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Abstract: In this paper, we propose a lateral stability control strategy for four-wheel independent
drive (4WID) electric vehicles. The control strategy adopts a hierarchical structure. First, a seven-
degree-of-freedom (7DOF) 4WID electric vehicle model is established. Then, the upper controller
adopts the integral sliding mode control (ISMC) method to obtain the desired yaw moment by
controlling both the yaw rate and the sideslip angle. A new sliding mode reaching law (NSMRL)
is designed to reduce chattering and make state variables converge faster, and the superiority of
NSMRL is verified by theoretical analysis. The lower controller proposes a new optimal allocation
algorithm, which selects the tire utilization rate and the standard deviation coefficient of the tire
utilization rate as the objective function. The safety performance of vehicle is improved, and the
instability caused by the significant difference in the stability margin between the four wheels under
extreme road conditions is avoided. Finally, a simulation is carried out to verify the effectiveness of
the proposed control strategy under single-lane-change and J-turn maneuvers.
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1. Introduction

Electric vehicles (EVs) have recently become a research hotspot of new energy vehicles.
They have significant advantages in reducing pollution, flexible control, and rapid response.
Investment by automotive companies has developed various configurations of electric
vehicles, among which EVs with 4WID are one of the most prominent configurations [1-4].
In 4WID electric vehicles, each in-wheel motor can control one wheel independently and
adjust the wheel torque or speed through a more flexible control strategy, improving the
vehicle’s handling and driving stability. The stability of EVs in an emergency is essential.
Therefore, how to ensure the stability of 4WID electric vehicles under complex working
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conditions and to make full use of the advantages of independent control of four-wheel
drive torque has become an important research topic.

Many studies show that direct yaw moment control (DYC) is one of the most effective
control strategies to improve handling stability [5-9]. According to the existing literature,
lateral stability control generally adopts a hierarchical structure to keep the control variables
following the ideal value [10,11]. The DYC method includes two levels of control, where
the upper controller provides the desired yaw moment, and the lower controller reasonably
distributes the yaw moment to the four wheels.

The DYC system has nonlinear solid, uncertain, and coupling characteristics. The
design of the upper controller is the first difficulty. In the early stage, the PID controller has
the advantage of easy implementation and is the most extensively used scheme to generate
yaw moment [12-14]. However, it is challenging to adjust the parameters of the PID
controller, and the character is often limited. Some modern linear control methodologies
are proposed to obtain a better control performance. The yaw moment that keeps the
vehicle stable is calculated by using the linear quadratic regulator (LQR) method, and the
vehicle stability is controlled [15-17]. However, the method cannot cope with the solid
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nonlinear characteristics, especially when the electric vehicle is traveling at high speed.
The model predictive control (MPC) method has been adopted on 4WID electric vehicles.
The disadvantage of the method is that the calculation of the iterative matrix is extensive,
and the implementation of multiple variables is complex [18]. With the development of
intelligent technology, fuzzy control is widely used to design the upper controller, and the
method can calculate the yaw moment and keep the vehicle stable [19]. Although a fuzzy
controller has the advantage of solving nonlinear problem:s, its control rules are complex,
and the membership function is obtained according to mature experience, so it cannot be
the best choice for vehicle stability control.

However, there are many interferences and uncertainties in the practice DYC system,
which may come internally or externally. The above methods are complicated to use in
solving these problems, significantly when the EVs run at a high speed. In recent decades,
nonlinear variable structure SMC has been regarded as an effective control technique.
Therefore, the SMC method has attracted extensive attention, some theories have been
studied, and many achievements have been made [20,21]. The design of SMC includes
two parts. The first part is the selection of the sliding mode surface, and the second part
is the design of the sliding mode reaching law. Once the sliding surface is determined,
the stability and dynamic character of the sliding motion are determined. The traditional
linear sliding mode surface can meet the design requirements of the control system, and
the parameter design is also easy [22-25]. Many studies for DYC systems have been based
on a linear sliding mode surface, but it considers only yaw rate as a stability index [22-24].
The vehicle’s center of mass slip angle and yaw rate characterize the vehicle’s stability
from different sides. Single control of any state parameter is inadequate. Therefore,
many controllers consider both states simultaneously in the design process to improve
stability [25-27]. However, its limitation is that the state tracking error of the system
will not converge to zero within a finite time. Therefore, a linear sliding mode surface is
unsuitable for nonlinear systems with high speed and accuracy requirements. The yaw rate
and sideslip angle influence the integral SMC (ISMC). The results show that the controller
significantly enhances the tracking performance and yaw damping [28,29]. The above
SMC control strategies are based on the two-degree-of-freedom (2DOF) or three-degree-of-
freedom (3DOF) bicycle model. The calculation of the yaw moment by adding the unknown
additional torque has excellent limitations, which is equivalent to simplifying the actual
force state when the vehicle is running, ignoring the influence caused by the change in tire
force under extreme driving conditions. Due to the error between the 2DOF/3DOF model
and the actual vehicle dynamic model, its control effect will be impacted. In addition, the
SMC method suppresses external disturbances and parameter changes through switching
functions, but the oscillation caused by chattering limits the advantages of sliding mode
control [30]. Therefore, researchers have proposed many schemes to reduce chattering, such
as reaching law [31,32], higher order sliding mode [33,34], and fractional sliding mode [35].
The concept of reaching law is introduced to reduce the chattering of the sliding mode.
Through the design of the reaching law, the movement speed of the state quantity when
approaching the sliding mode surface can be increased, and the chattering vibration can be
effectively reduced. The isokinetic reaching law is applied in [22]. However, the coefficient
of the reaching law is constant, and there is a considerable contradiction between reducing
chattering and shortening the arrival time. Presently, the sliding mode controller design
generally adopts the exponential reaching law method. Although it has suitable control
performance for a specified system, the parameters of the exponential reaching law are
typically fixed and have no self-adjustment function. A novel exponential reaching law is
proposed to design the controller, in which the system state variables are used to suppress
the chattering problem [36]. However, in the above reaching law, the discontinuity gain
decreases rapidly due to the change in the sliding surface function, which reduces the
robustness of the controller near the sliding surface and increases the approach time.

The purpose of the lower control of the DYC system is to reasonably distribute the yaw
moment obtained by the upper control to the four wheels. Different control distribution
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methods will yield different results of motor torque. These methods mainly include a
rule-based allocation algorithm and a torque allocation method based on optimization. The
average distribution algorithm [37] and vertical load dynamic distribution algorithm [38]
are rule-based allocation methods. These two methods do not take full advantage of the
independent controllability of each wheel. Regarding the torque allocation method based
on optimization, many optimization objective functions have been proposed to improve
vehicle performance. For instance, reference [39] adopts a multi-objective driving/braking
torque allocation algorithm to achieve minimum energy consumption while maintaining
vehicle stability. Reference [40] proposes a method based on the minimum tire slip criterion
to prevent sideslip due to tire force saturation. In this work, we add the steady-state margin
standard deviation coefficient to the optimal objective function. The objective is to prevent
the gap in the stability margin between the four tires from becoming too large to affect
handling in extreme conditions.

Based on the above discussions, we propose a method combining novel SMC and the
optimal distribution torque algorithm. An integral sliding mode surface method based on
the 7DOF dynamics vehicle model is proposed in the upper sliding mode controller. The
desired yaw moment is obtained by controlling both yaw rate and sideslip angle. A new
sliding mode reaching law is designed to solve the problems of the traditional reaching
law sliding mode’s surface-reaching time and system chattering, and its superiority is
demonstrated. The lower controller adopts the utilization rate of four tires and its standard
deviation coefficient as the objective function, which can keep the stability margin gap
between tires from being too large.

This paper is divided into six parts. Section 1 introduces the motivation of this study:.
Section 2 presents the dynamic vehicle model. Section 3 is pertinent to designing the upper
controller. The ISMC, based on the 7DOF model, controls the yaw rate and sideslip angle
simultaneously to obtain the required yaw moment. Section 4 presents the lower control for
optimal distribution. Section 5 evaluates the effectiveness of the proposed method under
different road conditions, and the simulation results are given. Finally, the conclusion is
given in Section 6.

2. Vehicle Dynamic Model and Problem Formulation

In this section, we first propose a 7DOF vehicle model, including the longitudinal
motion, lateral motion, yaw motion, and rotational dynamics of four wheels, and a tire
model is given. Then, a 2DOF vehicle model is established to calculate the ideal yaw rate
and sideslip angle. Finally, the problem formulation is presented.

2.1. 7DOF Vehicle Model

The 7DOF vehicle model is shown in Figure 1. The vehicle coordinate system satisfies
the right-sided requirement, and the positive direction of the X-axis is the vehicle’s forward
direction. The following assumptions for establishing the 7DOF model are made for
the vehicle:

(@ The vehicle always travels on a horizontal road, the displacement of the vehicle
along the Z-axis is not considered, and the roll angle around the X-axis and the pitch angle
around the Y-axis are both zero;

@ The front tires of the left and right wheels have the same steering wheel angle, and
the rear wheel angle is considered zero;

(® The mechanical properties of the four tires are the same; and

(® The air resistance is ignored.

In Figure 1, w, is the yaw rate;  is the sideslip angle; L f and L, are the distances from
the front axle and rear axle to the center of centroid, respectively; L is the total distance
between the front axle and rear axle of the vehicle, B I and B, are the front track width and
rear track width, respectively; J is the front steering angle; v, and vy are the longitudinal
velocity and lateral velocity at the center of centroid of vehicle, respectively; a;; is the
slip angle; and Fy;; and F;; denote the longitudinal tire force and the lateral tire force,
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respectively (the first subscript of (-)l-]- denotes front wheel and rear wheel, and the second
subscript denotes left wheel and right wheel).

L |
A
Yy

=~

Figure 1. Schematic diagram of 7DOF vehicle model.
The longitudinal motion is modeled as
m(vx — Wy Z)y) = (Fxfl + Fxfr) cosd — (Fyfl + Fyfr) siné + Fyy; + Fxrr 1

where m is the total mass of the car vehicle.
The lateral motion is expressed as

m(vy + Wy - Ux) = (Fxfl + Fxfr) sind + (Fyfl + Fyfr) cosd + Fyrl + Pyrr (2)

The yaw motion is described as

. _ B
Loy = | (i + Fypr) cosd| Ly + | (Fypn — Fype) sind| L = (B + ) L+ Mz (3)

where I, is the yaw moment of inertia of vehicle, and M, is the yaw moment described by

. Bf B,
M, = Lf(Fxfl +Fxfr) sind + T(Fxfr - Fxfl) cos o + ?(Fxrr - Fxrl) 4

The force state of the wheel during rotation is shown in Figure 2.
When the vehicle is running, the wheels are mainly subjected to the driving torque Tj;;
output by the in-wheel motor, the braking torque Tj,; applied by the braking system, the

rolling resistance torque T, and the friction force F,;; and the vertical force F,;; provided by
the ground.
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Figure 2. The force state of the wheel.
The wheel rotational dynamics are given as
Jwij = Taij — Tpij — FxijR — T ©)

where ] is the moment of inertia of the wheel, wj; is the wheel angular velocity, and R is the
rolling radius of the tire.

Rolling resistance is mainly caused by the friction between the tire and the ground
when the wheel is rolling. The following equation can obtain the rolling resistance torque.

Ty =f-EiR (6)

where f is the tire rolling resistance coefficient.
The vertical load of each tire is given as

_ mgL, mheay mhgay

Ep=>r — =0 — 2B;
szr = migLLr - ml;gLax + mZhgfuy 7)
Fp = 5 + Togts — Mgt
Far = S50 + 5 +

where ¢ is the acceleration of gravity, /i, is the distance from ground to centroid, and ax
and ay, are the longitudinal and lateral acceleration of the vehicle, respectively, which can
be described as

1 1 1 .

Ay = %(Fxﬂ +Fx r) COS§+ %(Fxrl +Fxrr) - E(Fyfl +Fy r) sind (8)
1 . 1 1

ay = (Fei + Fupr) sind + - (Fy + Fyr) + - (Fypr + Fypr) cos 8 ©)

2.2. Tire Model

The mechanical properties of tires play a vital role in the analysis of vehicle handling
stability, so building a reasonable tire model is the basis for studying vehicle dynamics
control. The magic formula tire model (MF Tire Model) commonly used in vehicle dynamics
research is empirical. This model can better represent the nonlinear characteristics of tires,
and its application is relatively mature. Some professional automobile simulation software
can quickly obtain the relevant fitting parameters. Therefore, for the tire modeling in this
work, we selected the MF Tire Model.
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The MF Tire Model is obtained based on the recursive analysis of experimental data.
The general expression is as follows:

y(x) = Dsin{Carctan[B(x + S,)(1 — E) +Earctan(B(x+ S;,))]} + So (10)

where B,C, D, E, Sy, Sy are characteristic parameters.
The longitudinal force of the tire Fy;; is calculated as follows:

F.ij(Sij) = Dsin{Carctan[B(S;; + S;) (1 — E) +Earctan(B(S;;+S;))]} +S»  (11)
The lateral force of the tire F,;; is calculated as follows:
Fyij(a;j) = Dsin{Carctan|B(w;; + Sy,) (1 — E) +Earctan(B(a;; +Sp,))] } + So (12)

The inputs of the tire model consist of each tire slip ratio S;; and slip angle ;;. The slip
rate S;; can be calculated by the wheel angular velocity w;; and the reference speed of the
four wheels v;;, as shown in the following equation:

Uij - win

= = (13)

In addition, the input parameter slip angle «;; is calculated as follows:

vy+szf) iy

ag = arctan(vxfsz
vy+w7Lff

Xfy :arctan(vﬁwaf) -0 1
o z;y—wWLr ( )
a,; = arctan 2—w, B,
. vy —wy Ly
Ky = arctan(vx T, Bf)

Under combined braking (driving) and steering conditions, the lateral and longitudinal
forces should meet the following correction conditions:

i o
Fy = 2y, £y = byt
S T L . fangy
Yij = £/ Yxij T Yyijy Oxij = 13557 Tyij = T
2.3. 2DOF Vehicle Reference Model

The 2DOF vehicle model shown in Figure 3, called the linear bicycle model, is em-
ployed here to calculate the ideal yaw rate and sideslip angle.

(15)

Yi
Fy v,
| 7
VB ol .
- ] .-1.T X—
L L,

Figure 3. Schematic diagram of 2DOF vehicle model.
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The dynamic equation of the lateral motion and yaw motion can be expressed as
follows: .
{m(vy +m-vx) = (Cp+Cr)p+ 5 (LyCr — LyCr)wy — Cy 16

L@y = (LiCs — LyCr) B+ 5 (L3Cy — L3Cy)wy — LfCré

where Cy and C; are the front and rear tire cornering stiffness, respectively.

The 2DOF vehicle model does not consider the effects of tire nonlinearity, steering,
or suspension. The car is driving in the linear region, which can better describe the stable
state of the vehicle and the driver’s driving intention. The linear 2DOF vehicle model is
always regarded as the reference model, and the ideal values of parameters such as the
yaw rate and sideslip angle can be obtained. Therefore, the 2DOF vehicle model needs to
be analyzed.

When the car is driving in a steady state, the yaw rate and the sideslip angle should
satisfy the following equation:

vy, =0
{ a’yv =0 o

According to vehicle dynamics, the arctangent value of the ratio of lateral velocity to
longitudinal velocity is defined as the sideslip angle. Because the sideslip angle of vehicle
motion is usually in a small range, the sideslip angle can be approximately expressed as

p=t (18)

Ux

Substituting Equations (17) and (18) into (16), the ideal yaw rate w; and sideslip angle
B4 can be expressed as

vyx/L

= 19

“rd = 1 Kv2 (19)

=———| =+ 20

Pa L(1+KU§)(U§+C7L ox 20)

where K = 77 (é—: - (Lj—;), representing the stability factor of the vehicle’s steady-state
response.

Substituting Equation (19) into (20), we can obtain the following equation:
L, mLf
,Bd = de <’U% + CrL>vx (21)

The lateral acceleration of the vehicle in a constant-speed circular motion is affected by
the road adhesion coefficient y. The lateral acceleration in the limit steady state must meet

2

v Rywqg)v

== S e < s 22)
From Equation (22), the maximum expected yaw rate in the limit steady state is

expressed as

wy =15 (23)

Combining Equations (19) and (23), we can calculate the ideal yaw rate:

Wyg = min 7UX/L
v (1+ Ko2)

Combining Equations (21) and (23), the maximum sideslip angle in the limit steady
state is expressed as

7

? }sign(a) (24)

L, mLf
Ba = Vé’(zsz“‘CrL) (25)
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Combining Equations (21) and (25), we can obtain the ideal sideslip angle:

. L, mLf L, mLf .
Ba = mm{ ‘a)w (v% + QL)UX ,ug(v% + CL sign(9) (26)

7

2.4. Problem Formulation

The DYC control system designed in this paper is divided into upper and lower layers.
The upper controller consists of a sliding mode controller and a speed tracking PI controller,
as shown in Figure 4.

—_— — = -
( Upper Lower
| Controller Controller | 7’1'
v
7] wor | By . v | ¥
Vehicle
Reference % Controller T2
Model . . Torque I—'
Ve v Distribution 7DOF ,B

Algorithm IL, N\(/)S}?iif:r

Model
T4 b4

Speed Tracking
= | PI controller
Vdes L

Figure 4. The schematic of the proposed control scheme.

Based on the 7DOF vehicle model, the sliding mode controller was selected according
to two control parameters: yaw rate and sideslip angle. The vehicle state parameters
obtained from the 7DOF and 2DOF ideal reference models are compared. Then, the SMC
algorithm controls the difference between the yaw rate and the sideslip angle. Finally,
the magnitude of the additional yaw moment required to maintain the vehicle’s stability
is calculated.

The speed tracking PI controller obtains the total demand force Fy required to drive
the vehicle at a constant speed through the PI control. Based on the difference Av, between
the live vehicle speed vy and the expected initial vehicle speed v, the total demand force
F\ for maintaining vehicle movement is calculated as follows:

AUy = Uy — Uges
{ Fy = kpAvy + ki [ Avydt 27)

where k, and k; are the gain coefficient.

For the lower controller, the objective function of torque optimization distribution is
first established, and then the constraints of the torque optimization distribution process are
comprehensively considered. There are mainly additional yaw moment constraints, road
adhesion conditions constraints, vehicle power demand constraints, and motor maximum
torque constraints. Finally, the calculated additional yaw moment required to keep the
vehicle stable is reasonably distributed on each wheel.

3. Upper Controller

Generally, the design of SMC includes the following two factors: (D the sliding surface
function is designed so that the state trajectory of the system has suitable dynamic char-
acteristics such as asymptotic stability after entering the sliding mode, and ) the sliding
mode reaching law means the system state trajectories are driven onto the sliding surface
for a finite time and are maintained in motion on it.

From the motion equation of the vehicle model, the lateral velocity, longitudinal
velocity, and yaw angular velocity are selected to participate in the controller design.
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Assuming that the longitudinal vehicle velocity is constant, taking the derivative of this
Equation (18), we can obtain the following equation:

5= L (28)

Combining Equations (1)—(3) and (28), the differential equations of the yaw rate and
sideslip angle can be obtained.

_ (Fxfl + Fxfr) siné + (Fyfl + Fyﬂ) cos 0 + Fyy + Fyrr

MuUy

— Wy (29)

B
Ly (Fyf1 + Fypr) cos 8 + 4 (Fyp — Fy,) sind — (Fyy + Fyy) Ly + M

(;) pu—
Y IZ

(30)

3.1. Designing of Integral Sliding Mode Surface

The sliding surface of the linear structure can fully meet the design requirements of
the control performance of the linear system, which makes the stability analysis simple and
convenient when the system is in the sliding mode, and the parameter design is also easy.
However, its limitation is that when the linear sliding surface is used, the state tracking
error will not converge to zero in a finite time. Therefore, the linear sliding mode surface is
suitable for nonlinear systems where the speed and accuracy requirements are not very
high. Adding an integral term to the sliding mode surface can significantly improve the
approaching process tracking accuracy.

The first step in the SMC design is the sliding mode surface selection. Once the
sliding surface is determined, the sliding mode motion’s stability and dynamic quality
are determined.

The integral sliding surface can be chosen as

s = c1(wy — wyq) —i—/ — wyg)dt +c2(B — Ba) +/ (B—Ba)d (31)

where ¢; > 0,cp > 0, representing the weight coefficient, which can reflect the proportion
of yaw rate and sideslip angle.
Taking the derivative of Equation (31), we can obtain the following equation:

5= c1(Wy — Waa) + (Wy — Wya) +C2(/3*Bd) + (B —Ba) (32)
Substituting (29) and (30) into (32), the equation can be expressed as follows:

§ = oy L FuprtFype) cosdt (yfl yfr) sind— (Fyi+Fyrr ) Lr

M :

T O — C1Wad + Wy — Wy (33)
+F, sind+ + cos0+F,,+F p

+eo (*f’ ifr) <% f’> W — oy — By + B — B

3.2. Designing of Sliding Mode Reaching Law

A. Conventional Sliding Mode Reaching Law

The reaching law determines the system’s quality in the normal motion phase from
outside the sliding surface into the sliding surface. By choosing different reaching laws,
different dynamic quality characteristics can be obtained. The forms of the early reaching
law include isokinetic reaching law, exponential reaching law, general reaching law, and
power reaching law. Among them, the isokinetic and exponential reaching laws are the
most commonly used.

The conventional sliding mode reaching law (CSMRL) can widely be expressed as

s = —11 -sgn(s) — s (34)
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where 177 >0, 7, > 0.

It is not difficult to prove that the approach rate (34) can meet the sliding mode
reaching condition. The reaching law consists of two parts: —#; - sgn(s) is the constant rate
term, and —17ps is the pure exponential term. When the system state point is far from the
sliding mode surface, the reaching law is mainly determined by the pure exponential term.
When the motion reaches the sliding mode surface, the pure exponential term is zero, and
the constant rate term determines the reaching law. The constant rate reaching law is a part
of the traditional exponential reaching law. It is known that the trajectory of approaching
motion is banded under the action of symbolic function, and the system state variables
cannot be stable at the origin but always chatter near the origin. The system states are
unable to eventually converge to the equilibrium point, which indicates that yaw rate and
sideslip angle cannot eventually reach the ideal value and the steady-state characteristics
of the system are not ideal, so the isokinetic rate reaching law must be analyzed as follows:

§ = —1p1 - sgn(s) 35)

where 1, is the required time for the system using the reaching law (35) to reach the sliding
mode surface, and s(t;) = 0. Then, integrating Equation (35) from 0 to ¢, the reaching time

is derived as
0 s0) >0
170 2@ 50y <0 (36)

The expression of t; can be rewritten as follows:

(37)

B. New Sliding Mode Reaching Law

From Equation (37), we can see that as 7; increases, the time to reach the sliding mode
surface becomes shorter, and the system’s robustness is enhanced. However, under the
action of the sign function, increasing #7; will bring high-frequency chattering. To solve the
problem, a new sliding mode reaching law (NSMRL) is given as

s = —meq(x,s)sgn(s) — 1as (38)
1
eq(x,s) = ’ - o (39)
e+ (1+ Gy — )¢
{xzzeﬁZﬁ—ﬁd 0)

wherep >1,0<e<1,nisevenandn > 1,and x = [xl xﬂ T is the state variable of the
DYC system.

When the system is far from the sliding surface, and |s| is large enough, e—*ls| will
be very small, and the eq(x,s) converges to % The system will quickly approach the
sliding mode surface under the joint action of variable speed term —n;eq(x,s)sgn(s) and
exponential term —75s. The speed is higher than the conventional reaching rate. When

the system is close to the sliding surface, and the values of |s| and x are near 0, the eg(x, s)

%. At this moment, the exponential term is small and close to
0. The speed change term —neq(x,s)sgn(s) bears the leading role. Under the action of
the sliding mode reaching law, the system approaches the origin. At the same time, due
to the continuous reduction in the speed change term, its reduction speed is faster than
the conventional reaching law, which realizes the smooth transition with the sliding mode

surface and weakens the effects of chattering.

converges to
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Taking the first term of the NSMRL, we can obtain the following equation:

§=— 1171 | |sgn(s) (41)
e (1+ ey —¢)e "

Conducting quantitative analysis and calculating the time #; to reach the sliding mode
surface, Equation (41) can be written as follows:

1
: S —— P -
sl (1 Ty 6] = s 42
By integrating Equation (42) from 0 to tp, we have
s(h) 1 1 ty
— 1+ ———~ — _P|S|}d :/ —mdt 43
./s(o) sgn(s) [“( NI €>e T &)

The reaching time ¢, is derived as

1

— m

thy = 1
m

The expression of t; can be rewritten as follows:

_ 1 1 1 o) (1 el ]
ty " [85(0)| + 5 (1 + () s) (1—e ) (45)

The time difference under the two reaching laws can be expressed as

(44)

55(0) + %(1 + tan”(\xi|+\x2|) — 8) (1 — e_ps(o))}, S(O) Z 0

1 1 s(0
—es(0) + 3 (14 gy —¢) (1 - @),

At = tz — tl = 17%[8|S(0)| + %(1+ m *E) (1 7€_p|s(0)|):| — ‘57(77(1)”

= e~ DI+ (1 + Gy —¢) (1 - O] o
Since (1 — e_PS‘O|) < 1, it can be known that
At<;{(£—l)|5(0)|+;<l+m—sﬂ -0 @)
Let
Q= 7 [(e= DIsO)]+ 5 (1 + Gy —¢)] s

= i[p(s— 1)[s(0)| + (1 +

= e
P11 )

-1
tan” (|xq [+]x2[)

Here, x1,x; # 0 can be satisfied in that the value is always between 0 and ¢, if
parameter p is chosen as

1
e—1)|s(0)]) > 1+—€) 49
ple=1)150)) > (1+ s )
The equation Q can be presented in a simplified form as
s(0
Q= (e-n2% 50)
m

Therefore, according to (49) and inequality (50), we can obtain

At < (e— 1) 2 (51)
1
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Note that the term ‘51(7—?)‘ is strictly positive and 0 < € < 1; then,At < 0 can be guaranteed.

It can be seen that under the action of the new exponential term, the system state can
reach the sliding surface in a shorter time than the constant rate term. In summary, when
away from the sliding mode surface, the system state approach speed is composed of two
parts: the new exponential term and the pure exponential term, and the speed is greater
than that under the traditional exponential approach law. When approaching the sliding
mode surface, the pure exponential term is zero. The rate of the new exponential term is
gradually reduced, which can avoid the large inertia of the system state variable under the
action of high speed and intense chattering on the sliding mode switching surface, ensuring
the smoothness of the system control process.

The Lyapunov function proves the stability of the proposed NSMRL. First, the Lya-
punov function is defined as

The derivative of Equation (52) can be described as
V = ss (53)

Substituting Equations (38)—(40) into (53), the equation can be expressed as follows:
V. = sl-meg(x,s)sgn(s) - mas

= —is| . e 128> (54)
[ _ —pls
et <1+ ([ [ 1T ""‘)g

In Equation (54), because 1 > 0,7 > 0, and 1+1/tan"(|x1|+|x2|) —& >0,
V < 0 can be established. Therefore, according to the stability judgment conditions
of the Lyapunov function, the proposed controller based on NSMRL can satisfy the sliding
mode reaching condition.

According to Equations (33) and (38)-(40), the yaw moment controller is designed as

m

1 _ —ols
£+(1+ tan”(|x1|+‘x2‘) 8)6 pll

sgn(s) + 1725+

o Ly (Fygy +Fyy, ) cos 5+ 3 (Fyy—Fy, ) sind—(Fy, +Fyy ) Lr n (55)

I
(Fpy+Exy, ) sind+(Ey+Fy, ) coso+Fy, +Fy,

M . .
ClTZZ_Clw’Yd_Fw'Y_w’Yd_FCZ moy _wW_CZIBd+AB_ﬁd}

Based on the above analysis, the designed ISMC can guarantee the DYC system to
reach the sliding mode surface in a limited time and be stable on the sliding surface.

4. Lower Controller

The primary purpose of the lower controller is to reasonably distribute the additional
yaw moment and total demand force obtained from the previous session to the four wheels.
A comparison of the average distribution torque methods is also made here to verify the
optimal distribution strategy designed.

4.1. Average Distribution Torque (ADT)

The ADT method is relatively simple so that the total longitudinal force Fy and
additional yaw moment M, are equally distributed on each wheel. The individual tire force
can be obtained as follows:
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Kk _R. _ M
Fxpl =4 =% 5,78, 1asmd)
Fop =t 4 R.___M
xfr = 4 T 4" (B;+B,+asind)
xrl = 74 4 (Bf+By+asind)
F — i + R iz
xrr ! 4 (Bf+By+asind)

Then, the motor torque Ty;; required by each wheel can be expressed as
Taij = Fxij - R (57)

4.2. Optimal Distribution Torque (ODT)

The disadvantage of ADT is that the yaw moment is uniformly distributed on the four
wheels according to the average rule. However, ODT is an integrated torque distribution
method, and it takes into account the three factors of tire utilization rate, motor output
torque, and road adhesion conditions. Thus, it can better ensure the stability of the driving
process under extreme road conditions.

In optimal control allocation, the basic problem is defining the objective function and
selecting the appropriate optimization target. In this paper, the concept of “tire utilization
rate” is first introduced, which refers to the sum of four tires’ ratio of road adhesion on a
single wheel to the maximum adhesion it can obtain. When this value is close to 1, it means
that the working ability of the tire is close to its limit and cannot provide greater adhesion.
Without control at this point, the vehicle is very likely to lose stability. The mathematical
definition of a single tire attachment utilization rate is given as follows:

Fy+Fy
X = 272,1 = fl, fr,rl,rr (58)
(VP zi)

where y is the road adhesion coefficient.

Masato Abe proposed that the minimum sum of squares of all tire utilization rates
should be taken as the objective function to distribute the force on each tire to ensure that
all wheels can maintain stability and have a certain stability margin [41]. The formula with
the minimum sum of squares of the utilization rate of four tires as the objective function is
shown as ) )

min] = LFZZ (59)
i=fl,frrlrr (Vin>

For 4WID electric vehicles, the calculation is complicated when considering the opti-
mization under the combined action of longitudinal force, transverse force, and vertical
force, and the online real-time optimization cannot be realized. Vehicles with high real-time
requirements will have great safety risks. Therefore, to increase the timeliness of vehi-
cle control, the objective function of this paper is simplified to consider only the control
longitudinal force:

F2
min] = — (60)
i=fLprtrr (WEzi)

We propose the objective function by combining the tire utilization rate with the
standard deviation coefficient. Adding the standard deviation coefficient to the optimiza-
tion goal ensures that the mean and variance of the target value reach the optimal value
simultaneously. The optimization objective function is expressed as
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ST

2
1 o L F%Z
Ffi i=fl,frrlrr (nFz) i=fl,frrlrr (WEsi)
4

2 F2.
i=fLfrrlrr (Vin) L
i=flLfrrlrr (Ezi)

min] =

(61)
1
1

The Lagrange multiplier method in Table 1 is used to solve the optimization problem.
The equality constraints are as follows:

lpl(FxflrFxfrr Fyp, Fxrr) = (Fxfl cos  + Fxfr €080 + Fyyp + Fypr) — Fx =0 (62)

B
$2(Eefi, Fefr Forty Farr) = [22(~Fxjy cos 6 + Fy,, cosé + Fy,, — Fx,) + Ly (Fxﬂ sind + Fy,, sims)] ~M.=0 (63)

g(Fxfl; Fyfrs Fxrty Fxrr, M, /\2) = ] + M1 (Fep, Fxfrs Fxrts Fure) + Aaa(Fx g1, Figro Fart, Frrr)

2

Table 1. Lagrange multiplier method.

Lagrange Multiplier Method

min f(x)

sth(x)=0

g(x) <0

By introducing slack variables (), inequality constraints are transformed into equality constraints
minL(x, A, Q) = f(x) — Ah(x) — Az(g(x) + Q?)

where A1, A, are the Lagrange computing factors, O is introduced to ensure that it is
non-negative, so that the constraint function is less than or equal to zero is satisfied.

The derivative of L(x, A, Q) with respect to each variable is 0

% :0,3‘?’TL1 = h(x) :0,3% =g(x) + O? :O,aa—(L2 =-20),

By solving the equations above, we can obtain x.

First, an auxiliary solution function is constructed as
(64)

where A1, Ay are the computing factors.
At the same time, the longitudinal force F,;; should meet the constraint conditions of
motor torque and ground longitudinal adhesion, expressed as
W3(Fxft, Fxfrs Fxrts Farr) = |Fri| = (Tmax/R) < 0,i = f, fr,rl,rr (65)
l/J4<Fxfl/Fxfrr Fxrl/FxW’) = F;%i + Fyzi - (.uFZi)2 <0,i= fl,f?’, rlrr

where Thmax is the maximum output torque of the motor.

By introducing slack variables Q;(i = 1,2), inequality constraints are transformed into
equality constraints, which can be solved quickly by the Lagrange multiplier method. The
new Lagrange function is written as

g(Fxfl/ Fxfr/ Fxrl/ Fxrr//\lr /\2/ A3/)\4r Ql/ QZ) = ]_ Allpl (Fxflr Fxfr/ Fxrlr Fxrr) - A27~,’J2(1:‘xfl/ Fxfrr Fxrlr Fxrr)

— A3(3(Feft, Fufps Ferty Ferr) + %) = Aa(Y4(Fyfr, Fegrs Fety Fore) + Q2%) (66)

where A3, A4 are the computing factors.
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The partial derivative of the Lagrange function in Equation (67) is expressed as

o — OFg 19Fq A2 Fy 1 A3 aFyfl Ay o
anfr anfr 1 Oy f, 2aP)(fr 3anfr 4anfV
9¢ _ O] 5 91 5 9Py 5 Y3 5 9Py _
oFy — 0Fy lanrl AZ OF A3 0F 4anrl =0
98 _ 9] _ 3 0P 5y 9Py 4 0P34 9Py _
OFyyr OFxy 1 OFyr 2 OFyyr 3 OFxy 4 OFyr
9
% = lpl(Fxfl/Fxfr/ Fyrt, Furr) =0 (67)
9
% = ¢2(Fxfl/Fxfr/Fxrl/Fxrr) =0
9
U% = (¢3(Fxfl/Fxfr/ Fert, Farr) + %) =0
9
% = (¢4(Fxfl/ Fxfrr Fyp, Ferr) + 022) =0
g _ 98 _

The above equation can solve the longitudinal forces. By (57), the required motor
torque can be obtained. The Lagrange multiplier method is given in Table 1. The results are
solved using the MATLAB software to write programs.

5. Simulation

The simulation was carried out based on MATLAB/Simulink software. The three
control strategies are compared under the conditions of a single lane change and J-turn to
verify the effectiveness of the proposed control algorithm. It includes the CSMRLADT strat-
egy composed of the conventional sliding mode reaching law and ADT, the NSMRLADT
strategy composed of the new sliding mode reaching law and ADT, and the NSMRLODT
strategy composed of the new sliding mode reaching law and ODT. The vehicle parameters
are shown in Table 2.

Table 2. Vehicle parameters.

Description Symbol Value

Total mass of the car vehicle m 1480 (kg)
Distance from front axle to the center of centroid Ly 1.2 (m)
Distance from rear axle to the center of centroid L, 1.4 (m)

Yaw moment of inertia of vehicle I, 1523 (kg-mz)
Moment of inertia of the wheel ] 2.1 (kg-mz)
Distance from the center of centroid to ground hg 0.5 (m)

Front track width By 1.6 (m)

Rear track width B, 1.6 (m)
Rolling radius of the tire R 0.354 (m)
Front wheel cornering stiffness Cr 35796 (N/rad)
Rear wheel cornering stiffness Cr 35400 (N/rad)
Peak torque of the motor tire Tmax 400 (N-m)
Rolling resistance coefficient f 0.018

5.1. Performance Analysis under Single Lane Change (SLC) Maneuver

The front wheel corner input is given a sine-wave input (3-7 s) with an amplitude of
0.08 rad, as shown in Figure 5. Road friction coefficients are set as 0.5 to simulate wet roads.

The starting speed is set to 108 km/h.
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5(rad)

Time(sec)

Figure 5. Front wheel steering angle under SLC maneuver.

The two stability index curves under the condition of SLC are shown in Figure 6.
The peak value under control is lower than without control, the changes in the curve
are relatively gentle, and the changing trend is more suitable for the SLC maneuver. It
shows that the proposed control strategy can improve the vehicle’s stable driving and
trajectory-keeping ability. In contrast, NSMRLODT has relatively lower peak values and
smaller fluctuations, showing a suitable performance, which indicates that the NSMRLODT
method has an adequate control effect.

—— Desired value

01y ——— CSMRLADT

——— NSMRLADT
NSMRLODT

—— Without control

Yaw rate(rad/s)

Sideslip angle(rad)

Desired value
04 ——CSMRLADT
——NSMRLADT
NSMRLODT
Without control

L I I L 1 1 I I
0 2 4 6 8 10 0 2 4 6 8 10
Time(sec) Time(sec)

(a) (b)

Figure 6. The curves of yaw rate and sideslip angle under SLC maneuver. (a) Yaw rate;
(b) sideslip angle.

The simulation comparison results between NSMRLADT and NSMRLODT are shown
in Figure 7. The vehicle track is given in Figure 7a. NSMRLADT and NSMRLODT can
better track the desired trajectory path. Vehicles with ODT control have better lateral

stability compared to ADT control. The § — § phase diagram is shown in Figure 7b.
The sideslip angle of the two methods is in the controllable range and presents a closed-
loop convergence structure. Still, the overall control effect of NSMRLODT is superior
to NSMRLADT. The ADT and ODT are shown in Figure 7c,d, respectively. The torque
of the same side wheel under NSMRLADT control is the same, while the NSMRLODT
control method can distribute the torque required to change among four respective in-wheel
motors. It is possible to prevent the wheel with a small vertical load from quickly reaching
the longitudinal force saturation. Although the torque distribution trend of the wheel on
the same side under the NSMRLODT control method is the same, the amplitude is different.
The front wheel torque is greater than the rear wheel torque, and this is because the front
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wheel is a steering wheel. As shown in Figure 7e, the sum of the load ratios of each wheel
of NSMRLODT is smaller than that of NSMRLADT, indicating that the torque of each
wheel is reasonably distributed under NSMRLODT. The maximum stability margin is kept
as much as possible under the precondition of meeting the current yaw moment control.

Leaving sufficient longitudinal force at the disposal of the car can make the vehicle more
secure and reliable.

8- ——— Desired value

| ——— NSMRLADT
— — NSMRLODT
= = NSMRLODT 01r

——— NSMRLADT

Sideslip angle rate(rad/s)
°

S
e

01k

. 015 . . . . . . J
o 50 100 150 200 -0.08 -0.06 -0.04 -0.02 o 0.02 0.04 0.06 0.08
Sideslip angle(rad)

(@) (b)

150 [

@
8

Wheel torque(N-m)

o

Time(sec)

(©) (d)

NSMRLADT
NSMRLODT

Sum of load rate of each wheel

0 2 4 6 8 10
Time(s)

(e)
Figure 7. Simulation comparison of NSMRLADT and NSMRLODT under SLC maneuver. (a) Vehicle
trajectory; (b) B — B phase planes; (c) ATD; (d) ODT; (e) total load rate of the four tires.
5.2. Performance Analysis under J-turn Maneuver

To further test the effectiveness of the proposed control strategy, we used the front
steering angle for analog input, as shown in Figure 8.
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Yaw rate(rad/s)

5(rad)

Time(sec)

Figure 8. Front wheel steering angle under J-turn maneuver.

The simulation results are shown in Figure 9, assuming driving at an initial speed of
80 km/h on a slippery road with an adhesion coefficient of 0.3.

Desired value 0
——— CSMRLADT
——— NSMRLADT
NSMRLODT
Without control

-0.08 [

Sideslip angle(rad)

Desired value
~——— CSMRLADT
NSMRLADT
NSMRLODT
——— Without control

6 8 10 0 2 4 6 8 10
Time(sec) Time(sec)

(@) (b)

Figure 9. The curves of yaw rate and sideslip angle under J-turn maneuver. (a) Yaw rate;
(b) sideslip angle.

The uncontrolled vehicle under the extreme road conditions of J-turn is unstable
compared to the sinusoidal road conditions. In particular, the sideslip angle is worse
than that of the SLC road condition. Compared with the uncontrolled vehicle’s yaw rate
and sideslip curves, the CSMRLADT and NSMRLADT have converged the final tracking
results. Still, the poor road conditions make the path tracking accuracy and stability poor.
In contrast, the amplitude deviation of the yaw rate and sideslip angle is large, and there is
chattering. The NSMRLODT effectively solves the chattering problem. The curves of yaw
rate and sideslip angle are smoother and have suitable performance, which shows that the
proposed control strategy can significantly improve yaw stability.

The simulation comparison results between NSMRLADT and NSMRLODT are shown
in Figure 10. Note that the NSMRLODT introduced here is still effective in improving sta-
bility in extreme J-turn maneuvers. Based on the analysis of the above results, NSMRLODT
is more suitable for the ideal state than NSMLRLADT.
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Figure 10. Simulation comparison of NSMRLADT and NSMRLODT under J-turn maneuver.
(a) Vehicle trajectory; (b) B — B phase planes; (c)ADT; (d) ODT; (e) total load rate of the four tires.

6. Conclusions

The innovation of this paper is that new algorithms are proposed for the upper and
lower controllers. In SMC, a more realistic 7DOF model is adopted, which contains two state
variables, yaw rate and sideslip angle. NSMRL aims to reduce chattering and make sliding
mode surface state variables converge faster. The lower controller adopts the utilization
rate of four tires and its standard deviation coefficient as the objective function and prevents
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the stability margin gap between tires from being too large. The simulation results compare
three hierarchical control strategies, CSMRLADT, NSMRLADT, and NSMRLODT, under
single lane change and J-turn conditions. The comparison results show the NSMRLODT
algorithm provides better trajectory tracking, and the torque of each wheel is reasonably
distributed. The results show that the DYC control strategy designed in this paper can
improve the system’s dynamic performance and tracking accuracy. At the same time, the
stability and security of the system are considerably improved.
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