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Abstract: To ensure lateral stability during the cruising of a differential steering vehicle (DSV), this
paper presents a curving adaptive cruise control (ACC) system coordinated with a differential steering
control (DSC) system, which considers both longitudinal cruising capability and lateral stability on
curved roads. Firstly, a DSV dynamics model is developed and a control strategy architecture for
a curving ACC system is designed. Then, the car-following control strategy for the curving ACC
system is designed based on the fuzzy model predictive control (FMPC) algorithm. The strategy
aims to improve the economy and balances car following, safety, comfort and economy. Moreover,
fuzzy logic rules are designed to update the weight coefficients of the performance indicators in
real time. Finally, the lateral stability controller is designed based on the preview algorithm and
the sliding mode control (SMC) algorithm. The simulation results show that the lateral stability of
the DSV during the curving cruise is realized via the control of the differential drive torque of the
two front wheels. The proposed FMPC controller and SMC controller based on the preview control
algorithm satisfy the performance in terms of vehicle following and lateral stable driving in the
process of cruising.

Keywords: four-wheel-drive electric vehicles; multi-objective optimization; model predictive control;
fuzzy logic rules; sliding mode control; front differential torque control

1. Introduction

At present, because of the rapidly increasing number of vehicles, traffic safety and
congestion problems have become serious [1-4]. As a vehicle intelligent control system,
ACC can help drivers avoid collision accidents and improve the active safety of vehi-
cles [5,6]. Intelligent control systems can autonomously drive vehicles to achieve control
objectives [7]. The ACC consists of longitudinal and lateral control. In the longitudinal
direction, it controls the vehicle to cruise at a predetermined speed and maintain a safe
distance from the preceding vehicle. In the lateral direction, it controls the vehicle to track
over a predetermined trajectory. Due to the nonlinear characteristics of the ACC vehicle
system, designing a reasonable control strategy to realize the longitudinal and lateral
control of the vehicle is a problem that needs to be solved.

Car following performance is an important index to evaluate ACC system function.
At present, many control algorithms are used to improve the longitudinal car-following
performance of ACC systems. Mehdi et al. [8] designed an asymmetric car following model
to improve following performance by controlling vehicle inter-distance, relative speed,
and acceleration. Then, Guo et al. [9] further considered the vehicles in adjacent lanes and
designed a merging prediction model to improve the following performance of vehicles by
analyzing merging behavior in adjacent lanes. Yen et al. [10] designed a vehicle following
model using a deep reinforcement learning algorithm, which reduced the number of unsafe
followings and the number of inefficient vehicles. On the basis of ensuring car following
performance, many studies have further considered the safety, comfort, and economy of
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the ACC system. Moon and Yi et al. [11,12], by analyzing the driver’s behavior, proposed
a confusion matrix method to adjust the control parameters and designed an integrated
ACC/CA system to ensure the safe driving of the vehicle. Seyed Mehdi et al. [13] proposed
a novel reference signal for the ACC system, which reduced the time difference between
the initial state and stable state, and improved comfort while ensuring safety. Based on
reinforcement learning theory, Das et al. [14] improved traffic efficiency by controlling the
parameters of the safe inter-distance model. Li et al. [15] proposed a lower-dimensional
model predictive control (MPC) algorithm, which was applied to the design of the fuel
economy controller of the ACC system to ensure the optimal control and fast response of
the system. Although many studies have improved the following, safety, comfort, and
economy of the ACC system, there is the problem of how to solve the contradictions
between various performance indicators.

When ACC vehicles travel on curved roads, the control system needs to be able to
control the vehicle both longitudinally and laterally [16,17]. Therefore, lateral stability
should be considered in the design of the ACC system. Guo et al. [18] proposed the
adaptive fuzzy control strategy to coordinate the longitudinal and lateral control of the
vehicle to ensure stability and comfort. Zhang et al. [19] coordinated the ACC system
with the direct yaw moment control (DYC) system, and used the robust constrained
state feedback method to weaken the influence of the DYC on the ACC’s car following
performance, and also improved its lateral stability. Li et al. [20] developed a control
system that integrated ACC, rear steering control (RSC), and rollover braking control
(RBC) to prevent the rollover index from exceeding the safety threshold, and it had better
rollover stability in emergency situations. Many related studies integrated ACC and
steer-by-wire (SBW) to ensure the stable driving of ACC vehicles [21,22]. As a kind of
SBW and new type of steering mechanism, differential steering can generate different
driving torques by controlling left and right wheels, which simplifies the complexity of the
steering system [23,24]. It is usually applied to trajectory tracking control. For example,
Chen et al. [25] used differential steering to track the desired front wheel steering angle,
which could still have a good tracking effect when the vehicle-steering motor failed. Due
to the difference between the differential steering mechanism and the traditional steering
mechanism, if the cruise function of the ACC system needs to be realized, the control
strategy needs to be redesigned for its special steering structure.

To further improve the economy and ensure the lateral stability of the vehicle on the
basis of ensuring coordination among the following, safety, and comfort of the DSV during a
curving cruise, a control strategy for the curving ACC system based on the DSV is proposed
in this paper. Firstly, the dynamic model and prediction model of DSVs are established, and
following, safety, comfort and economy are considered. Then, the performance indicators
are designed, including a consideration of the cost function and 1/O constraints, and the
variable weight adjustment strategy is designed to maximize the cruising economy under
the premise of ensuring safety. At the same time, the lateral stability control strategy is
designed for the DSV, and the lateral stability is realized via the control of the differential
driving torque of the front wheel. Finally, compared with the effect of MPC and DYC, the
performance of the proposed the curving ACC system of the DSV is verified. In this paper,
the ACC system and steer-by-wire technology are combined to ensure the lateral stability
of the vehicle during curving cruising via the control of the front wheel’s differential torque.
Meanwhile, fuzzy control rules are designed to improve vehicle economy.

The rest of this paper is organized as follows: The DSV dynamics models are presented
in Section 2. Section 3 gives a detailed description about the design of the proposed FMPC
algorithm. Section 4 gives a detailed description about the design of the proposed SMC
algorithm of DSV based on preview control algorithm. Section 5 gives its performance as
tested via a platform simulation. Section 6 contains the conclusions. The limitations of and
future work resulting from this paper are described in Section 7.
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2. Modeling of DSV
2.1. Dynamics Model of DSV

As a new form of steering adapted to vehicles driven by in-wheel motors (IWMs),
differential steering needs to be modeled for the dynamics of IWM-driven vehicles with
differential steering, so as to lay the foundation for further research on the dynamics control
of differential steering. Figure 1 shows the three degrees of freedom (3-DOF) vehicle
dynamics model.
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Figure 1. Diagram of 3-DOF vehicle dynamics model.

The 3-DOF vehicle dynamics equations are expressed as follows:

m(vx — vyw) = (Fxfl + Fxf,,)COS ‘Sf + Fyy1 + Fepr — (Fyfl + Py ,) sin (5f
m (v, + vew) = (ny, n Fyfr>cos 8¢ + Fyrt + Fyr + (Pxﬂ n Fxf,)sin 5 1)
Lo = a(Fyp1 + Fypy )cos & = b(Fy + Fyr ) + a(Fegi + Fypy ) sin
where Ffj, Fyfy, Fyyy, and Fyr are the longitudinal forces of the left front wheel, right front
wheel, left rear wheel, and right rear wheel, respectively.
Considering that the wheel angle is small, since this paper only studies the front

wheel’s differential steering, the rear wheel’s driving force is the same, so Equation (1) can
be simplified as follows:

m(i)x - vyw) = (Fxﬂ + F, r)cos Of + Fypp + Fxrr
m(vy + vxw) = Fyp1 + Fyfr + Fyyy + Fyrr )
L = a(Fyn+ Fypr ) = b(Ey + By ) + RAT
where m is the vehicle mass, v is the longitudinal speed, vy is the lateral speed, I; is the
half of the front wheel distance, R is the wheel rolling radius, AT is the front wheel’s drive

torque difference, I is the vehicle’s moment of inertia, w is the yaw rate, and a and b are
the distance from the front and rear axles to the center of mass, respectively.



Electronics 2023, 12, 4178

4 of 25

Ignoring the rolling resistance and air resistance of the tire, the force analysis of each
tire is carried out. The dynamic differential equations of the left front, right front, left rear
and right rear wheel are as follows:

Lypiws = Tg — FepR
war(';.]fr = Tfr - Fxer ©)
Lynwy = Ty — FeyR
Iwrrwrr =Ty — FiwR

where wy; is the rotating angular velocity of the left front wheel, wy, is the rotating angular
velocity of the right front wheel, w,; is the rotating angular velocity of the left rear wheel,
wyr is the rotating angular velocity of the right rear wheel, and Tfl, Tfr, T,; and T;, are the
driving torques of the left front wheel, right front wheel, left rear wheel and right rear
wheel, respectively.
Considering the same steering angle of the coaxial tire and the linear tire, the following
applies:
— — — aw
{af e @
&y = &y = &pr = _IB“‘@
where a5 and a g, are the steering angles of the left wheel and right wheel of the front axle,
respectively. «,; and a,, are the steering angles of the left wheel’s rear axle and the right

wheel’s rear axle, respectively.
The structure of the differential steering system [26] is shown in Figure 2.

>

road-feeling
kingpin motor kingpin

Figure 2. Differential steering system schematic diagram.

The dynamic equation of DSV can be expressed as follows [27]:

Jodr+bedr=AM+T—T
{ £+ bedy f )

AM = (Fxf, - Fxﬂ)rg = AT

where ], is the equivalent moment of inertia, b is the steering damping, 7y is the fric-
tion torque of the steering system, and 7 is the aligning torque, which can be calculated

as follows:
T =
ki =

>
s

>
~
Q

f (6)

et
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The dynamic equation of DSV [28] can be obtained by combining Equation (2) as follows:

§ o klkf klkf klkfa 7 ] i
O = =50 + 5 B+ 5, @ + 5. 7AT — 565
. F,q+F F,.1+F
_ tyfi yfr yrl T yrr
IB — T moy + moy w (7)

a) = IiiSRAT_i_ “(Fyflljpy r) _ b(Fyrl+Fyrr‘>

z

Since &  is very small and can be ignored in the actual calculation, the front wheel’s
steering angle can be expressed as follows:

. klkf klkf klkfll To
=T Tt e P b Y T hR

AT 8)

When ignoring the nonlinear problem of tires and assuming that the tire is linear, a
linear vehicle model can be obtained, which is as follows:

P _ klkf klkf klkfﬂ o

6= be(S— beﬁ_vxbew"'bTRAT

. k¢+ky bk, —ak k
B=—LB+ (ot —1)w+ ko )

. bkr—akf azkf-i-hzkr
w=— B—

Loy

w+%5+é—sRAT

The state space equation is expressed as follows:

X = AX + Bu (10)

klkj k]kf k]kfﬂ

De D, T oybe hriR 5

k ke+k,  bk,—ak ¢

_ f fh r— _ _ _
where A = moy  moy mo2 -1|,B= lO X =B ,Ll—[AT].
ak;  bk—ak;  ak+bk, LR v
T, I T T Loy

2.2. In-Wheel Motor Model

As the only power source of the DSV, the IWM needs to establish a more reasonable
IWM model. Therefore, in this section, a suitable IWM is first selected as the drive motor
of the DSV based on the limit values of the INM parameters [29], and the IWM dynamics
model is established.

The test parameters of DSV are shown in Table 1.

Table 1. The DSV test parameters.

Vehicle Parameter Definition Value
A, wind area 2.8
Cp coefficient of air resistance 0.35
f coefficient of rolling resistance 0.012
m vehicle mass 1830
Oc conversion coefficient of moment of inertia 1.3
7 total transmission efficiency of the drive system 0.94

According to the parameter matching of the vehicle power system, the maximum
required power of the DSV during driving can be calculated. At the same time, in order
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to ensure that the 100 km acceleration time of the DSV equipped with the IWM meets the
requirements of the vehicle performance index, it needs to be checked.

tT _ Ourm dcm

du
CpA r
3.6(~Gf+F—Ru?)

u Ocm
tp= | ™ c du
P= Ju 36(—Gr+Fi- )

3.6tRn
Urm = 30 =

Tm/R(ur < Urm)
- TP/R(urm <ur < um)

9550P,
TP — - m

(11)

f=tr+tp

where u,4, is the speed of the motor at the rated speed, 1, is the target speed, u, is the actual
speed of the motor, Tp is the output torque of the motor in a constant power range, and fr
and tp are the acceleration time of the motor in the constant torque range and the constant
power range, respectively. After calculation and verification, the acceleration time of the
DSV is t; = 9.47 s, which meets the requirements of the vehicle dynamic performance index.
Based on the current motor control technology, this paper establishes the mathematical
model of the IWM based on the principle of control theory and simplifies the model into a
second-order response system [30], where the transfer function can be expressed as

Ty 1

Cl) =7, = T8 12292

(12)

where T, and T,y are the actual output torque and expected output torque of each IWM,
respectively, and ¢ is the parameter-dependent damping ratio of the IWM, the value of
whichis 1.1.

2.3. 2-DOF Vehicle Model

In this paper, a two degrees of freedom (2-DOF) vehicle model including the lateral
motion of the vehicle along the y-axis and the yaw motion around the x-axis is used as a
reference model, as shown in Figure 3.

v A

g e
- & r u
er H2
' b a

A
Y
F 3

Figure 3. Linear 2-DOF vehicle model.
The force balance equations of the vehicle reference model are as follows:
Z Fy = Fypcos 65 + Fy, 13
2 M; = aF,scos 6; — bF,,

where J; is the ideal front wheel’s steering angle calculated via preview control, and Fys
and Fy, are the sideslip forces of the front wheel and rear wheel, respectively.
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When the front wheel steering angle of the DSV is relatively small, Equation (13) can

be rewritten as follows:
ZFy e kfle + krlxr
(14)
ZMZ = akgag — bkray

where k¢ and k; are the sideslip stiffness of the front wheels and rear wheels, respectively.
Suppose ¢ is the angle between u and the x-axis, and B; = v/u, the following applies:

E=pat 0 (15)

Combining Equations (4), (14) and (15), the differential equation of motion of the
2-DOF vehicle can be obtained, which is as follows:

{ (kp + ke ) Ba -+ 3 (ak = bks ) = oy = m(6+ uew)

(akf - bkr)ﬁd +a (ﬂzkf + bzkr)w — akpby = Lw (16)

By changing the Laplace transform of Equation (16), the steady-state angular velocity
gain can be obtained as follows:

wy u/L u/L
o) b,z  1+Ki2 17)
d/s 1+%(%*E)M2 u

According to Equation (17), the yaw rate when the vehicle is in steady state can be

obtained as follows: I
{ Wi = 1m0

k=n(z L) (18)

7

Z
where K is the stability factor.
The desired yaw rate is also related to road conditions.

ay < ug (19)

where y is the coefficient of road adhesion.
When the vehicle is in a uniform circular motion,
2
u
ay = & = wl (20)

According to Formulas (19) and (20), the following can be obtained:

wg < % (21)

Therefore, the desired yaw rate considering the road adhesion coefficient is

ug u/L
u‘} ngn<1+1<u2> (22)

Similarly, according to Equation (16), the sideslip angle of the vehicle in a steady state
can be obtained as follows:

u/L
14 Ku?

b4,

wy = min{

b u?ma b ma
ba _5‘1{L(1+Ku2) * er2(1+1<u2)} _wdu<uZ+k,L> @3)



Electronics 2023, 12, 4178 8 of 25

The desired sideslip angle considering the road adhesion coefficient can be obtained

as follows: ) )
ma ma
< — 4 — | = — _
:Bd = wdmaxu<u2 + er> Vg<u2 + er> (24)

Therefore, the desired sideslip angle considering the road adhesion coefficient is

b b b
po=minlfen( o) (e ) ) <ol gz)] e

In summary, the desired yaw rate and sideslip angle considering the road adhesion
coefficient are as follows:

u/L ng u/L
1-+Ku? O | % |} X Sgn<1+Ku2)

() e 1)) <o 51

3. Control Strategy of Curving ACC System for DSV
3.1. The Framework of Curving ACC Control Strategy for DSV

Figure 4 shows the architecture of the ACC system control strategy of the DSV pro-
posed in this paper on curved roads. The ACC system control strategy is made up of an
upper-level controller, lower-level controller and lateral stability controller. Firstly, the
upper-level controller selects the appropriate system working mode through the mode
switching strategy according to the driving state of the two vehicles. For the cruise mode,
a proportion integral differential (PID) control strategy is designed to obtain the desired
acceleration. Aiming at the selection of the following mode, the upper-level control al-
gorithm of the multi-objective ACC system with a variable weight is designed under the
FMPC framework. Four performance indexes, following, safety, comfort and economy, are
defined, and the constraints of the system are designed. The weights of following, comfort
and economy are adjusted in real time to obtain the optimal acceleration.

wy = min{ 28

.................................. Lower-level

E Multi-objective Optimization Controller P,
: i H N Brake
! Vehicle ! >
i . Comfort | : .
i | Following : > Yy 1.
; : | Drive I—->| Motor -
|| Driving Econom :
; Safety Y :
| FMPC Controller | | PID Controller | —
&
| Following Mode | [ Cruise Mode | -
1 :_"‘i
- level Cruise/Following Preview Control ‘
pper-leve itchi ~
Controller MudeiSwitchins Stability Controller 3
N NN ,8 o X T s
‘___L' i i__i )
= — ~ — —— /
Host Vehicle (FDSV) Preceding Vehicle
4

Figure 4. The structure diagram of curving ACC control strategy of the DSV.

Then, the lower-level controller converts the desired acceleration into the desired
driving torque and braking pressure of the IWM through the inverse longitudinal dynamics
model. For the DSV, a lateral stability controller is designed based on the SMC control
algorithm, and the steering and stable driving of the vehicle are realized by calculating the
differential driving torque of the front wheels.
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3.2. The Upper-Level Control Strategy of the Cruise Mode

When the driver sets the cruising speed and starts cruise mode, the control strategy
will calculate the desired acceleration of the DSV according to the actual speed measured
by sensors, and output it to the lower-level controller, so that the actual acceleration can
track the desired acceleration, in order to drive at the cruising speed set by the driver. The
realization of the control algorithm of the cruise controller is relatively easy, so this paper
will use the PID control algorithm to design the cruise controller.

Assuming that the driver’s preset cruise speed is vy, the speed of host vehicle is vf,
and the speed error is

e1(t) = Upym — vy (27)

In designing the upper-level controller for cruise mode based on PID control algorithm,
the following applies:

ui(t) = Kpreg(t) + Kn/@l(t)df + Kprei(t) (28)

where Kpy, K7 and Kp; are the proportional coefficient, integral coefficient and differential
coefficient, respectively.

In this paper, the design parameters of the upper-level controller are tuned and
adjusted, and finally determined as Kp; = 10, K;; = 0.01, and Kp; = 0. As a kind of ACC
system working mode, the cruise mode is generally opened when the road conditions are
good, there is no car in front, or the front car is far away. At the same time, comfort should
be taken into account, so as to improve the acceptance and utilization rate of this working
mode. According to the PID control principle, the desired acceleration will increase with
the increase in the speed error, so it is necessary to limit the desired acceleration output
from the PID controller. According to Payman Shakouri’s correlation analysis of the actual
driving data and subjective evaluation, this paper sets the upper and lower limits of the
desired acceleration as 2 m/s? and —4 m/s?, respectively.

3.3. The Upper-Level Control Strategy of the Following Mode

The inter-distance safety model is designed to provide a theoretical basis for the
establishment of the upper-level control algorithm of the following mode of the ACC system
of the DSV. Then, the objective function and constraints are established according to the four
optimization objectives under the framework of the MPC, which are finally transformed
into a quadratic programming solution problem with constraints [31]. Meanwhile, in order
to ensure that the designed control algorithm can be adapted to the complex and changeable
driving environment, according to the different focuses on different performance indicators,
the weight coefficients in the objective function are updated in real time via fuzzy control
on the basis of the MPC [32,33].

Assume that the state space expression for the linearized model of the discrete system

is as follows:
x(k+1) = flx(k), u(k)]
{ y(k) = g[x(k), u(k)] (29)

where x (k) is the state variable, y(k) is the output variable, and u(k) is the control variable.

At the same time, it is necessary to optimize the error between the system output and
reference variable and the system control variable to ensure that the objective function can
make the controlled system track the desired reference trajectory quickly and smoothly [34],
so the objective function often takes the following form:

Np Ne—1
10) = Ll e+ i) —r(k+ilk)|[3, + ¥ atp (k + 1K) 2, (30)

1=
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where Ny, is the prediction time domain, N, is the control time domain, Q and R, are weight
matrices, and y, (k + i|k) is the trajectory of the target vector of the performance metric to
be optimized.

Considering the optimization objective and constraints, the optimization problem can
be described as follows [35,36]:

S't_{umin = up(k+ ilk) < tmax
Ymin < ”p(k+ ilk) < Yimax (31)
min] (k)

The above optimization problem is transformed into a quadratic programming prob-
lem that needs to satisfy both control constraints and output constraints to be solved to
obtain the optimal control sequence.

ug = {u*(klk), u*(k+1[k),...,u* (k+ N, — 1]k) } (32)

3.3.1. Safety Inter-Distance Model

The safety inter-distance model is used as the distance input reference value of the
upper-level controller of the ACC system, and the rationality of its design is the premise
of ensuring the normal operation of the ACC system. In this paper, the safe inter-distance
model of the ACC system is designed based on the constant time headway (CTH) algorithm
and can be obtained via Equation (33), which lays a foundation for the design of subsequent
control strategies.

dsufe = TUf + do (33)

where T, is the time headway (THW), vy is the speed of preceding vehicle, and d is the
minimum holding inter-distance.

3.3.2. Longitudinal Kinematics Model

As shown in Figure 5 the longitudinal kinematic relationship of the vehicle of the ACC
system is established.

4
=
A

< Ad

1
[}
: e e

(- | .
[> NS —— a-~v

f P P

Host Vehicle Preceding Vehicle

A 4

A

Figure 5. The kinematic relationship between two vehicles.

The discrete state-space equations for the longitudinal kinematic model of the ACC
system can be obtained as follows:

x(k+1) = Ax() + Bu(k) + Go(k)
{ y(k) = Cx(k) - D 34
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101 -% 0 0
010 T, 0 0 (1) —OTh ? 8 8 %0
= _ —lo _ _
where A 0 0 1 T, 0|, B B,C 0 0 0 1 O'D ol
000 1-% o0 T 0 0 001 0
00 o0 -1 o T

0 jerk(k)

Define x(k) = { (k), vs(k), vrel(k),af(k),jerk(k)} T; d(k) is the actual distance, v¢(k)
is the speed of host vehicle, v, (k) is the relative speed, af(k) is the acceleration of the
host vehicle, jerk(k) is the host vehicle’s acceleration change rate, u(k) is the desired
acceleration of the host vehicle, (k) is the systematic disturbance, and Ad(k) is the error of
the inter-distance.

Considering the problem of multiple conflicting performance indexes, the hard con-
strains of the system are determined as follows:

1
T2 Ad(k) ]
(k

d(k) > dg
Ufmin < Uf(k> < Ufmax
ufmzn( ) < af(k) < afmax( ) (35)
jerk,,i, < ]erk(k) < jerk,,qy

Upin < ( ) = Umax

The predicted state quantities of the longitudinal kinematic model of the ACC system
are corrected using the prediction error e(k) to improve the accuracy and precision of the
prediction, and the predicted state quantities at the moment, k, are

xp(k+1lk) = Ax(k) + Bu(k) + Go(k) + We(k) (36)

where W = diag(wy, wo, w3, wy, ws) is the correction matrix, and each element of the W
species takes values in the range (0, 1).

According to the demand of control constraints for different constraints [37,38], the
individual hard constraints are relaxed and adjusted to expand the range of the upper- and
lower-bound constraints on the inputs and outputs of the system.

d(k) >do+ 68

O fmin + €28y < 05 (6) < 0 fmax + E2litax

afmin + e38) < ap(k) < gy + €38 (37)
jerk i + €48 < jerk(k) < jerk,.. + ealhn
Umin + €58, < U(K) < Umax + €580y

. . vf a jerk . . ..
where ¢; is the relaxation factor, &%,,.,, éjmax, n{ax, dnax, %ax is the relaxation coefficient of

the upper bound of the hard constraint, and C Jerk

in ffmm, min’ Gmin 18 the relaxation coefficient
of the lower bound of the hard constraint.

3.3.3. Scrolling Optimization

According to the analysis of the system to be optimized and its objective function, the
performances of vehicle following, passenger comfort, driving economy and driving safety
are considered comprehensively under the MPC framework [39,40]; it is ensured that the
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DSV can quickly and smoothly track the preceding vehicle, and then the objective function
is determined.

Np .
J= Y [+ ilk) = rep (e +ilK) | Q[yp (k +ilk) = e (k +ilk)|
i=1 (38)
NP
+ Y u(k+ i) Rou(k + i)
i=1

where y,.r(k + i|k) is the reference trajectory of the target vector of the performance metric
to be optimized.

By deriving the objective function and constraints, the DSV multi-objective ACC
cruise longitudinal following control algorithm is finally transformed into a quadratic
programming solution problem with constraints.

~T  ~ ~
min{u HU + 2fu}
& = [u, E]T (39)
s.t. AgU < by

where U is the set of control variables, ¢ is the vectorial relaxation factor, A is the coefficient
matrix of constraints, and b, is the constant term matrix of constraints.

From the MPC theory, the system will take the first component of the control sequence,
u*(k), as the actual control input. The ACC decision algorithm will continue to predict and
optimize the solution. The process is repeated continuously to achieve rolling optimized
online control in the MPC framework.

3.3.4. Variable Weight Coefficient Design Based on Fuzzy Control
The cost function of the system is as follows:

] = quAdz oy U%el + qﬂfajzf + qjerkjerkz (40)

The method of fuzzy logic is used to establish the ACC system MPC controller’s cost
function weight coefficient adjustment system, and the control algorithm system framework
diagram is shown in Figure 6.

|Fuzzy Control Rule |
ddm Ad Ad Gaa Dad
> =~ q X 7
v |, Fuzzy TP Fuzzy LG fne gy e MpC
2y Localization |—<' | Reasoning | 4, 4q
r__________ﬂ
Voo Vpr d | [ Preceding Host I e
| | Vehicle Vehicle | !
L I
Vehicle Model

Figure 6. Cost function weight adjustment system based on fuzzy logic.

The values of the fuzzy linguistic variables of Ad, v, a4, Go,,, and g, ; are

{Ad, vy ¢ {NB,NM, NS, ZO, PS, PM, PB}

41
QAd/qv,el/Qaf : {VS,S,M,B, VB} ( )
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Weight Coefficient of Relative Distance

where NB, NM, NS, ZO, PS, PM, PB represent negative big, negative medium, negative
small, zero, positive small, positive medium and positive big, respectively. Meanwhile,
VS,S, M, B, VB represent negative small, small, medium, big and negative big, respectively.
Set the fuzzification range of Ad to [—30, 30] m; v,,; is limited to [—12, 12] m/s. At the
same time, the changes in areas of gag, qo,,, and q,, are set as [0, 1].

The affiliation function is set in MATLAB Fuzzy Tool to create qaq, qo,,, and qa, fuzzy
rules as shown in Figure 7, respectively.

=
S
0.8 & 0.8 g 0.8
3 2
0.7 2 0.7 g 0.7
> <
0.6 H 0.6 s 0.6
0.5 g 2
£ 06 0.5 g 0.5
5]
o] 0.4
=
el
o]
=

‘Weight Coeffi

Figure 7. Fuzzy logic control rules of parameter weights: (a) weight coefficient of relative distance;
(b) weight coefficient of relative velocity; (c) weight coefficient of host vehicle acceleration.

As shown in Figure 7a, we can see that when the relative distance is negative, the host
vehicle easily collides with the preceding vehicle, and the weight factor g, of Ad should
be increased quickly to ensure that the host vehicle is safe. As the relative distance, Ad,
increases, the degree of control over the distance can be reduced. In turn, when the relative
distance is too far, we can control the relative distance to prevent excessive distance. From
Figure 7b, it can be seen that when the relative velocity is negative, the velocity of the host
vehicle is greater than the preceding vehicle, and if Ad < 0, the host vehicle needs to slow
down sharply. If v,,; < 0 and Ad > 0 occur at the same time, the host vehicle can slow
down slowly to improve driving economy. For the weighting coefficient of acceleration in
Figure 7c, when the host vehicle is in a dangerous situation, 4,, should be reduced in order
for the host vehicle to be able to react quickly, and when the host vehicle is in a safe state,
qay is increased, so that the host vehicle accelerates slowly, brakes slowly and improves the
driving economy.

3.4. Mode Switching Logic of Curving ACC System for DSV

Figure 8 is the logic flow chart of cruise mode and following mode switching de-
signed in this paper. At the same time, the following principles should be met during the
driving process:

1. The ACC system detects whether or not there is a preceding vehicle through the
sensor, and the driver pre-sets the desired cruising speed. If the sensor does not detect
the preceding vehicle, the ACC system will switch to the cruise mode for the speed to
reach the desired driving speed. On the contrary, further judgment is needed;

2. If the preceding vehicle’s speed, v, is detected as less than the cruise speed, vset,
the ACC system will switch to the following mode. On the contrary, it will enter or
maintain the cruise mode;

3. Inthe actual driving process, the ACC, as an auxiliary driving system, must follow the
driver’s instruction priority principle. If the driver encounters an emergency during
the driving process, the ACC system should immediately terminate the work and wait
for the driver’s activation instructions when the driver has a mandatory operation.
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Figure 8. The switching logic flow chart of cruise mode and following mode.

3.5. The Lower-Level Control Strategy of the Curving ACC System

According to the construction of the DSV, when the DSV is accelerating, the torque
generated by the motor is transferred to the wheels, which generates the corresponding
driving torque to accelerate the vehicle. When the vehicle is decelerating, the braking
pressure makes the braking system generate the corresponding braking force to decelerate
the vehicle [41]. In this paper, we will establish a driving force and braking force calculation
model based on the longitudinal dynamics model of the vehicle, establish an inverse
longitudinal dynamics model of the vehicle according to the above principle, and convert
the desired acceleration into the in-wheel motor torque and brake pressure signals.

3.5.1. Driving Model

Assuming that the vehicle is traveling on a flat and windless road and the air density
is kept constant, the equation of vehicle travel can be obtained based on the driving force
and driving resistance.

Ft:Fu+Fw+Ff+Fi (42)

where F; is the driving force, F, is the braking force, F; is the acceleration resistance, Fy, is
the air resistance, Fy is the rolling resistance, and F; is the slope resistance.

F, = 61ma
B CDAHU}r
Fy = =115 (43)
Ff =mgf

F, = mgsinf =0

where ¢, is the conversion coefficient of vehicle’s rotating mass, Cp is the coefficient of air
resistance, A, is the frontal area, and f is the coefficient of rolling resistance.

Since the IWM-driven electric vehicle is in a direct drive form, the transmission system
is omitted, and the chassis structure is simplified. Therefore, according to Equations (42)
and (43), the total desired driving torque of IWM, T, can be calculated as follows:

CDAQ’U}
Tges = | Ocma + 115 +mgf |R (44)
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3.5.2. Braking Model

In the process of vehicle braking, part of the braking is provided by air resistance,
rolling resistance and acceleration resistance, and excess braking is provided by the
brake. According to the longitudinal dynamic equation of the vehicle, it can be expressed

as follows:
CDAavJ%

where a, is the acceleration in acceleration resistance.
The desired braking pressure is

CDA,;U;

61mR {ades — ( 15— T+ mgf) /5cm]

2(Ks+K)

(46)

Pdes =

where K 7 and K, are the brake coefficients.

3.5.3. Design of Lower-Level Controller Based on PID

The longitudinal dynamics system of vehicle is a complex nonlinear system, the
change of its parameters and the interference of the external environment have a large
impact on the system, and the established inverse longitudinal dynamics model has the
disadvantage of poor robustness, which cannot be fully adapted to the complex driving
environment. Therefore, based on the inverse longitudinal dynamics model, this paper
improves the response speed of the system by calculating the desired motor torque and
braking pressure, and the error between the desired acceleration and the actual acceleration
quickly tends to zero through the PID feedback control, so as to ensure the accuracy and
robustness of the system.

According to the PID control theory, it can be obtained as follows:

e2(t) = ages(t) —as(t) (47)
and the control model is obtained as follows:

us(t) = K2 x ea(t) + Kiz [ ea(t)dt + Koo  éa(#) 48)

3.6. Verification of Simulation Results

The FHWA road is used to verify the control effect of the designed FMPC in this paper.
The simulation parameters are shown in Table 2.

Table 2. Table of simulation parameters.

Parameter Value Unit Parameter Value Unit
Ts 0.1 s Upsin —-55 m/s?
T 0.5 s Umax 2.5 m/s?
7, 2 s & 0 /
do 7 m g’,i}if:: -1 /
N, 30 / g%fux 1 /
f
N 20 / C;{lin -0.1 /
U fmin 0 m/s gry{ax 0.1 /
Y fmax 40 m/s gf;;.jj 0 /
i -55 m/s? glerk 0 /
a fnax 25 m/s? [ -0.1 /
jerk -2.5 m/s® g 0.1 /
jerk oy 25 m/s’ Wy, Wy, W3, Wy, Ws 0.5 /
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3.6.1. Constant Speed Cruise Driving Scenario

1.

Cruising Speed, 65 km/h (18.06 m/s);

In the constant speed cruise scenario, the simulation verification of the acceleration
process is performed. Under the initial scenario, the host vehicle speed is set to 60 km/h
(16.67 m/s), and the cruise speed is 18.06 m/s. The velocity and acceleration curves during
the acceleration process are shown in Figure 9.

e — Cruising Velocity 14F Desired Acceleration
|— —- Actual Velocity ~ = Actual Acceleration
1.2F 0.1
P ok = 5

18F ’V P
- ! E 0.05
g ! £ 0.8
= 1 = 0
217.5h £ 06
5 /T 18.065 g0
=] 1 8
c , 18.06 S 04 -0.05
> o e g O

| 18.055 F——==—= 2 4 6 8 10
17F 18.05 02+ /
18.045 ol
6 6.5 7 02 ]
16.5 : . . . . : . . . . ;
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (s) Time (s)
(a) (b)

Figure 9. Simulation results of acceleration process under constant speed cruise scenario: (a) velocity
change curves; (b) acceleration change curves.

It can be seen from Figure 9 that the speed of the host vehicle is less than the cruising
velocity at the beginning of the simulation. As the simulation time progresses, the speed of
the host vehicle gradually approaches the cruising velocity (Figure 9a), and the acceleration
also decreases and gradually approaches 0 (Figure 9b). When t = 6.5 s, the host vehicle’s
speed reaches the cruising speed and maintains a constant speed. It can be seen that there is
a slight jitter in the velocity and acceleration curves, which is caused by the vehicle driving
on a variable-curvature road. In general, in the acceleration process, the host vehicle has a
better tracking effect on the cruising velocity.

2. Cruising Speed, 45 km/h (12.5 m/s);
In the constant-speed-cruise scenario, the simulation verification of the deceleration
process is performed. Under the initial scenario, the host vehicle’s speed is set to 16.67 m/s,

and the cruising velocity is 12.5 m/s. The velocity and acceleration curves during the
deceleration process are shown in Figure 10.

17
—— Cruising Velocity oF
- —=Actual Velocity
| \
127 _-1F
~ <,
QI | 12.6 Sas 2 .
ERY Mk, PN g2 d
= | 12,5 E
2 14 ‘ gt B 0.1
o l4p
= g3 02
| 4 5 6 <
' p ” .
13F ¢ b
— Desired Acceleration
5 ! 1 |~ = Actual Acceleration
120 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (s) Time (s)
(a) (b)

Figure 10. Simulation results of deceleration process under constant speed cruise scenario: (a) velocity

change curves; (b) acceleration change curves.
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Velocity (m/s)

35

It can be seen from Figure 10 that the speed of the host vehicle is greater than the cruis-
ing velocity at the beginning of the simulation. As the simulation time progresses, the speed
of the host vehicle gradually approaches the cruising velocity (Figure 10a), and the accelera-
tion also increases and gradually approaches 0 (Figure 10b). When t = 6.5 s, the host vehicle
speed reaches the cruising velocity and maintains the constant speed. In the deceleration
process, the host vehicle also has a better tracking effect on the cruising velocity.

3.6.2. Distance Following Driving Scenario

The simulation sets the initial speed of the host vehicle and the preceding vehicle as
16.67 m/s and 80 km/h (22.22 m/s), respectively; the initial inter-distance is 50 m, and the
speed of the preceding vehicle is changed via multiple acceleration and deceleration. The
simulation results are shown in Figure 11.

4

— Preceding Vehicle 0.1 < "|—— Desired Acceleration Desired Distance
= = -MPC Controller R -8% P — — MPC Controller = — MPC Controller
—-~=FMPC Controller 04 k| —-—- FMPC Controller ~-— FMPC Controller
205 " r_,ta_—-(
o2 62 64 66

Acceleration (m/s
Distance (m)

16.8 17 17.217.417.617.8

20 40
Time (s)

(@)

3 40 .
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Time (s) Time (s)
(b) (c)

Figure 11. Simulation results under the following scenarios: (a) velocity change curve; (b) acceleration
change curve; (c) distance change curve.

It can be seen from Figure 11 that the control effect of FMPC designed in this paper is
better than that of MPC with a constant weight. Although the host vehicle’s speed cannot
fully track that of the preceding vehicle, its speed change is relatively subtle (Figure 11a).
At the same time, the acceleration controlled via FMPC can track the ideal acceleration well.
On the contrary, the acceleration controlled via MPC has several abnormal vibrations. For
example, when t = 6.23 s, the acceleration error between FMPC and MPC is 0.468 m/ g2
(Figure 11b). Figure 11c shows that the distance curves of the two controllers can track
the desired distance well, but the control effect of FMPC is better. For example, when
t =17.27 s, the distance curves reach the peak value, and the distance error between FMPC
and MPC is 0.037 m. Therefore, the upper-level control algorithm based on the form of
FMPC designed in this paper can meet the rapid response of the DSV under the curving
cruise following scenario and achieve the control goal.

4. Lateral Stability Control of DSV Curving Cruise

In order to ensure the lateral stability of the DSV during the cruising process, this paper
selects the yaw rate and the sideslip angle as the main parameters to measure stability [42].
By analyzing the motion state of DSV, the ideal front wheel’s steering angle is obtained via
preview control and used as the input of the 2-DOF model used as the reference model,
and the DSS controller is designed based on the SMC algorithm theory. The lateral stability
of the DSV is realized by solving the differential torque.

4.1. Preview Model Design

In this paper, preview control is used to obtain the road information and the preceding
vehicle trajectory in advance [43,44], and the front wheel’s steering angle required for the
next moment is judged according to the driving state of the vehicle and used as the input
of the 2-DOF vehicle model. The yaw rate and sideslip angle can effectively compensate
for the system delay problem. Figure 12 is a diagram of preview control model.
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Figure 12. The diagram of the preview control model.

Figure 12 shows that in the process of preview, the ideal lateral distance and preview
distance after the Af moment, are estimated using the deviation formed of road information
and host vehicle heading.

F(E+AL) = F(E) + At X f(t) + A2 x %f(t) (49)

dprg = v X At (50)

where At is the forward-looking time, f(t) is the lateral travel distance of the vehicle at
time ¢, and d . is the preview distance. According to the centripetal force acceleration, a,,
of the circular motion and parallel Equations (49) and (50), the yaw rate can be obtained
as follows:

2 .
= %{ = d;ri [f(t"‘At) — f(t) — At x f(t)} (51)

where R. is the curvature radius. At the same time, according to Equation (20) and the
expression of the stability factor, K, the ideal front wheel’s steering angle input in the 2-DOF
model can be calculated.

2 {f(t +A) — () — At x f(t)} x (1 o+ Kv})

d%re

g = (52)

4.2. Lateral Stability Controller of DSV Based on SMC

The differential drive torque is obtained via the yaw rate and sideslip angle to control
vehicle steering, thus ensuring the lateral stability of the DSV.

In order to make the deviation between the actual value and the ideal value zero, that
is, &y = Aw(w — wy) + Ag(B — Ba), the sliding mode surface is defined as follows:

s:e,MMAw(wwd)dt+/0tA,g(ﬁ/sd)dt} (53)

where A, and Ag are the relative weight of w deviation and the relative weight of
deviation, respectively.
The following is the SMC rate selection exponential reaching law [45]:

s = —e xsgn(s) —ks (54)
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where ¢ and k are the exponential approach rate parameters based on w and f. In order
to suppress the chattering of the system, the value of k is increased and the value of ¢ is
reduced in the design.

According to Equations (9), (53) and (54), the required differential moment for the
DSV can be obtained as follows:

S Ae+ Ao@y + AgBy — Awfi — Apfa

AT gt (55)
w
where f1, f2, and g; are
bk, —ak 2k ¢ +b2ky k

fl: Izafﬁ_a{zvx w+%5

k¢+ky bk, —ak k
f2:_jr‘nvxﬁ+( mv%f_1)(4]_._7"77);(S 6)

81 = I}

5. Analysis of Simulation Results

This paper designs two simulation scenarios, one in which the preceding vehicle runs
at a constant speed and another in which it runs at a variable speed, respectively. The
S-Turn driving condition is used for simulation verification. It is also compared with the
current common combined MPC and DYC control strategy. The longitudinal speed and
inter-vehicle distance tracking of both control strategies are very good, so this paper will
focus on analyzing the comparison of lateral stability.

5.1. The Simulation of the Preceding Vehicle Driving at a Constant Speed

The initial driving speed of the host vehicle is 16.67 m/s, the initial distance is 50 m,
and the preceding vehicle runs at a constant speed of 22.22 m/s, while the simulation time
is 80 s. The simulation results are shown in Figure 13.

Figure 13 shows the simulation results of the driving state of the host vehicle when
the preceding vehicle is driving at a uniform speed on a variable-curvature curve. It can
be seen from Figure 13a—c that the speed of the host vehicle is adjusted to a speed range
similar to that of the preceding vehicle at about t = 22.55 s, and the speed changes gently,
which is in accordance with the driver’s actual car-following conditions (Figure 13a). At the
same time, the acceleration is controlled within the range of —0.112~1.167 m/ s2, which is in
accordance with the comfort constraint condition (Figure 13b). After the speed is stable, the
speed error is controlled within 0.018 m/s, and the error between the actual distance and
the desired distance is controlled within 0.105 m (Figure 13c), which ensures longitudinal
safety during the curving car-following process.

From Figure 13d, it can be seen that the trajectory of the host vehicle with two types of
control strategies or without the stability controller can better track the desired trajectory.
Comparing the control effect of MPC with that of DYC, the trajectory controlled via the
proposed strategy of control in this paper is closer to the desired trajectory. The error of
the two control strategies is 0.07 m when t = 29.86 s. At the same time, Figure 13e,f shows
that the tracking effect of the sideslip angle and yaw rate controlled via the proposed
control strategy is better. The errors of the two control strategies are 4 x 107> rad and
9 x 10~* rad/s when t = 18.65 s, respectively. Therefore, the DSV controlled by proposed
control in this paper can maintain vehicle distance control accuracy while maintaining
better lateral stability than that of MPC with DYC, and meet the needs of curving ACC
system cruising.
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Figure 13. Simulation results under the scenario which the preceding vehicle driving at a con-
stant speed: (a) velocity change curves; (b) acceleration change curves; (c) distance change curves;
(d) trajectory change curves; (e) sideslip angle change curves; (f) yaw rate change curves.

5.2. The Simulation of the Preceding Vehicle Driving at a Variable Speed

The initial driving speed of the host vehicle is 16.67 m/s, the initial distance is 50 m,
and the preceding vehicle runs at a variable speed, while the simulation time is 80 s. The
simulation results are shown in Figure 14.

Figure 14 is the simulation results of the driving state of the host vehicle when the
preceding vehicle is driving at a variable speed on a variable curvature curve. It can be
seen from Figure 14a—c that at the beginning of the simulation, the speed of the host vehicle
is lower than the speed of the preceding vehicle, and the host vehicle is gradually close to
the preceding vehicle through the drive. The relative distance between the two vehicles
becomes gradually close to the desired distance, and the speed is adjusted to a speed range
close to the preceding vehicle at t = 5.37 s. As shown in Figure 14a,c, it can be seen that
the maximum error of the speed of the two vehicles is about 3.18 m/s, the maximum error
of the distance is 0.6 m, and the maximum error occurs when the speed of the preceding
vehicle changes abruptly. Figure 14b shows that the acceleration of the host vehicle is
controlled in the range of —1.5~2m/ s2, which satisfies the constraint conditions. Therefore,
the FMPC control strategy designed in this paper can make the host vehicle have a good
longitudinal tracking effect.

From Figure 14d, it can be seen that the trajectory of the host vehicle with two types
of controllers can better track the desired trajectory. Compared with the control effect
of the MPC with DYC, the trajectory controlled via the proposed control strategy in this
paper is closer to the desired trajectory. The error of the two control strategies is 0.065 m
when t = 20 s. At the same time, Figure 14e,f shows that the tracking effect of the sideslip
angle and yaw rate controlled via the proposed control strategy is better than MPC with
DYC. When t = 22.31 s, the errors of the two control strategies are 5 x 107> rad and
9 x 10 *rad/s, respectively. Therefore, the simulation results verify the effectiveness of
the control strategy proposed in this paper. Meanwhile, compared with the control effect of
MPC with DYC, the control strategy proposed in this paper has a better effect.
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Figure 14. Simulation results under the scenario in which the preceding vehicle is driving at a
variable speed: (a) velocity change curves; (b) acceleration change curves; (c) distance change curves;
(d) trajectory change curves; (e) sideslip angle change curves; (f) yaw rate change curves.

6. Conclusions

In this paper, the control strategy for the multi-objective optimization of curving ACC
is designed for the DSV, which includes longitudinal speed and inter-distance control as
well as lateral stability control. The fuzzy control rules are designed to change the weight
matrix of the performance indicators in real time. The fuzzy rules take the improvement of
economy as the main goal, while coordinating the relationship between other performance
indicators. The lateral stability control strategy is designed based on the preview and SMC
algorithms to ensure the vehicle’s longitudinal following performance as much as possible
on curved roads.

The control strategy proposed in this paper ensures that the longitudinal inter-vehicle
distance, speed, and acceleration are controlled within the driver’s acceptance ranges.
Compared to MPC with a constant weight matrix, economy is improved by 21.76% while
ensuring safe following driving. The lateral stability of the DSV is ensured by controlling
the differential torque of the front wheels. The effectiveness and advantages of the control
strategy proposed in this paper are verified by comparing it with the control effect of
MPC with DYC. The control strategy proposed in this paper extends the usage scenario
of the ACC system so that the DSV can realize multi-objective coordinated control on
curved roads. It is beneficial to reducing the occurrence of vehicle collisions and improving
energy consumption.

7. Future Work and Prospects

This paper combines the ACC system with the SBW technology. In the process of
vehicle following, the stabilization of the vehicle on curve roads is achieved by controlling
the front wheel’s differential torque in the electric vehicle driven by in-wheel motors. The
common S-turn road condition in reality is selected for simulation verification, so that the
simulation results have practical significance.
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The present paper has the following limitations. Firstly, bad weather conditions are not
considered, such as heavy rain and snowstorms; these can have an effect on the longitudinal
and lateral control effects of ACC vehicles. In future work, we will analyze the possible
effects of bad weather on vehicles and design reasonable control strategies. Secondly,
there are some differences between the curved driving environment built in the simulation
software and the real driving environment. In future work, we will combine the real curved
road driving environment with the simulated one to carry out algorithm optimization and
control strategy optimization. Finally, only the stability of the host vehicle when following
the preceding vehicle is considered in this paper. However, in the real driving environment,
traffic density needs to be considered. In future work, we will research vehicle platoon
stability control to further improve road utilization.
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Abbreviations

A, frontal area

Ay coefficient matrix of constraints

g acceleration in acceleration resistance
be steering damping

by constant term matrix of constraints
dpre preview distance

dsqfe safe inter-distance

dy minimum holding inter-distance

f coefficient of rolling resistance

I, vehicle moment of inertia

Je equivalent moment of inertia

K stability factor

Is half of the front wheel distance

m vehicle mass

N, control time domain

Np prediction time domain

R wheel rolling radius

R curvature radius

Tes total desired driving torque of IWM
Tf1, Ty, Toy, Trr - driving torque of four wheels

Tp output torque of the motor in a constant power range
tr acceleration time of the motor in the constant torque range
tp acceleration time of the motor in the constant power range
u set of control variables

Uy actual speed of the motor

vy speed of host vehicle

Vhum driver’s preset cruise speed

Up speed of preceding vehicle

Uy longitudinal speed of host vehicle

vy lateral speed of host vehicle

124 correction matrix

€ relaxation factor

T aligning torque
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5 friction torque of the steering system
T time headway
U coefficient of road adhesion
B sideslip angle
w yaw rate
of steering angle of front wheel
Ad error of inter-distance
AT front wheel drive torque difference
At forward-looking time
Acronyms
ACC adaptive cruise control
CTH constant time headway
DsC differential steering control
DSV differential steering vehicle
DYC direct yaw-moment control
FHWY federal highway administration
FMPC fuzzy model predictive control
WM in-wheel motor
MPC model predictive control
PID proportion integration differentiation
RBC rollover braking control
RSC rear steering control
SBW steer-by-wire
SMC sliding mode control
THW time headway
2-DOF two degrees of freedom
3-DOF three degrees of freedom
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