The discoveries from this study have significant implications for the
enhancement of vehicle control systems and ensure an enhanced driving experience
for motorists.

The proposed paper is structured as follows: Section 2 introduces the modeling of
vehicle dynamics, while Section 3 presents a comprehensive control method for trajectory
tracking, yaw stability, and tire longitudinal force (sliding rate). Section 4 presents the
simulation results and a comparative analysis, and, finally, the conclusion is drawn.

Note: In Section 4, the simulation results of the proposed control strategy and algo-
rithm are labeled as integrated control. The simulation results of similar studies have been
labeled as general control.

2. Vehicle Dynamics Modeling

This study is centered on the investigation of a front-wheel-steering four-wheel hub
electric vehicle with a distributed architecture. A distinctive characteristic of this vehicle
type is the absence of conventional mechanical power transmission gadgets, and, instead,
the use of four hub motors to drive each wheel independently, resulting in enhanced
flexibility and control. Figure 1 illustrates the system structure diagram of the electric
vehicle with distributed four-wheel hub motors.

N Brake § N Brake §
. Motor contoller Motor contoller

Baker
controller

¢/ =
Battery Vehicle
pack controller

. Motor contoller

Brake

Can Power

Figure 1. Distributed four-wheel hub electric vehicle system structure.

To assess the dynamic features of the automobile when it follows a given path, an
all-inclusive vehicle dynamics model was formulated, taking into account the vehicle’s
lateral, longitudinal, and yaw directions, as depicted in Figure 2.
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Figure 2. Vehicle dynamics model considering path tracking.

With the intention of accurately capture the vehicle’s dynamic behavior during path
monitoring, a comprehensive vehicle dynamic model was developed, which considers the
lateral, longitudinal, and yaw dynamics of a vehicle, as depicted in Figure 2. However,
to ensure that the modeling results are accurate, certain assumptions were made. These
assumptions include neglecting the impact of air resistance, treating the vehicle as a rigid
body and ignoring its vertical, pitch, and roll motions, and assuming that the front wheel
angle remains constant without considering the influence of the steering system. Since
this paper focuses on the dynamic characteristics of a distributed four-wheel hub EV with
front-wheel steering, only the front-wheel steering Jy is considered in the analysis.

Based on Figure 2 and the aforementioned assumptions, the vehicle dynamic balance
equation is established as follows:

m(i = i) = (Fept + Fepr ) cosd — (Fypa + Fypr ) sindp + (Fe + Fary)
m(+59) = (R + Eoge) sindy + (Fypr o+ Fyge) cosog + (o +Fr) (D)
Izl;b = lf((Fxfl +Fxfr) Sin(sf + (Fyfl +Fy ”) COSJJ() o 17<Fy’l +Fy")

where m represents the vehicle mass; x, y represent the vehicle’s longitudinal and lateral
displacements; ¢ is the vehicle yaw angle; J¢ is the steering angle of the front wheels; I
is the vehicle’s z-axis moment of inertia; [ iz I, are, respectively, the longitudinal distance
between the center of mass and the front and rear axles; Fyfj, Fyfy, Fyyy and Fyyy represent
the longitudinal forces on the four wheels; Fy fls Fy Frr Fyrl and Fy,, represent the lateral forces
acting on all four tires; M, is the additional yaw moment.

The magic formula model has gained popularity due to its unified structure and
high precision in calculating the longitudinal and lateral forces of tires during vehicle
operation [31]. This makes it an ideal tool for analyzing the dynamic behavior of vehicles.
Specifically, the magic tire model is used to calculate the longitudinal force of a tire during
pure longitudinal slip, which is essential for accurately modeling the vehicle’s behavior
during trajectory tracking.

F.i = Dy sin{Cyarctan[ByS; — Ex(ByS; — arctan(B.S;))]}
Cx =y
Dy = a1 F2 + aF; @)
By = (ﬂ3F221' + a4in) exp(—asF;;)/(CxDx)
Ex = agFZ + a7F,; + ag

where i = fI, fr,rl, rr indicates the front-left, front-right, rear-left, and rear-right wheels;
F,; refers to the weight supported by each of the four tire wheels in a vertical direction; S; is
the tire sliding rate.
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Tire lateral force under pure deflection condition is

F,; = Dysin{Cyarctan|Bya; — E,(Bya; — arctan(Bya;))] }
Dy = b1 F% + by (3)

B, = b sin(bsarctan(bsF,;)/ (CyDy)
Ey = béFzzi + byF,; + bg

where g; is the angle of sideways bending of the tire.

In situations where the tire is experiencing both sliding and sideslip, the tire is consid-
ered to be in a combined working condition. In such cases, the tire force can be determined
using the following formula [32]:

v/ Si24(tana;)
Fji = ——0L__D, *sin{C,*arctan [B,*a — E, (By*x — arctan(B,*a;))] }

V/5:2+(tan ;)2

{ E, = _751'sz* sin{Cy*arctan[By*S; — Ex(Bx*S; — arctan(By*S;))]} W

Dy* = uDy Dy* = uDy
where ¢ C* = (5 - 4§)Cx , C,* = (5 - §)Cy , pis the road adhesion coefficient.
By* = (2 — p)By By* = (2 —u)By
The actual longitudinal sliding rate of the vehicle in the running state is:
( —w”—;r>><100%>0 w;t > 0;
Si= ®)
(4 —1) x100% <0 wir <,

where v; is the velocity of the center of each wheel; w; is the rotational speed of each wheel.
The angular velocity of each wheel can be represented as:

o1 = (0x = 3d - §) - cosdp + (v + g - ) - sindy
vfr:(vx—l—%df-tﬁ)-c055f+(vy+lf~¢)~sin(5f ©)
Z),l :vx_%dr'l;b
Uy :vx+%d,-l]1
where vy is the forward velocity; vy, is centroid lateral velocity; i is the yaw angular velocity;

dy is front wheel pitch; d is the rear wheel pitch.
The lateral inclination angle of every tyre is:

ap = 0f — arctan(w>

Z)x—%df'lp
’Uy+lf-l;b
ap = 0f — arctan(l . )

"U;ﬁ*fdf'l[?
4 @)

Le-p—vy

o = arctan(fl/}lv/)
Ux—5dr1p

lep—0
&y = arctan | L l!’] A
Uxt5drp
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During the actual operation of a vehicle, changes in longitudinal and lateral accelera-
tion can cause variations in the vehicle’s vertical load, which can be expressed as [33]:

ayhl,

Ep = %(glr —axh— {if )
ayhl,

szl = % (glr — le”l + 7{# )
hl

Ean = 3 (8l +axh — 41)

hl
Fopr = %(glf‘f'axh‘l' “ydirf>

®)

where Fy ¢, F; ¢, F;yy and Fr indicate the vertical force applied on the left-front, right-front,
left-rear, and right-rear wheels, respectively; I, refers to the distance from the vehicle’s
center of mass to the center of the rear wheels; [ f refers to the distance from the vehicle’s
center of mass to the center of the front wheels; d 3 is half the distance between the front
wheels; d; is half the distance between the rear wheels; ay, a, are, respectively, the wheel’s
acceleration in the longitudinal and lateral directions; h is referred to as the center of
mass height.

By analyzing the transformation relationship between the car’s reference frame and
the Earth’s reference frame, we can derive the following result:

Y = Xsing + jcos ¢ ©)
X = xcos @ —ysing
where X and Y, respectively, are the longitudinal displacement and lateral displacement of
the vehicle in the geodetic coordinate system.

Given the 3-DOF four-wheel model of the vehicle represented in Figure 2 and the the-
oretical analysis presented above, the vehicle dynamics model can be established assuming
small angles in the front wheels.

x= ]/§0+ % [Fxfl +Fxfr - (Fyfl +Fy r)‘sf + Funi "‘Fxrr}
y=—xp+ % {(Fxfl + Fxfr) 5f + Fyﬂ + Fyfr + Fyrl + Fyrr]
§ =1 [ (B + Fepr )5 +hpt Fype) = 1r (Bt + Fyr )| (10)

o 9=9
Y = xsing + ycos ¢

X =xcos¢ —ysing

where X represents the longitudinal acceleration of the vehicle; y represents the lateral
acceleration of the vehicle.

To streamline the vehicle path following and yaw control, the three-dimensional model
of the four-wheeled vehicle was simplified to a two-dimensional model of a single wheel.
To effectively enhance the vehicle’s driving performance on low-adhesion road surfaces,
this study incorporates the vehicle slip rate S into the nonlinear model as a control variable
to regulate the wheel slip rate.

Assuming that the sideslip angle and sliding rate are at their minimum, the tire force
can be approximated by a linear function. In addition, when the front-wheel steering angle
is small and the tire is in a linear region, the tire’s longitudinal and lateral forces can be
represented as [34]:

Fy = 2CfS;
Fy = 2Crsr
Fyp = 2kpay .

Fyr = 2kyar
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{ Sy = max{ Sy, |5y} 1)
Sy = max{|S,|, |Sr|}
_ ny‘P )
== -4
— yx—;,¢ (13)

Dér— T

where C ¥ and C; are the longitudinal stiffness of front and rear tires; k ¥ and k, are the lateral
stiffness of front and rear tires; Sy and S, are the longitudinal sliding rate of front and rear
tires; &, and «, are front and rear tire side angle, respectively.

The vehicle’s vehicle dynamics equation is simplified into a monorail model, which
allows for a more streamlined approach to analyzing the vehicle’s behavior. Additionally,
the vehicle body coordinate system is converted to a Cartesian coordinate system, further
simplifying the model. By incorporating these changes, a comprehensive, nonlinear model
of the vehicle’s dynamics can be developed. This model takes into account a range of
factors, including vehicle weight, tire friction, and road conditions, enabling more accurate
predictions of the vehicle’s behavior and movement.

j=—xp+2 [cfsf(sf + ks (5f - 9*;”) +krlr4’;3’]

F=yp+2 [cfsf — ks <5f - y*f“") + crs,]

p=" (14)
o=2 {zf (cfsf(sf + ks (5f - y*f"’)) - z,k,lr‘*’xﬂ

Y = xsin g + ycos ¢

X =xcosp —ysing

3. Controller Design

Figure 3 illustrates the control framework designed for tracking the trajectory of an
electric vehicle (EV) equipped with distributed four-wheel hubs. The control structure
comprises three levels: upper MPC trajectory tracking control, middle sliding mode yaw
moment control, and lower driving moment optimal distribution. These levels work
together in a multi-closed-loop system to achieve an accurate trajectory tracking and ensure
the yaw stability of the vehicle. The integration of these control strategies ensures that
the estimation of vehicle tracking is both precise and stable. The proposed architecture
enhances the overall performance and safety of the EV.

Expected trajectory  Trajectory tracking control layer Yaw velocity control layer
v B.7,9, X, Y s,

Vehicle two
degrees of

Yaw
velocity(SMC)

T
Sliding Tyre | T;'d Optimal distribution of
rate(PID) inverse [ yaw moment
model
Vehicle model Yaw moment control execution layer ~ Control distribution layer

Figure 3. Integrated control strategy of trajectory tracking and control stability based on MPC.
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In the upper layer, the MPC controller outputs the expected front wheel angle 6, based
on the desired path information, the vehicle’s own posture, and the vehicle dynamics model.
If the actual speed vy and expected speed v, of the vehicle deviate, the PID speed controller
intervenes to ensure actual speed v, control, achieve the desired speed v, tracking, and
produce the overall the vehicle’s driving force T,;. In the intermediate-level yaw torque
regulation, the upper control’s determination of the front wheel angle §; and velocity v,4,
in conjunction with the desired yaw rate vy, generated by the two-degree-of-freedom model
of the vehicle, are utilized. If the desired yaw velocity 7, differs greatly from the actual
yaw velocity - of the vehicle, the yaw stability controller based on the sliding mode control
algorithm intervenes and outputs additional yaw torque My. The lower level employs a
torque optimization algorithm to distribute the desired longitudinal force Fx among the
four wheels, thereby achieving the calculated longitudinal driving torque T, and extra
yaw torque My. It converts the target longitudinal torque Fy into the target longitudinal
sliding rate S;; by utilizing the inverse tire model and employing the sliding rate calculation
module; then, the current sliding rate S; of the vehicle is accurately determined. It then
compares the target longitudinal sliding rate S;; to realize the wheel sliding rate control
and finally achieves the longitudinal force control of the vehicle tire.

3.1. Trajectory Tracking Control

The core idea behind model predictive control (MPC) is to use the current system state,
available model, and future control inputs to anticipate the future output. By utilizing
rolling optimization, MPC can solve the constrained optimization problem, incorporating
the characteristics of model prediction, rolling optimization, and feedback correction. To
establish a prediction model for the MPC controller, the three-degrees-of-freedom nonlinear
dynamics model system’s state space equation is simplified to create a reliable forecasting
model for the vehicle. It is crucial to consider the nonlinear dynamics of the actual system
and incorporate appropriate control design strategies to achieve the desired performance.

& = F(e(t),u(t)
{ v = Calt) 1

where the state variable is chosenas¢ = [y ¥ ¢ v Y X |. The control quantity is
selected as u = 6. The output is selected as y = [¢ Y]. In the actual control process, the
coefficient of friction y between the road surface and the vehicle is regarded as the known
quantity according to the road condition, and the sliding rate S is regarded as the control
quantity.

For the nonlinear vehicle dynamics model, the forward Euler method is adopted for
discretization at time k:

Sk+1) —¢(k)

T = £ ), u(b) (16)

where T is the model’s predicted sampling time for the controller; k is the predicted
sampling time for walking a long distance.

Taylor formula is used to linearize and simplify the discrete nonlinear model, and is
written in incremental form as:

G(k+1) = ApG(k) + By pu(k) + dys

A . 17
dip = Gr(k +1) — Ay iGi (k) — By pue (k) {17)

This can be further rewritten into:
Cnew(k+1|t) = Alnew (k|t) + BAu(k|t) + dy (18)

Ynew (k|t) = Cnewénew (klt )

where A = {A(’)"t Bi"t} ,B= [Bi{'t} ,d = {dS’t} ; C is the output matrix.
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To establish the prediction model for the MPC controller, some assumptions are made
to simplify the calculation. It is assumed that the prediction time horizon for the MPC
controller is N, and the control time horizon is N, where N, is less than or equal to N. It
is possible to infer the state of the vehicle system within the prediction time window based
on its current state and output.

A = At k=1,2,.. ., t+ N—-1
Bk,t:Bt,t/k:1;2,.-.,t+N—1 (19)
dey=dip,k=1,2,...,t+N—1

From the present state and output, we can infer the state of the vehicle system in the
prediction time interval:

Crew(t +1]t) = Alnew(t|t) + BAu(t|t) + d;
Enew(t+2|t) = A2Eew (t|t) + ABAu(t|t) + BAu(t + 1|t ) + Ady +dy 4
Enew(t+3|t) = A3&ew (t|t) + A2BAu(t|t) + ABAu(t + 1|t) + BAu(t + 2|t ) + A%d; + Ady 1 +di i (20)

Enew (E+ Np|t) = ANoGe (E[t) + ANt IBAU(E[E) + ... + BAu(t + Ne — 1) + AN 1y + AN 2d, g + .+ dp oy,

The future output can be predicted by analyzing the current state and output:

ynew(t‘i‘l‘t) Cngw(t+l|t>
Ynew (t + 2|t) Cnew(t +2|t)
Y(t) = | Ynew(t +3[t) | = Cuew | Cnew(t +3[t) (21)
Ynew(t + Np|t) Cnew(t + Np|t)
Write this as a matrix:
Y () = $ilnew(t) + O:AU(E) + Trp(t) (22)
where P = [CoewA  CrowA? ... CuewAN]", AU(E) = [Au(t|t) Au(t +1]t) ... Au(t+
Cnew 0 0 0
CnewA Cnew 0 0
N — 1|t)]T/ (P(t) = [dt dt+1 e dt+prl]T/ Iy = CnewA2 CrhewA Chew 0 1,
CnewANp_l CHEZUANP_Z L Cnew
CnewB 0 0 O
ChewAB CrewB 0 0
0 = CnewAzB ChewAB ChewB 0
CnewANpilB CnewANpizB e CnewANpiN‘B
The objective function of the predictive model controller can be formulated as follows:
Ny 2 N1 2
J= Y utt+ile) = yept+ilt)| + X Ndu(t+ile)] +pe (23)
i=1 o i=0 R

where y(t +i|t) — yf(t + i|t) represents the discrepancy between the current output state
and the reference state of the system; Q is the matrix that represents the weightage given to
the tracking precision; Au(t + i|t) denotes the control increment; R is the matrix represent-
ing the weight assigned to the control variation;  represents the relaxation factor; and p is
the weight coefficient of the relaxation factor.

To convert the objective function into a quadratic term, we need to express the tracking
error and control increment in terms of the state variables. This can be achieved using the
system dynamics equations and the control law. Once we have expressions for the tracking
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error and control increment in terms of the state variables, we can substitute them into the
objective function and expand this to obtain a quadratic term. The resulting quadratic form
can then be minimized using standard optimization techniques.

J = [Y(0) = Yoer (0] QY1) ~ Yieg (0)] + AU TRAU(E) + €7 pe 24)

where Yref(t) = [yref(t + 1|t) yref(t + 2|t) s yref(t + Nplt)] T/ Yref = [(P Y] ' de-
notes the anticipated control input in the predicted time horizon.

The objective function is composed of three terms. The first term guarantees the
accuracy of the desired path tracking by regulating the vehicle’s lateral and course deviation.
The second term reduces the control increment, i.e., the change in the angle of the front
wheels and the additional yaw torque, in order to preserve the intelligent vehicle’s stable
steering performance. The third component represents the relaxation factor, which is
managed by the relaxation factor and weight coefficient to strike a balance between the
tracking accuracy and control effort.

Convert the objective function into a quadratic term in the following form:

= 1[*u0] TH[Ali(t)} o [PU] 25)
where H = {Z(GfTQg)ﬁR) zu,fT = [-2E()"Qe: 0].

To account for the limitations of the mechanical actuator and vehicle’s dynamic behav-
ior, it is crucial to establish constraints on control quantity, control increment, and system
output. Such constraints may include:

umin < ut + AIAut < umax
Aumin S Aut S Aumax (26)
Ymin < Y < Ymax

This can be achieved by using quadratic programming (QP), which facilitates the iden-
tification of an optimal control increment sequence within the control time domain while
accounting for the vehicle’s mechanical actuator and dynamic performance limitations.

AU(t) = [Au(t), Au(t+1),...,Au(t+ N, —1)]7 27)

In each control cycle, the initial element of the optimal control sequence is implemented
as the actual control input increment to the system:

u(t) =u(t—1) + Au(t) (28)

The front wheel angle 67 obtained from the optimization solution is directly fed into
the lower torque optimization distribution layer as the expected front wheel angle, taking
into account the limitations of the vehicle’s mechanical actuator and dynamic performance.

3.2. Longitudinal Velocity PID Control

To ensure that the actual longitudinal vehicle speed v, follows the reference longitudi-
nal vehicle speed v,,4, a PID control method is employed due to its simplicity in control
system design and high computational efficiency. This method is widely used in industrial
control. Therefore, in order to reduce calculation costs, PID control is chosen as a speed
tracking control.

de(t)
dt

t
u(t) = Kye(t) + K; / e(t)dt + Kp 29)
0
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where ¢(f) = v,; — vy refers to the difference between the desired velocity and the current
velocity of the vehicle; u(t) = Ty is the ideal total driving moment.

3.3. Yaw Stability Control

In order to achieve effective trajectory tracking control, it is crucial to design a suitable
yaw stability controller that takes the vehicle’s stability into consideration. In this study,
a sliding mode control algorithm was employed to design the yaw stability controller,
which is responsible for calculating the additional yaw moment required to maintain the
vehicle’s stability. The ideal yaw velocity was obtained from a two-degrees-of-freedom

vehicle model [35].
Ox

0= T+ ko) (30)

.1s . 1
where the stability factor is as follows: k = 73 (% - ]i—;)

Considering the limited traction provided by the ground, the maximum limit of yaw
velocity has been restricted to [34]:

— 08518 (31)

Oy

")’max
The expected value of the resulting yaw velocity is as follows:

va = min{| 70|, [Ymax| }sgn (7o) (32)

To achieve the desired yaw speed tracking control without taking into account external
disturbances, a sliding mode control algorithm was developed to calculate the required
additional yaw moment of the vehicle. According to the actual yaw velocity value of the
vehicle v, make s = y — 14, take s = 0, and obtain: s = ¢y — y; = 0.

where ¢ = %{lf(Fyﬂ + Fyfr) cos 6 — Iy (Fyp + Fyrr) +dg(Fyp1 — Fygp) sindg + Mx}.
The equivalent control item is designed as follows:

Maeg = L5 = {Ip(Fypa + Fype) cos b — L (Fy + Fyrr) + dy (st — Fypy) sindg - (39)
In order to achieve this, ss < 0 is established. The switch robust control is designed as:

where K is sliding mode switching gain, K = D + 7.
Equivalent synovial control law is as follows:

My = Ly = {Ip(Fyp1 + Fypy) cos & — 1 (Fy + Fyrr) + dy (Fypy — Fypy) sinéy | + LKsgn(s) (35)

In order to eliminate chattering, a quasi-sliding mode control is adopted, and the
saturation function saf(s) is used instead of the sign function [36]:

1,5 > ¢
sat(s) = { %,|S\ <¢ (36)
—1,s<¢

where ¢ is the boundary layer, and is a constant greater than zero.

3.4. Optimal Torque Distribution

The first step in optimizing torque allocation is to select an objective function for
optimization. The focus is on maximizing the tire’s adhesion ability and utilization. To
ensure stability in vehicle handling, the “attachment ellipse” theory is employed to keep
the range of lateral and longitudinal forces of the tire within the boundary of the attachment
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ellipse. Although the lateral force of the tire cannot be directly controlled, the longitudinal
force can be controlled. Therefore, the primary optimization objective is to minimize the
comprehensive adhesion utilization of all four wheels. This paper simplifies the objective
function to minimize the sum of squares of the longitudinal attachment utilization of the
four wheels, disregarding the lateral force based on the “attachment ellipse” theory.

T4
minf; = ) :

— (37)
i fi e (rHEzi)

where Tj; represents the target driving torque generated by the four hub motors of the
vehicle; y is the adhesion coefficient of four wheels touching the ground.

To maintain the stability of the vehicle, it is necessary to adjust the longitudinal force
of the four wheels through weight allocation, indirectly controlling the sideways force. This
is achieved by minimizing the comprehensive adhesion utilization of all four wheels, with
the objective of keeping the range of lateral and longitudinal forces within the boundary of
the attachment ellipse. The weight distribution plan employed in this paper is founded
based on the vehicle’s running and stress characteristics, with a small weight for the front
wheel and a large weight for the rear wheel. The front wheel weight is fixed at 1, while
the upper limit value of the rear wheel weight is set at 2. The size is adjusted based on the
deviation of the yaw velocity, and the weight of the front and rear wheels is determined
accordingly [37].

Cfl = Cfr =1

Cp=¢Cp =1 Ay <0 (38)
¢y =Cpr=1+125A7 0< Ay <0.08

Cr] =Crr =2 Ay > 0.08

Therefore, the optimization expression of longitudinal attachment utilization under
dynamic weight allocation is as follows:

Tif?
minfj = Y o—2— =u'Qu (39)
i=fLprolrr  (FHEz)
. c Cr )
where u = [Tfld Tfrd T1a Trrd]Tr Q= dlﬂg( (mpj;]ﬂ)z (ml:j;ﬂ)z (VV?ZIVI)Z (W;jﬂ)z > 1 Cfls Cfrs Crlys Crr

is the weight distribution coefficient of the driving torque for the four-wheel hub motor; r
is the radius of the wheel.

In order to reduce the longitudinal force distribution error, the tracking of the total
driving moment Td and additional yaw moment My of the upper layer motion control
is added to the objective optimization function, so that the actual execution signal of the
wheel hub motor is as consistent as possible with the expected control signal output of the
upper layer controller.

T T
minf, = A4 (CTu - ];d) (CTu - Td) + )\z(GTM - Mx) (GTM - Mx) (40)

r

—dcoséy+1fsindy
dcoséf-&;:lf sind¢
where CT = [ﬂ cosdr 1 l} ,G= r , T; is the total expected longitu-
r r r r f
T
d,

dinal moment output by the driver’s speed Controrller, and M, is the expected yaw moment
output by the yaw stability controller. A and A, are the weight coefficients. The priority of
the target control torque can be determined by adjusting the weight coefficients A; and A;.

The objective optimization function of optimal torque distribution is designed as fol-
lows:
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T
minf = J; + Jo = uTQu + Ay <CTu _ ?) (CTu _ T;d) A (GTu _ MX)T(GTu _ Mx> (41)

Convert the objective optimization function into quadratic form as follows:
1o ( T T T 1d T T;\? 2
min] = Sl 2Q 4 2MCC +24,GG Ju+ | —2MC - 202G My Ju +kq -t ko My (42)

2
As the term A4 (%) + A M,? independent of the final result, the objective optimiza-
tion function is reduced to the following form:

1 T
min/ = Zu” (2Q +orcCT + 2AchT) U+ (—2/\1CTrd - 2A2GTMX> U (43)

The expected longitudinal torque of the wheel should meet the road adhesion condi-
tions, and the longitudinal torque should be within the maximum driving range of the hub
motor. Therefore, the constraint expression is:

N {_rypzi < Ty < min(ruFy, Tig max) (44)
Td = Tfld + Trld + Tfrd + Trrd

where T; is the torque generated by an individual hub motor; T; 1.« is the maximum torque
that can be provided by the hub motor at the current speed.

The target longitudinal tire torque distribution problem based on objective optimiza-
tion can be expressed as:

min] = u” (20 +211CCT + 20667 )u + (24 CT 2% — 20,GTM, )u
s.t. —ruFy; < Tiy < min(rpFy, Tig max) (45)
To=Tpa+ Tog+ Trrg + Trra

To solve the problem and achieve the optimal distribution of longitudinal torque,
the quadratic programming method is utilized based on the aforementioned objective
and constraint conditions. This method provides the ideal longitudinal torque for each
wheel to ensure the maximum comprehensive adhesion utilization of all four wheels. By
implementing this approach, the desired tire forces and moments can be generated, which
ultimately leads to improved vehicle handling and stability.

3.5. Tire Longitudinal Force Closed-Loop Control

To mitigate the limitations imposed on the four motors by physical conditions and
ground adhesion, an optimal torque distribution control approach is employed to ensure
that the upper controller’s control signal and the lower actuator’s executive signal are in
agreement, effectively reducing the control level distribution error. Neglecting the dynamic
characteristics of the tire in previous studies can negatively impact trajectory tracking and
maneuvering performance. Thus, it is essential to control the vehicle tire force to follow the
target tire force. However, measuring and controlling tire force in practice is challenging.
Therefore, the sliding rate is controlled to achieve the anticipated tire force. The Dugoff tire
model is employed to convert the longitudinal force to the corresponding slip rate of the
tire. The Dugoff tire model is a precise model that describes the nonlinear tire characteristics
and requires fewer parameters than the magic tire model, making it well-suited to inverse
analysis. In this study, the Dugoff tire model is selected as the derivation model of the
reverse tire model.

The Dugoff tire model can be expressed as [38]:

xl—C11+s f(Hpi) 46
{ Py = kS0 iy 4o



Electronics 2024, 13, 193

14 of 22

where Fy; is the longitudinal force generated by all four hub motors; F,; represents the
lateral force exerted by the tires of all four wheels; «; is the lateral deflection angle of all
four wheels; k; is the lateral stiffness of the four tires; C; is the longitudinal tire stiffness of
the four wheels; Hp; is the tire dynamic parameter of four wheels.

y_ J(2—Hp;)Hp; Hp;i<1

where Hp; = ——425_ £(Hp)).
Di ) (in)er(Fyi)Zf( Dz)
Then, Hp; > 1, f(Hp;) = 1. The longitudinal slip rate can be obtained as follows:

in

S =
' G —Fy

(48)

Then, Hp,; < 1, f(Hp;) = (2 — Hp;)Hp;. The longitudinal sliding ratio can be obtained
as follows:

Vzeizin

4C; <Pxi>2+(Fyi)2(szi (Pxi>2+<Fyi)2)y2in2in

5 = (49)

According to the optimal torque F,;; distribution of the target tire force of each wheel,
the target sliding rate of the wheel can be obtained by combining the above formula:
Tia

Fria = — (50)

Frid >
Ci—Frig Hp; =21

Sy = W2E.i*Fyig Hp; <1 (51)

2 2
4Cai\/ (Fria)*+ (Fyi) (HPzﬁ (Feia)*+(Eyi) )*H2in2Pxid

According to a large number of experiments, the optimal slip rate is usually in the
range of 15-20%. The threshold of wheel slip rate for vehicle stability is set at 20%. If the
wheel slip rate of the vehicle is 20%, the current vehicle is judged to be in a stable state,
and the vehicle steady slip rate control based on the reverse tire model will be carried out.
On the contrary, when 20% is determined, the vehicle is judged to be in an unstable state,
making the maximum threshold of vehicle slip tracking slip rate 20%, and the ideal sliding
power of the vehicle is tracked and controlled within this range.

In order to realize the longitudinal force control of vehicle, the slip rate of four wheels
of vehicle is controlled indirectly. The PID control system is simple in design and high in
calculation efficiency. Consequently, the PID control is used to control wheel sliding rate:

m(t) = Kpe(t) + Ki/ e(t)dt (52)
0

where e(t) = S;; — S; is the error between the expected sliding rate and the actual sliding
rate of a single wheel, and m(t) = Tj; ;¢ is the driving torque of a single wheel.

4. Simulation

To validate the feasibility of the proposed trajectory tracking, longitudinal velocity
tracking, yaw moment control layer, and tire longitudinal force control methods, we carried
out simulation tests and present the results in Tables 1-3. The key parameters of the model
are detailed below.
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Table 1. Magic tire model fitting parameters.
ap (5] as as ay as ag ay ag
1.65 -21.3 1144 49.6 226 0.069 —0.006 0.056 0.486
bo by by b3 by bs bg bz bg
1.3 —22.1 1011 1078 1.82 0.208 0 —0.354 0.707
Table 2. Control parameters.
Symbol Quantity Value
T sampling period 0.02
Np predictive time domain 20/10
N¢ control time domain 10/1
K sliding mode switching gain 2.5
D 2
Ui 0.5
¢ boundary layer thickness 0.07
Table 3. Vehicle parameters.
Symbol Quantity Value
m vehicle mass 1250 kg
h height of center of mass 0.54 m
I the distance from the center of 1.04m
f mass to the front axis ’
the distance from the center of
I . 1.56 m
mass to the rear axis
the moment of inertia of the 2
Iz vehicle about the z axis 13431 kg - m
ds front-wheel half-pitch 0.74m
d, rear-wheel half-pitch 0.7425 m
effective rolling radius of
r 0.298 m
wheel
k 1 front-wheel lateral stiffness 75,875 N - rad !
kr rear-wheel side stiffness 75,875 N - rad !
Cf longitudinal stiffness of front 161,145 N
wheel
c longitudinal stiffness of rear 161,145 N
wheel

To enhance the credibility of the suggested control algorithm for trajectory tracking,
we carried out a simulation verification while varying the speed of the vehicle and the
coefficient of friction between the tires and the ground. This additional analysis aimed to
determine the effectiveness of the control algorithm under different conditions.

(1) To further confirm the effectiveness of the trajectory tracking control algorithm, a sim-
ulation study was carried out by varying the vehicle speed and the ground adhesion
coefficient. The vehicle speeds of 60 km/h, 50 km/h, and 30 km/h were considered,
with a fixed ground adhesion coefficient of 0.85. The main focus was on the vehi-
cle’s trajectory tracking and stability when following a double line-shifting trajectory.
Figure 4 presents the simulation results.
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Figure 4. Simulation results of control system trajectory tracking under different velocity variations.

The simulation results in Figure 4 demonstrate the effectiveness of the proposed
vehicle trajectory tracking and stability control strategy at different speeds. The deviation
in lateral displacement of the vehicle, as illustrated in Figure 4b,c, rises as the speed
increases, but remains within a consistent range. The steering angle of the front wheel also
grows with the speed. Additionally, as seen in Figure 4d—f, the yaw angle of the vehicle
increases in proportion to the speed, while the lateral inclination angle of the center of mass
remains relatively stable. These findings demonstrate the precision and dependability of
the suggested control algorithm for path tracking in the face of varying vehicle speeds and
ground adhesion coefficients.

(2) To further validate the effectiveness of the proposed trajectory tracking control algo-
rithm, simulations were conducted with variations in ground adhesion coefficient and
vehicle speed. Specifically, the vehicle speed was set to 35 km/h, while the ground
adhesion coefficients were set to 0.85, 0.5, and 0.25. The performance of the vehi-
cle trajectory tracking and stability control was evaluated under the condition of a
double-shift track. The simulation results are illustrated in Figure 5.

To confirm the efficiency of the suggested control algorithm in following the intended
path, simulations were conducted using varying ground adhesion coefficients and vehicle
speeds. The results of the simulations, depicted in Figure 5a, demonstrate the validity of the
proposed method for vehicle trajectory tracking and stability control strategy, which is ac-
curate and effective under differing adhesion coefficients. Further analysis from Figure 5b,c
indicates that the lateral displacement error of the vehicle remains stable under high ad-
hesion, but significantly increases on low-adhesion ground. Additionally, the front wheel
angle remains relatively constant across different adhesion coefficients. The simulation
results (Figure 5d—f) demonstrate that the vehicle’s yaw angle increases with decreasing ad-
hesion coefficient, and the centroid’s lateral declination angle fluctuates when the adhesion
coefficient is as low as 0.25. However, the lateral declination angle of the centroid is largely
unaffected by changes in the adhesion coefficient under high adhesion conditions. These
findings suggest that the proposed control algorithm is robust and capable of maintaining
stability and accuracy in trajectory tracking under varying conditions.
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Figure 5. Simulation results of control system trajectory tracking under different adhesion coeffi-
cient variations.

To further demonstrate the efficacy of the proposed control strategy, simulation tests
were conducted to evaluate its performance under double-shift and single-shift condi-
tions with a large road curvature. The double-shift condition, which involves emergency
avoidance or steering situations, and the single-shift condition, which mimics actual lane
changes, were chosen for their representativeness. The simulation utilized the vehicle’s
front-wheel steering system and employed an independently driving torque distribution.

For standard vehicles, the adhesion coefficient plays a crucial role in the tire’s grip on
the road. Lower adhesion coefficients make it challenging to meet the necessary steering
requirements during medium- and high-speed driving, ultimately leading to unstable
driving conditions. Thus, this study aims to investigate the effects of vehicle speed and
ground adhesion coefficient on the double-shift line working condition. The simulation
conditions for this study were set as follows: (1) the vehicle’s velocity remains unchanged
at 60 km/h and the ground adhesion coefficient remains constant at 0.85, and (2) the vehicle
speed is constant at 50 km/h and the adhesion coefficient is constant at 0.5. The simulation
results are illustrated in Figures 6 and 7.

This study introduces a novel multi-closed-loop control principle that prioritizes tire
longitudinal force control and aims to achieve a shorter control response time. To enable the
closed-loop control of tire longitudinal force, control is transformed into tire longitudinal
sliding rate control via the tire inverse model. To demonstrate the effectiveness and
superiority of the proposed multi-closed-loop control, this study compares the simulation
results of general control (no slip-rate control) and integrated control with the multi-closed-
loop control algorithm proposed herein. The simulation conditions that were chosen
included a double-shift condition with a large curvature, representative of emergency
avoidance or steering. Figure 6 displays the outcomes for a constant adhesion coefficient of
0.85 on the ground and a steady vehicle velocity of 60 km/h.



Electronics 2024, 13, 193

18 of 22

. Reference track 0.10 Integrated control N PP o General control
Integrated control Gororal control s Desied Longitdinl velcity J Integrated control
General control seneral control
3 f 0.05 Integrated control ]
5 24 E 0.00 E 24
g I / £ 005 3z 0
% / \ 3 il £
£ J E :
= 9 2 00 571
£ 3 £
= 44
\ ots
500
2 -6
020 . . . . R
T T T T | N 0 2 4 6 8 012 M T T T T J
0 50 100 150 200 250 l B 10 130 200, =0 Time () 0 3 6 9 12 15
Longitudinal displacement (m) Longitudinal displacement (m) Time (s)
(a) Trajectory (b) Lateral deviation (c) Longitudinal velocity (d) Front wheel angle
154 Desired yaw angle 204 Integrated control Left front wheel 0.16 4 Target value
Integrated control General control 309 Right front wheel ] Actual value
104 General control 15 Left rear wheel :
ol 00 ] I Right rear wheel | 2 o.12.] ‘
54 (> i) | )
= 1 £ 0104
-y g os 0] | -
5 04 = z I -~ 0.084
0 300 £ ’ | 5
g 5 ) { £ 006
z s EFPR ES [ 5
s g0 g ) g
= < K Al £ o] ‘
-10 & -1.04 -100 4 L [ ; I
> ‘ 3 002 i
154 1549 2004 000 4~ Ayl b
[
20 2002
20 T . T r y T T T T 1300 o ; . . ; ;
0 50 100 150 200 250 0 50 100 150 200 250 0 3 6 9 12 15 0 4 6 9 12 15
Longitudinal displacement (m) Longitudinal displacement (m) Tims () Time 6
(e) Yaw angle (f) Yaw angle deviation (g) Torque distribution (h) Left front wheel sliding rate
Integrated control
] Target value ——"
o1 Targetvalue | Target vl Targetvalue 5| General contiol
016 Actual value ctual value] 924 Actual value
2 014 2 454
g £
o £ 014 =
E 0.104 ﬁ = :E)
3 3 E Zis
£ 0.08 3 0.0+ - wu\y’ 2 004 —— E?:— | |
= 006 4 E k= | | ‘ i |
S 8 b1 =
£ g 4 B304 | | |
= 0041 e 0.1 =01 < ‘ | "
) ‘ 5 = ©
Z 002 1 3 )
‘(\
0.00 4
024 202
-0.02 204
0 3 6 ) 9 12 15 0 3 6 9 12 15 0 3 6 - 9 12 15 H : o) : 5 !
Time (s) Time (s) Time (s) Time (s)
(i) Right front wheel (j) Left rear wheel

(k) Left rear wheel sliding (1) Calculation time

sliding rate sliding rate

Figure 6. Simulation results of the two control algorithms at a ground adhesion coefficient of 0.85
and vehicle speed of 60 km/h.

From the results presented in Figure 6a,b, it is clear that the proposed control strategy
is more effective and accurate in tracking the trajectory in comparison to the general control
strategy. The multi-closed-loop control proposed in this paper reduces the lateral error
by 55.6% in comparison to the general control strategy. Additionally, in Figure 6c—f, it
can be observed that the multi-closed-loop control has better speed and front wheel angle
tracking, with minimal fluctuations in speed and front wheel angle. The transverse sway
angle tracking is also effective with a smaller error, thereby avoiding vehicle instability.
Figure 6g—k demonstrate that the vehicle is better distributed among the four wheels under
the optimal torque distribution and tire longitudinal force integrated control. The actual
sliding rate of the four wheels aligns with the target values, improving the maneuvering
stability during trajectory tracking. Finally, Figure 61 compares the calculation time, with an
average calculation time of 2.57 ms for the proposed algorithm and 2.58 ms for the general
control. The comparison shows that the proposed algorithm has a shorter control response
time and higher response speed.

To evaluate the vehicle’s ability to maintain stability and follow a desired trajectory in
low-adhesion environments and at moderate speeds, a double-shift line test was conducted
on the vehicle. The simulation outcomes for a vehicle velocity of 50 km/h and a ground
adhesion coefficient of 0.5 are illustrated below.
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Figure 7. Simulation results of the two control algorithms at a ground adhesion coefficient of 0.5 and

vehicle speed of 50 km/h.

To evaluate the vehicle’s trajectory tracking and maneuvering stability at medium
speeds under low adhesion conditions, we conducted a double-shift line condition test.
Figure 7 depicts the simulation results at a ground adhesion coefficient of 0.5 and a vehicle
speed of 50 km/h, which demonstrate the practicability of the proposed multi-closed-loop
integrated control strategy under these conditions. According to the simulation results
at a ground adhesion coefficient of 0.5 and a vehicle speed of 50 km/h, the proposed
control strategy exhibits a superior performance compared to the general control strategy
in maintaining trajectory accuracy and reducing dynamic fluctuations in speed and front
wheel corner tracking. The cross-swing angle also shows less error and fluctuates near the
desired value, thereby avoiding vehicle instability during trajectory tracking. Furthermore,
the proposed integrated control strategy’s response time is 2.53 ms, which is faster than the
general control time of 2.55 ms, indicating a more rapid response time for the integrated

control system.

To assess the efficiency of the proposed integrated control algorithm under low-
adhesion conditions and high speed, a single line-shifting test was carried out by setting
the vehicle speed at a constant 100 km /h and the ground adhesion coefficient at 0.5. The
simulation findings of the vehicle’s yaw stability and trajectory tracking are presented in

Figure 8.



Electronics 2024, 13, 193

20 of 22

0.6

4.0 0.05 Integrated control General control
55 General control 100054 Integrated control!
0.04 0.4+
3.04 —~
- 2 1000 ]
E - ] 5
£ 254 Eom < 5 02
2 = 2 99954 202
5 204 2 3 Desired longitudinal velocity £
g g . 3 Integrated control =
& 15 3 5 9904 General control 2 04
= Reference Trajectory| = e 2
£ 104 Integrated control 20014 £, 99.854 e
K General control = H = 02
0.5
0.00 99.80 4
001 04
9035
0.5 T T T T T T 1 0.01 T T T T T T 1 ! 2 3 4 s T T T T 1
020 60 80 100 120 140 0 20 40 6 s 100 120 10 Time (5) 0 i 2 3 4 5
Longitudinal displacement (m) Longitudinal displacement (m) Time (s)
(a) Trajectory (b) Lateral deviation (c) Longitudinal velocity (d) Front wheel angle
i 0.003 5 arget value
Desired yaw angle 037 Integrated control L;t\ Orgn( wheel Target value
1 Integrated control General control | %01 Right front wheel Actual value
N Intgrated conteo Left rear wheel
a5 \ eneral contro . i) Righttese el , 0002
K]
3.04 2 ‘c-n
D 404
~ 25 g 01 £ 0.001
< 3 = %
2 7= £ 204 =
20 2.0 5 % ]
E 004 z F]
g z 3 < 0.0004
Z 154 T & 07 2z |
= g & g
107 £ 20 &
> £ -0.001 4
054 =
0.2 401
004 - I
604 -0.002 4
05 T T T T T T 1 -03 - . - - B - )
o % 4 e s w00 0w S S P S A A T T T T T 1 ; T T T ?
Longitudinal displacement (m; Al s
Pl (m) Longitudinal displacement (m) Time (s) Time (s)
(e) Yaw angle (f) Yaw angle deviation (g) Torque distribution (h) Left front wheel sliding rate
2.8
0.0025 Tarectval Target value atestvilie :[\legmtled c?nllml
arget value Actual value 264 Jeneral control
Actual value 0.0010 0.00104 Actual value| =6
0000 "
s 5 o oos |
£ s g ovos P g2
2 g E; 0.0006 g 2.0
i 0.0010 E 0.0000 2 0.0004 ] 1.8/
= H 2 = fl
3 5 2 e
£ 00005 g £ oo Zre]ll
=S = -0.0005 Z 5 |
5 % 5 1]
4 — & 0.0000 4
00000
1.24
00010 00002 -
-0.0005 . . . . Y 1.0
1 2 3 4 5 0 1 3 4 ] T T T T 1

Time (s)

(i) Right front wheel
sliding rate

. Time (s)
Time (s) Time (5)

(j) Left rear wheel

liding rate (k) Left rear wheel sliding

(1) Calculation time

Figure 8. Simulation results of the two control algorithms at a ground adhesion coefficient of 0.5 and
vehicle speed of 100 km /h.

The effectiveness of the integrated control algorithm proposed in this paper is demon-
strated by the results of the single line-shifting test conducted at a constant speed of 100
km/h and a ground adhesion coefficient of 0.5. The simulation results presented in Figure 8
show that the proposed algorithm performs well in terms of trajectory tracking and yaw
stability, even under challenging high-speed and low-adhesion conditions. The lateral error
is significantly reduced in comparison to the general control approach. Both the integrated
and general control algorithms (no slip rate control) exhibit good performance in vehicle
speed tracking, with the general control (no slip rate control) approach exhibiting slightly
less fluctuation. No significant difference is observed in the front wheel angle under the
two control algorithms. Furthermore, both approaches effectively control vehicle stability
during trajectory tracking. The tire sliding rate graphic of the integrated control shows that
the actual sliding rate of the wheel tracks the target value well during vehicle operation,
resulting in a better distribution of driving torque among the vehicle wheels. The results
indicate that the proposed integrated control algorithm outperforms the general control
strategy in terms of response time by 0.07 ms. This suggests that the algorithm has the
potential to enhance vehicle safety and performance in challenging driving scenarios.

5. Conclusions

The integrated control of vehicle trajectory tracking and yaw stability is achieved in
this paper through the utilization of multiple control algorithms. This paper validates the
effectiveness of our proposed integrated control algorithm, where we build a co-simulation
platform of MATLAB/Simulink and CarSim. The simulation results demonstrate the
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algorithm’s applicability under different vehicle speeds and ground adhesion coefficients.
In terms of trajectory tracking, the vehicle can track the trajectory well under control, and
the deviation error is small. In terms of vehicle stability, the vehicle ensured stability under
control, in line with the expected results. We further verified the algorithm’s performance
under different working conditions, including a high vehicle speed and high ground
adhesion coefficient, a low ground adhesion coefficient at medium vehicle speed, and a
low ground adhesion coefficient at high vehicle speed, with double and single line shifts. A
comparison with general control (no slip rate control) shows that our multi-closed-loop
integrated control algorithm is more advanced in terms of trajectory tracking and yaw
stability control, with a shorter computational response time.

In this paper, an intelligent vehicle dynamic model driven by a four-wheel hub motor is
established. Based on the intelligent vehicle dynamic model, the advantages of distributed
drive are fully utilized. The intelligent vehicle dynamics model and tire force closed-loop
(slip rate control) method can further improve vehicle trajectory tracking performance and
driving stability, and provide a research basis and theoretical basis for future researchers to
further study intelligent vehicle trajectory tracking and yaw stability integrated control.
The MPC, SMC and PID control algorithms used in this paper are practical and can be
reliably applied to real vehicles. The simulation method can reduce the cost of intelligent
vehicle development. The integrated control of trajectory tracking and yaw stability will
be widely used in intelligent vehicles in the future, further promoting the development of
intelligent vehicles and safe and reliable direction.
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