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Abstract: The current vehicle stability judgment methods in the stability control of distributed drive
electric vehicles focuses on using the phase plane method, but the existing phase plane stability
boundary delineation methods ignore the influence of the front wheel rotation angle. Therefore, a new
phase plane partitioning method (NPPPM) is proposed in this paper, and a new phase plane stability
domain library is established. Based on this, the direct yaw moment control of distributed drive
electric vehicle through phase plane analysis is established. Firstly, the influence of the front wheel
turning angle on the phase plane is considered in the design of the phase plane stability boundary,
and a new stability boundary function is fitted by the least squares method. This approach avoids
the lateral instability caused by too large a front-wheel turning angle and improves the accuracy of
vehicle stability judgment. Next, a hierarchical direct transverse moment controller is constructed
using Matlab/Simulink. Among them, the upper layer controller adopts sliding mode control with
the sideslip angle error of the center of mass as the tracking target. The lower controller adopts the
optimal configuration algorithm with the optimal road adhesion utilization as the objective function.
Finally, the effectiveness and superiority of the proposed phase plane partitioning method (NPPPM)
for distributed drive electric vehicles with sinusoidal and angular order inputs for the front wheel
rotation angle are verified by simulation.

Keywords: phase plane method; distributed drive electric vehicles; lateral stability control; direct
yaw moment control

1. Introduction

Electric vehicles are currently the focus of scholarly research due to their advantages
in terms of energy efficiency and environmental protection. In the development process
of distributed drive electric vehicle, the vehicle driven by a four-wheel hub motor plays a
milestone role. It can make good use of the drive and braking torque from the wheel hub
motors to enhance the control of the vehicle. Meanwhile, the distributed drive electric vehi-
cle eliminates the drive shaft and transmission components, simplifies the chassis structure
of the vehicle, improves the space utilization rate of the vehicle, achieves the purpose of
being lightweight, and, thus, reduces energy consumption [1-3]. At the same time, the
distributed hub motor drive vehicle eliminates the complex transmission mechanism, and
the driver’s operation can be quickly transferred to the hub motor, which improves the
control speed and accuracy. However, the distributed drive electric vehicles driven by hub
motors, due to the larger mass of hub motor, will lead to increased difficulty in lateral
stability control when the vehicle occurs yaw and sideslip, so the distributed drive electric
vehicle lateral stability control research has become indispensable in the research of new
energy vehicles [4-8].
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In recent years, the research on stability control of distributed drive electric vehicles
mainly focuses on two aspects. One is how to determine whether the vehicle is unstable.
The second one is how to reasonably use modern control theory and an optimization
algorithm to accurately distribute torque to the four hub motors in order to achieve the
purpose of a stable vehicle running state.

At present, there are two main research methods to determine whether the vehicle is
unstable. The first method is to use the linear two-degree-of-freedom vehicle dynamics
model to calculate the ideal yaw rate and sideslip angle and take them as the ideal variation
for tracking control. The second one is to study the stability of the vehicle by establishing
the phase plane of the yaw rate and sideslip angle [9-12]. In terms of stability control,
most scholars at home and abroad are limited to stability control under normal braking
conditions, and lateral stability control under extreme conditions is less researched.

At present, some scholars have systematically analyzed the instability mechanism
of vehicles based on Lyapunov’s first method and phase plan [13,14]. Some scholars
also established a phase diagram based on the ratio of steering kinetic energy to forward
kinetic energy through longitudinal and transverse energy analysis [15]. Sadri and
Wu et al. [16-18] used Lyapunov direct method to analyze vehicle stability and proposed
two Lyapunov functions independent of vehicle parameters. The stability boundary was
estimated, and the influence of vehicle speed, road adhesion coefficient, and the front wheel
angle on the stability region was studied. Some scholars used the energy method to derive
the formula of vehicle instability kinetic energy and longitudinal kinetic energy and defined
the agreement between the two as instability energy ratio. On this basis, a vehicle stability
criterion based on the phase plane method was proposed to judge vehicle stability [19,20].
Wei Liu and Lu Xiong et al. divided the types of phase plane stable boundary into diamond
stable boundary and curve stable boundary. The stable boundary of the curve is fitted
by a quartic polynomial. However, the paper did not mention the functional relationship
between the stable boundary and the front wheel angle, longitudinal speed, and road
adhesion coefficient [21]. Liu Jun et al. proposed to adopt a linear method to divide the
lateral declination angle of the center of mass and yaw rate phase into planes, which would
lead to the reduction of the stability region. Although it can improve the stability of the
vehicle, it will reduce the comfort of the driver to a certain extent [22]. Liu Xuecheng et al.
proposed to divide the stable region of the phase plane in the form of broken lines, but
the control in the stable region was not mentioned [23]. Fei Lai et al. [24] analyzed the
lateral declination angle of the center of mass—lateral declination velocity phase plane on
the uneven road surface, based on a unified longitudinal and transverse dynamic model.
However, the author assumes that the uneven road surface is a continuous wavy type
and that the influence of the road surface on the four wheels is consistent, which is not
consistent in the actual situation. Huang Long [25] proposed that the stable boundary
coefficient is related to the road adhesion coefficient, and the stable boundary coefficient
remains unchanged in a certain range of road adhesion coefficient. However, this method
does not consider the speed and the front wheel angle, so the reliability is low.

In terms of vehicle control, Zhong Longfei et al. [26] established the stability domain
boundary model of vehicle centroid side deflection angle phase plane under different road
adhesion coefficients and proposed that the distance from the unstable point to the stable
boundary was the instability degree, and fuzzy neural network was used to control the

direct yaw moment. Li Xiaoyu [9] used the front and rear wheel side angle (oc F— zx,)

phase plane to describe the stability of a vehicle driven by a four-wheel hub motor under
compound conditions. He proposed a vehicle state observer based on the fusion of the
kinematic model and dynamic model. Finally, model predictive control was used to
improve the driving stability of the vehicle. Xiao Feng [27] designed a method based on the
distance between the state point and the stable boundary to measure the vehicle stability
index and improve the driving stability of the vehicle through direct yaw moment control.
Mengxiong Lu [28] designed a dual sliding mode control of active front-wheel steering
(AFS) and direct yaw moment (DYC), which further improved the lateral stability of the
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vehicle. Gong Tianyang et al. [29] designed a fuzzy control method, which takes the errors
of yaw rate and sideslip angle as tracking targets, outputs additional yaw moment and rear
wheel angle, and uses a genetic algorithm to optimize the membership function of fuzzy
control. Yitong Song [30] proposed the estimation method of tire lateral force and vehicle
sideslip angle based on an odorless Kalman filter and proposed a hierarchical control
strategy where the upper controller is the sliding mode control and the lower controller
is the optimal distribution controller, which improves the vehicle handling stability and
energy efficiency. However, the nonlinear characteristics of vehicle motion cannot be
avoided by using simple sliding mode control. Hongwei Wang et al. [31] proposed a
vehicle lateral stability controller based on integral sliding mode control and optimal
allocation. By adding an exponential term to the traditional approach rate, the smooth
transition of the sliding mode surface is realized, and the effect of buffeting is reduced.
Xiaogiang Sun et al. [32] proposed a method based on non-singular terminal sliding mode
control for direct yaw moment control of distributed drive electric vehicles. This method
can effectively avoid the nonlinear characteristics of vehicle motion. However, the stability
region division of the phase plane does not take into account the influence of the front
wheel angle.

In summary, a new phase plane partitioning method (NPPPM) is proposed, and the
phase plane stability domain library is established on this basis. In the process of designing
the phase plane stable boundary, the stable boundary function about the front wheel angle
is designed, which avoids the situation that the phase plane stable boundary changes little
when the front wheel angle changes in the past. The lateral stability of the vehicle with
sinusoidal input and angular step input is verified by the layered direct yaw moment
control. The upper layer is controlled by sliding mode, and the error of the centroid
side deflection angle is the tracking target. The lower controller is the optimal allocation
and takes the optimal road adhesion utilization rate as the objective function. Finally,
the effectiveness of the proposed phase plane division method (NPPPM) is verified by
simulation under sinusoidal and angular step input conditions of the front wheel angle.

This paper consists of six parts. The first part introduces the research background and
motivation for this paper. The Section 2 introduces the dynamic model of distributed drive
electric vehicle. The Section 3 introduces the mechanism of lateral instability of vehicle
based on phase plane analysis and the establishment of a phase plane stability domain
library. The fourth part is the construction of the layered direct yaw control system. In
Section 5, the stability performance of the vehicle under the same working conditions
is evaluated by using the NPPPM method and OPPPM method, respectively, and the
simulation results are given. Finally, the conclusion is given in the last section.

2. Distributed Drive Electric Vehicle Dynamics Model
2.1. Distributed Drive Vehicle Seven-Degree-of-Freedom Dynamics Model

In this paper, the body dynamics of the vehicle in three directions, longitudinal, lateral,
and yaw, were established using Newton-Euler theory, as shown in Figure 1.

To comply with the assumption of consistent front wheel angles in the ideal model
of a two-degree-of-freedom vehicle below, we assume in our study that the left and right
front wheel angles are equal in a seven-degree-of-freedom vehicle model. This assumption,
known as the front wheel cell assumption, is commonly used in simplified vehicle dynamic
models to reduce complexity and computational effort. When the speed of the vehicle in
the longitudinal direction is constant, then the equations for the longitudinal, lateral, and
yaw movements of the vehicle are as follows:

Y Fe=m (Vx - vw) — (Fx_f, n Fx_fr)cosd 4 Fy i+ Fepr — (Fy_ﬂ n Fy_fr)siné )

YR =m(Vy+Var) = (Fp+Fy_pr)osd + Fy i+ Fyr + (B + Fegr)sind - ()



Actuators 2023, 12,121

4 0f 23

YM=Ly=a [(Px_ﬂ n Fx_fr>sin5 + (Py_ﬂ n Fy_f,)cosa] —b (Fy_rl + Pyﬂ)

3

—l—%L {(Fy_fr — Fy_ﬂ)sin5 + (Fx_fr — Fx_fl)cosé} + %L(FX_rl — Ferr) ®)

In the above equation, m is the overall vehicle mass, I, is the vehicle moment of inertia,
7 is the vehicle yaw rate, and § represents the front wheel angle. In order to conform to the
ideal model of a two-degree-of-freedom vehicle presented below, we make the assumption
that the turning angles of the left and right front wheels are identical. Vy is the vehicle
longitudinal velocity, and Vy is the vehicle lateral velocity. V is the vehicle center of mass
velocity, L is the wheelbase, a is the distance from the centre of mass to the front axle, b is
the distance from the center of mass to the rear axle, F,_j; is the longitudinal force at each
wheel, and F, j; is the lateral force per wheel. Vehicle parameters as shown in Table 1.

F Ay F
rl z
Yy_ Fyiﬂ > fl
Fz Tl
AV,
v

L Ay LEENE L z

< b A @ > -

AFZ/_T’

Figure 1. Vehicle seven-degree-of-freedom model.

Table 1. Vehicle parameters.

Description Symbol Value

Total mass of the car vehicle m 1560 (kg)
Distance from front axle to the center of centroid a 1.617 (m)
Distance from rear axle to the center of centroid b 1.683 (m)
Moment of inertia of the wheel J 2.1 (kg'm?)
Yaw moment of inertia of vehicle I 1523 (kg-m?)
Distance from the center of centroid to ground h 0.556 (m)
Track width L 1.82 (m)
Rolling radius of the tire R 0.354 (m)
Front wheel cornering stiffness kg 16,000 (N/rad)
Rear wheel cornering stiffness ky 16,000 (N /rad)
Rolling resistance coefficient f 0.015

2.2. Wheel Models

The mechanical analysis of the wheels during vehicle travel is shown in Figure 2 where
the differential equation for the four-wheel moments of a distributed drive electric vehicle
can be expressed as follows:

Jwi = =Ty + Tai — FxiR 4

where ] is the rotational moment of inertia of the wheel, w; is the angular acceleration of
the vehicle rotation, Tj; is the wheel braking torque, Tj; is the wheel driving torque, F,; is
the longitudinal force of the tire, and R is the tire radius.
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Figure 2. Wheel models.

2.3. Magic Formula Tyre Model

In this paper, the Magic Formula tire model is used as an empirical model to represent
the tire forces as a combination of trigonometric functions. It can directly reflect the
mathematical relationship between the input variables: side slip angle of the tire, slip rate
of the tire, and the output variables: tire longitudinal force; tire lateral force; and return
torque. When x is the side slip angle, F(x) is sought as the lateral force; when x is the slip
rate, F(x) is sought as the longitudinal force. The general expressions are as follows:

F(x) = Dsin{Carctan{Bx — E[Bx — arctan(Bx)]}} (5)

where D is the peak tire curve factor, C is the curve shape factor of the tire, B is the stiffness
factor of the tire, and E is the curve curvature factor of the tire.

All of the above parameters relate to the vertical load on the tire. Under the effect of
lateral acceleration, axial load transfer occurs between the wheels, and the vertical loads on
each wheel are as follows:

_1 b 1aghm ayhmb
Fop1 = amg gy = 2(avh) ~ @(atb)
_ 1 b 1 ahm ayhm
Fopr = 3m8 sy — 20ave) + 460 ©)
1 axhm ayhma

_ 1
For = amg Glgy + 2 a3y — & (@+D)
1 1 ach ayhma
Fr = ng(u—l&l-b) 2 (Ha—i-'l?) + d,%u—&-b)

where h is the distance from the center of mass to the ground, and a,, is the lateral accelera-
tion. Side slip angles «;(i = 1,2,3,4) of all four tires are as follows:

_1( Vi .
a; = tan~! Vesinpra-y jzﬂr -0
V-cosp—75-7
_1( Vi .
ap = tan~! 7%*%‘27 -0
V-cosp+3-r @)
an — tan_l V-sinf—b-y
3= V~cosﬁ—%~7
g = tan— 1 Vsl _lz"y
V-cosp+3-

where L is the distance between the front and rear wheels, respectively.

2.4. In-Wheel Motor Model

The parameters of the In-Wheel motor used in this paper are shown in Table 2.
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Table 2. In-Wheel motor paramete

TS.

Description Symbol Value
Rated power of the motor Py 64 KW
Maximum power of motor Py, 81 KW
Rated torque of motor T, 500 Nm
Maximum torque of motor T 800 Nm
Rated speed of motor ng 800 r/min
Maximum speed of motor Nm 1600 r/min

The power, torque, and speed of the motor are functionally related as follows, and the
external characteristic curve is shown in Figure 3.

T — { Tmax

0<n<ny

9550 max 115 < 11 < Mimax ®)

where T4y is the Maximum torque of the motor, Py, is the maximum power of the motor,
n is the speed of the motor, n; is Motor base speed, and 7, is a maximum speed of

the motor.
— 100
800 T
..... . P
/\ 1 80
600F V4
/ 160
T x/ P
(Nm) kw
400f rd (kw)
/ 1 40
200f // 120
/
/
0 1 1 1 O
0 500 1000 1500

n(rad/s)

Figure 3. Motor external characteristics curve.

2.5. 2-DOF Vehicle Reference Model

The vehicle two-degree-of-freedom model is shown in Figure 4. Vehicle two-degree-
of-freedom force analysis diagram. including lateral motion and yaw motion. Through the
two-degree-of-freedom model, the ideal yaw rate and the sideslip angle of the vehicle can
be calculated, and the sideslip angle, the yaw rate phase plane, can be obtained.

AY

Figure 4. Vehicle two-degree-of-freedom force analysis diagram.
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The dynamic equation of lateral motion and yaw motion can be expressed as follows:

. ke+ky k —bk, k
{ﬁ= Lhp+ (Bt 1)y — gks

muy Moy Mmuy (9)
. aky—bk @k p+bky aks 5
Y= Bt T

when the vehicle is in a stable running state, its centroid side declination angle and yaw
angle speed should meet the following formula:

{/3 =0 (10)

T=0
Thus, the desired yaw rate and sideslip angle can be derived as follows:

_ b/Ltmavy/ (L?ky)
{ﬁd L I (11)

— Ox .
Td = T+Ke?) 0

where J is the front wheel angle, L is the wheelbase, K is the coefficient of stability,

K = % (k% — %), k £r k, are the lateral stiffness of the front and rear wheels.
Due to the limitations of ground adhesion, the desired yaw rate needs to meet

the following:

|7dmax| = a@ (12)
Oy

where « is the safety factor (« = 0.85), and g is the acceleration of gravity (g = 9.8).
The final desired yaw angular velocity is:

= min O )
Ta= L(1+ Ko2)

After the sideslip angle of the center of mass is expected to be deformed:

, |vdmax|) sign(d) 13)

b/L + mavy/ (L%kr) v2/L b ma b | ma
Pa 1+ Ko 1+ k2 C 2 tir) =1 e ) 09
Then it is expected that the sideslip angle of the center of mass is limited to
b ma
— Z o4t 1
|,Bdmax| Vg<v% + ka> (15)
Therefore, the final expected sideslip angle of the center of mass is
~ (|b/L + mavy/ (L%kr ,
Pa = mm( 1 +1§0§( L5 ,ﬁdmax>szgn(5) (16)

3. Establishment of Phase Plane and Stability Boundary Libraries
3.1. Establishment of Phase Plane

The phase plane analysis method is based on a two-degree-of-freedom model of the
vehicle, as shown in Figure 5. The phase plane of the vehicle under different driving
conditions is obtained through multiple cycles of the assignment. The phase plane mainly
consists of the sideslip angle-sideslip angular velocity phase plane (8 — f) and sideslip
angle—Yaw rate phase plane (8 — 7).
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ﬁ(md/s)
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Figure 5. The phase plane type: (a) sideslip angle-sideslip angular velocity phase plane (8 — [3);
(b) sideslip angle—yaw rate phase plane (8 — ).

The differential equation for the system in continuous time is:

x = fi(xy)
. 17
{y = f2(xy) 47
From Equation (17), we can obtain the following:
Y b
dy _ at falxy
=7 = = 18
dx /d fi(xy) (19

From Equation (18), we can know that when f1(x,y) = 0 and f,(x,y) = 0 are estab-
lished simultaneously, then (x, y) is the stable point or saddle point of the system, when
fi(x,y) = 0 and fo(x,y) = 0 are not established simultaneously. As can be seen from
Equation (18), the slope of the passing point (x,y) is unchanged at this time, so the phase
trajectory through this point is unique.

In a continuous time domain system, state initial value, as the time tends to infinity,
tends to a constant value, namely, }an}o x(t) = xe, then the system in the local scope gradually

reaching stable state points in the system domain. In the phase plane, the phase trajectory
of the stable state point will converge at the stable point, while the phase trajectory of the
unstable state point will eventually diverge.

3.2. Analysis of Influencing Factors of Phase Plane Stability Region

The phase trajectory of distributed drive EV is mainly affected by longitudinal velocity,
front wheel angle, and road adhesion coefficient. In this paper, the longitudinal vehicle
speed is set at a fixed interval of 10 km/h, ranging from 10 km/h to 50 km/h. Turn the
front wheel angle at a fixed interval of 1°, from 0° to 5°. The road adhesion coefficient is
fixed at 0.1 intervals, from 0.1 to 1. According to the sample points, 300 groups of sample
conditions are obtained. By analyzing the phase plane corresponding to these 300 groups
of sample conditions, we can obtain the change rule of the phase plane category and the
trend of phase plane change.
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3.2.1. Influence of Longitudinal Speed on the Phase Plane

Longitudinal vehicle speeds were selected as 20, 30, and 40 km/h, respectively, and
the front wheel angle was guaranteed to be 0°, and the road adhesion coefficient was
unchanged at 0.8. As shown in Figure 6a—c, the trajectory of the phase tending to stability
mainly distributes symmetrically according to the origin in the second and fourth quadrants,
while the trajectory of the first and third quadrants mainly diverges. It can also be seen from
Figure 6 that when the front wheel angle is 0°, the type of phase plane will not change.

0.6 0.6
0.5" 0.5
0.4F 0.4
0.3F 0.3
0.2r 0.2
—~—~ 0.1r ~—~ 0.1
S S
g or S o0
S~— S~—
= =N
0.1 0.1
-0.2F 0.2
-0.3F -0.3
-0.4f -0.4
-0.50 05
-0.6 ; ) .
0.6 -05 -04 -03 -0.2 -0. 06 -05 -04 -03 02 -01 0 _01 02 03 04 05 06
B (md)
(a) (b)
06
05 &\ ]
0.4 } \ ]
., “ \/
02 \ /
— 0.1 ]
5
o ‘
=

-0.1
-0.2
-0.3
-0.4

-0.5

-0.6
06 -05 -04 -03 02 -01 0
B (rad)

(©)

Figure 6. Influence of longitudinal speed on the phase plane: (a) Vy = 20 km/h, u = 0.§;
(b) Vy = 30km/h, u =0.8;(c) Vy =40 km/h, p = 0.8.

3.2.2. The Influence of the Road Adhesion Coefficient on the Phase Plane

The road adhesion coefficients were selected as 0.3, 0.6, and 0.9, respectively; the
front wheel angle was guaranteed to be 0°, and the longitudinal speed was unchanged at
40 km/h. As shown in Figure 7a—c, the trajectory of the phase tending to stability is mainly
distributed symmetrically according to the origin of the second and fourth quadrants,
while the trajectory of the first and third quadrants mainly diverges. With the increase in
road adhesion coefficient, the slope of the stable boundary and the stable region increase
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gradually. Combined with Figure 7, it can also be seen that when the front wheel angle is 0,
the type of phase plane will not change.

B(rad/s)
ﬁ (rad/s)

=\

. L L L L L —06 1 1 1 1 L L L 1 1 1 /
06 -05 -04 03 02 -01 0 _01 02 03 04 05 06 06 -05 -04 -03 -02 -0.1 01 02 03 04 05 06
B (md) B md)
(a) (b)
0.6 e
] o
04 &\ ]
- ‘ \/
0.2 SN /
— N
—04F § /
= (4t
Q. N =\
0.1F ‘ :
_0.2/ \ =
_0.3/ \ :‘v";
R
-0.47 \ AW
050

06 -05 -04 03 -02 01 0 01 02 03 04 05 06

B (rad)
(¢)

Figure 7. The influence of the road adhesion coefficient on the phase plane: (a) Vy = 40 km/h,
u=0.3;(b) Vy =40 km/h, y = 0.6; (¢) Vx =40 km/h, » = 0.9.

3.2.3. The Influence of the Front Wheel Angle on the Phase Plane

The front wheel angles were selected as 3°,4°, and 5, respectively; the road adhesion
coefficient was guaranteed to be 0.5, and the longitudinal speed was constant at 50 km/h.
As shown in Figure 8 the stability region of the phase plane becomes the second type of
stability region, and most of the stability region is in the second quadrant. With the increase
in the front wheel angle, the length BD between the intersection points of the boundary of
the stability region gradually increases, but the distance AC between two points, A and C,
gradually decreases, and the area of the stability region also gradually decreases.
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Figure 8. The influence of the front wheel angle on the phase plane: (a) Vy = 50 km/h, § = 3°;
(b) Vy = 50km/h, 6 =4";(c) Vx =50km/h, 6 =5".

3.3. Design of Phase Plane Stability Region Boundary
3.3.1. Judgment of Boundary Type of Stable Region

According to the analysis in Section 3.2, there is a close relationship between the type
of stability domain and driving conditions, including front wheel steering angle, speed,
and road friction coefficient. When the front wheel angle is 0°, the phase plane category
remains unchanged in the linear stability domain. When the front wheel angle changes, the
phase plane category will also change. Therefore, this paper divides the phase plane into
the linear stability domain and quadrilateral stability domain, as shown in Figure 9.

Before judging the stability of the current state of the vehicle, it is necessary to de-
termine the corresponding phase plane type of the vehicle at the moment. Through the
analysis of the 300 groups of data, the front wheel steering angle and vehicle speed as
independent variables, and the road adhesion coefficient as a dependent variable, the
three-dimensional graph was drawn. As shown in Figure 9c, when the evaluation value
corresponding to the formal condition is located at the top of the three-dimensional surface,
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the stability domain of the vehicle corresponds to the first type, a linear stability domain.
When the corresponding point is located at the bottom of the three-dimensional surface, the
vehicle stability domain corresponds to the second type, the quadrilateral stability domain.

0.6 ——"— ‘
0.5¢ 4 7
,J—/—\
0.4F . 4_. \
. 2\
0.3 2
o ——
i %\\%M \\ %
E or @B — ,‘\‘,SQ‘JL',JH"J,J ) /)) |
Vf“—‘f‘\ig\‘/ / ]
0.2 \\\ ~ )

-0.3 - ]
-0.4 ]
-0.51 1
] 06 L L L L L L L L e
-06 -05 -04 -03 -02 -01 O 01 02 03 04 05 06 -06 -05 -04 -03 -02 -01 O 0.1 02 03 04 05 06
p (rad) B (rud)
(a) (b)

road adhesion coefficient

0.8

0.6 5

0.4

0.2 |

09

0.8

20

30
Longitudinal speed 40 50 O Front wheel Angle

(©)

Figure 9. Judgment of boundary type of stable region: (a) Linear stability domain; (b) Quadrilateral
stability domain; (c) Trend of phase plane stability region.

3.3.2. The Boundary Design of the First Type of Stability Region

In the linear stability domain, in order to ensure the accuracy of the design boundary
in the control process and the processing of data will not be too complicated. In this paper,
linear expression is adopted. As shown in Figure 9a, it can be seen that the two lines are
symmetric, with the origin as the center. The right line is L;, and the left line is L,. The
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formula is as follows, and the Coefficient table of fitting function is shown in Table 3. The
relationship between vehicle state and fitting coefficient is shown in Figure 10:

{leﬁ—A1ﬁ+Bl

Ly:B=A8+ B>

{ Ap = Ay = f(v)
By = —B, = g(v, )

-201
Bl
-251
=301
-351

40+

-45

f(v) = a10* + a0° + azv? + a0 + as (19)
g(v, 1) = ag + azv + agp + agv® + aygop
+arp? + a120% + a130° 4 + argop’
+aspd + a1ev* + ar703u + agv?y?
+aovud + agopt
Table 3. Coefficient table of fitting function.
Parameter Value Parameter Value
m 53 x 1075 an —136.8
a 8.655 x 1073 an 1.835 x 103
as —0.517 ai13 —0.18
as 13.551 a14 0.441
as —136.802 o 149.2
s —0.404 16 1.608x107°
ay —0.507 a1y 1.346x1073
ag —30.42 i1g 0.021
ag —0.061 a9 —0.637
250} 6.403 azo —64.46
0 '//7,7377777/7777',7”'/0///,,
- is’?\pecurvc 1 I
Fitting 10 ,lllllll '
o)
-15 -
B1 5
225 -
-30
-35 - 0
-40 > 05
10 15 20 25 30 35 4 45 50 %0 40 30 20 Road adhesion
Longitudinal speed (km/h) 10 1 . .
Longitudinal speed coefficient

(a)

(b)

Figure 10. Boundary coefficients of the first type of stability regions as a function of driving state:
(a) The fitting curve of longitudinal speed and B1; (b) The nonlinear relationship between B2 and its
influencing factors.

3.3.3. The Boundary Design of the Second Type of Stability Region

When the front wheel angle changes, the 8 — 8 phase plane type will change too. When
the vehicle speed exceeds 30 km/h, and the front wheel angle exceeds 3, the phase plane
type will become quadrilateral stability domain. As shown in Figure 9b, A quadrilateral
is constructed with four points of A, B, C, and D, where the horizontal coordinates of A
and C are equal, and the vertical coordinates of B and D are equal. Assuming that the
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coordinates of point A are ( B4, : , of point C are ( B4, : , of point B are ( g, : ,and
P A p C p B

of point D are (,B D, ,BB). Therefore, it is sufficient to determine 4,85, D,B A BC, ,BB. Let
the boundaries be as follows:

AB:p—Pn=FA=FE(B—Pa)(Bs < B < Pa)
BC:f— Py = RibS (B~ Bu)(Bs < B < pa) 0)
CD: p—p. = F=F5 (B~ pa)(Bc < B < Bp)
DA:f—B,=5205(B—Ba)(Ba < B < Bp)

When the longitudinal speed remains constant, the trend of 84, Bp, ,BC, ,B p is not sig-
nificant. However, the value of [3 4.BB change significantly as the front wheel angle and
road adhesion coefficient change. So, design the function f;(v) to represent B 4, Bp, BC, /3 B

Design f;(d, 1) to represent [3 BB, where x4, xp,yc,yp are related as a function of lon-
gitudinal vehicle speed as follows. The relationship between vehicle longitudinal and
Coordinate point is shown in Figure 11:

Ba = fi(v) =1.05x 10750 +7.12 x 10~°v? — 0.018v + 0.469
Bp = fo(v) = 7.157 x 10740 — 0.0720 + 1.81

By = f3(v) = 1.039 x 10750% — 1.396 x 107302 + 0.06v — 0.93
Bc = fa(v) = —3.02 x 107%0> + 0.436 x 10~4v? — 0.0220 + 0.35

) @)

0

where g 4-BB are shown as a function of the angle of rotation of the front wheels and the
coefficient of road adhesion as follows:

Ba = f5(6, 1) = 0.342 — 0.1665 + 0.684 + 0.0176% — 0.0596 11 + 0.90442

22
Bs = fo(6, 1) = —0.94 +0.2075 — 0.387u — 0.0165% — 0.065u + 0.189u2 22)

T . . T T
-0.01P\e » Data Points |7 0.181 e Data Points | 7
— Fitted curve — Fitted curve
0.02- o018
0.03 0.14F
-0.04r
0.12f
-0.05-
Ba Booat
0.06-
0.08f
-0.071
0.06[
0.08~
0.09f 0.041
01F 0.02r
1 1 1 Il L Il L L
35 40 v 45 50 35 40 v 45 50
(a) (b)

Figure 11. Cont.
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Figure 11. Boundary coefficients of the first type of stability regions as a function of driving state:
(a) Trend of B 4 with longitudinal vehicle speed; (b) Trend of Bp with longitudinal vehicle speed;
(c) Trend of B with longitudinal vehicle speed; (d) Trend of B~ with longitudinal vehicle speed.

4. Lateral Stability Controller Design

The front-wheel active steering system (AFS) and the direct yaw moment control
system (DYC) are mainly used for vehicle yaw stability control strategies. The AFS uses
the lateral force of the tires to generate additional yaw moments, and the system control
function fails when the lateral force of the tires is saturated [33-35]. Therefore, in this paper,
we use DYC to control the stability of the vehicle by using additional transverse moments.

The distributed drive electric vehicle lateral stability controller in this paper uses
a hierarchical direct yaw moment control method. First, in order to obtain the optimal
additional transverse sway moment, the upper layer controller uses the SMC control
algorithm. The additional transverse moment is obtained by tracking the vehicle sideslip
angle error. Then, the lower controller uses the optimal distribution algorithm to distribute
the torque of the four wheels with the objective of optimal tire slip rate. The control
framework is shown in Figure 12. The control framework.

: DYC control module !
B,y ! !
= e T Tl
ase plane INO : I I I 7l
Stability
2-DOF L. | . ) 7-DOF
r vehicle | I_dete_rrmghc& \ I SMC IAMZI Optimal ItTT Nonlinearl
Driver I reference I Controler I | di tt(;rgug I:Trl vehicle
Model ¢ model I Ba R 1stribution I[Tw model

_fu B

Figure 12. The control framework.

N | il |
| e — — I———||— —
! T

4.1. Upper Controller Design

In this paper, the sideslip angle is selected to participate in the design of the sliding
mode controller. Due to the addition of an additional yaw moment in the control process,
the original two-degree-of-freedom model differential equation can be rewritten as follows:

_ cosﬁ[(Fyl +Fy2)cos§+Fy3+Fy4] _

(23)

mo
_ [a(Fj+Fp2)coso—b(F+Fu)] 4 AM,
- I

y4 y4
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Here AM, is the additional yaw moment.

4.1.1. Yaw Moment Calculation Based on Sideslip Angle Error
The tracking error of the vehicle sideslip angle and its derivative are defined as follows:

eg =B — Bacs = p— Py (24)
On this basis, the time derivative of sliding mode surface sg can be defined as follows:
sg = cpeg + éﬁ (25)

where o is the relative weight coefficient between the error and the rate of error change,
and its value is greater than 0.

The sliding mode approach mode selects the isokinetic approach law can be defined
as follows:

sg = Kgsgn (sp) (26)

where Kg is the control convergence velocity to the sliding mode surface and is a posi-
tive constant.

Then:
élg = Cﬁéﬁ+éﬁ = Cﬁ(ﬂ*ﬁd) + (,B*ﬁd)
akf bk, Zkf-l-hzkr 27
+hy ak;—bk, B+ (27)
— cpép + L B+ ("t —1) AN — b By
) _?“ L

The additional yaw moment obtained by tracking the sideslip angle error can be
defined as follows:

ak f—bk a%k (+b%k ak
f— o f r f
I, ﬁ + Ly ,)/ - ?{5
AM/S =—1 +Kﬁsgn(sﬁ) ,BdJrc/g,eﬁJr oY ﬁ mv (28)
akf —bky
mv% -

4.1.2. Controller Stability Verification

When the system state is outside the boundary layer, the control rate and switching
logic remain unchanged, but if it is inside the boundary layer, the symbolic function is
replaced by the saturation function sat(s).

_ sgn(s),|s| > H
sat(s/H) = {kﬁs,kﬁ —1/H,|s| < H @)
where H is the boundary layer thickness.

In order to reduce the chattering phenomenon of the control system, the function
sgn(s) is replaced by the function sat(s) in this paper, so the calculated yaw moment is
expressed as follows:

ak f—bk;, a2k i+ b2k, ak
AL
AM/} =1 Kﬁ,sat( ) ﬁd+CﬁElg+ Oy /5 mv (30)

ukf—hkr

——
mog

Define the Lyapunov function is as follows:

S
L=% (31)



Actuators 2023, 12,121 17 of 23

The first derivative is as follows:

ﬂzk +b2kr
p Jltzvx T\ k7f5 .y 32
ak Ba (32)
- ) + A?/Iz muoy

ak—bkr
L,

. . . kgt aky — bk
L:Sﬁ'sﬁzsﬁ cpep + p— ﬁ+< mv% 1)
Substituting AMp into the above formula, we can obtain the following:

. —Kglsgl, |sg| > H
L= Sﬁ(—K,;sat(Sﬁ)) = {K[fllﬁ%, ‘SZH <H (33)

Because of Kg >0, kﬁ > 0, then L < 0, so the system is stable.

4.2. Lower Controller Design

In the previous paper, the sideslip angle is selected as the control variable, and the
SMC algorithm is applied to control it so as to follow the ideal sideslip angle and solve for
the additional yaw moment AM that can keep the vehicle laterally stable. The task of the
lower controller is to distribute the solved AM to the four-wheel hub motors according to a
reasonable algorithm in order to ensure the lateral stability of the vehicle.

In this paper, the torque optimal allocation algorithm is used, considering the tire
road optimal adhesion utilization as the objective function. The road surface adhesion
utilization rate can be used to describe the stability margin of the vehicle. When the road
surface adhesion utilization is higher, it means that the distance between the tire force and
the adhesion limit is smaller at this time, and the stability is lower. In the distributed drive
electric vehicle, all four wheels can generate driving force, so the adhesion utilization rate
of all four wheels needs to be considered. Therefore, the objective function used in this
paper, which considers the optimal adhesion utilization of the tire road, is as follows:

2
minJ = min }_ Lz (34)
(pijFij)

In the optimization process, the objective needs to be achieved by satisfying the equa-
tion constraint requirements as the upper force and torque requirements, i.e., satisfying
the cross-swing torque and the whole vehicle longitudinal force requirements, while being
limited by the road attachment and motor performance. The inequality constraint require-
ments are the torque constraint as well as the adhesion constraint. The torque constraint
is influenced by the maximum driving torque and Ty, and the adhesion constraint is
mainly influenced by the tire droop load and the ground adhesion coefficient.

According to the above analysis, the constraint function can be written as follows:

Tfl + Tfr + Ty + Ty = AT
B
2—£ (Tfr — Tfl) + %(Trr —Ty) = AMﬂ (35)

|T1]| < min’ (I’lijFZij/ Tinax /7’) ‘

The solution is as follows:
AM
Tp =3 — g r—Ty
AM
Tp=%+-57—Tn

2
(”rl Fopp )ZAT (ll” Farl ) AM,B

T, = . — . 2 : (36)
(yrlerl)2+(Vlezfl)
(P‘rerrr)2AT O‘"FZ”)zAMﬂ
2 + B r

rr =

2
(Vrerrr)2+(ﬂferfr)
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5. Simulation Verification

In order to verify the effectiveness of the distributed drive electric vehicle direct
transverse moment control system under the phase plane analysis method based on the
front wheel rotation angle proposed in this paper. This section conducts Matlab /Simulink-
based simulation to verify it. In this paper, a new phase plane partition method (NPPPM)
for phase plane stability domain partitioning and a new stability boundary expression
proposed considering the effect of front wheel rotation angle on the phase plane stability
boundary are presented. In this section, the proposed NPPPM is compared with the old
phase plane partition method (OPPPM) and verified under DYC control at the same time.

5.1. Sine Input of the Front Wheel Angle

Set the front wheel angle as a sine input with an amplitude of 0.08 rad, as shown in
Figure 13 The friction coefficient of the road surface is set at 0.4 to simulate the wet road
surface. Longitudinal speed is set at 50 km/h.

0.08-

0.06-

0.04-

0.02-

-0.02

Front wheel Angle (rad)

-0.04-

-0.067

-0.08

Time (s)

Figure 13. Sine input of the front wheel angle.

As can be seen from Figure 14, the wheel turning angle changes at 3 s. Before that, the
vehicle keeps driving straight, and both the sideslip angle and the yaw rate can follow the
ideal value. After 3 s, the actual state of the vehicle starts to deviate from the ideal value.
The controller with NPPPM responded immediately after 3 s, indicating that the state of
the vehicle was outside the stability domain of that phase plane at that time, the vehicle
handling performance deteriorated, and the control system intervened, while the controller
with OPPPM started to control only after about 3.3 s. It can be inferred that NPPPM can
control the vehicle faster when the front wheel angle is changed. Moreover, we can see
from the graph that the amplitude of the sideslip angle and yaw rate are 0.0079 (rad) and
0.0307 (rad/s) lower compared with those of the OPPPM method. In the maneuvering
stability control system, the magnitude of the sideslip angle should be limited as much as
possible to facilitate the stability control of the vehicle.

0.04

0.4

——NPPPM
Desired Value 0.3
OPPPM
0.02 — Without Control 0.2

——NPPPM
Desired Value |1
OPPPM
— Without Control

0.03

0.01

°

0

Yaw rate (rad)
o

s

-0.01

Sidesilp angle (rad)

-0.02

s
o

-0.03

o
o

-0.04

Time (s) Time (s)

@ (b)

Figure 14. Comparison of sideslip angle and yaw rate curves under DYC control: (a) Comparison of
sideslip angle; (b) Comparison of yaw rate.
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Figure 15 shows the simulation comparison of NPPPM and OPPPM under the same
working conditions. As can be seen from Figure 15a, the improved phase—plane division
method has better lateral control performance than the control strategy without considering
the front wheel angle. Figure 15b shows the comparison of additional yaw moment based
on the sideslip angle under the two division methods. The additional yaw moment under
the NPPPM control method is higher than that under the OPPPM control method. The
greater the additional yaw torque is applied, which ensures the lateral stability of the
vehicle under the ultimate working conditions but reduces the driver’s comfort to a certain
extent. Under the NPPPM control method, the torque distribution trend of the same
side wheel is the same, but the amplitude is different. Front-wheel torque is greater than
rear-wheel torque because the vehicle has front-wheel steering.

12 T T 1500 T T T T
—— NPPPM —— NPPP|
—— OPPPM
—— OPPP
101 Withou control ] __ 1000 1
S
z
af = 5000
Q
z :
E 6F 1S ot
> &
>
® L
4 .5 -500]
%
< -1000"
of
-15000
0 - — - - . . . . .
0 20 40 60 80 100 0 2 4 6 s 10
X(m) Time (s)
(@) (b)
T 100 T
150F — Tl — Tl |
B B
zZ z
8 8
T ©
2 2
B i
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(0)
0.08 T T T
—— NPPPM
0.06[ —— OPPPM
Without Control
2 0.04r
©
e
T 0.02
[
j=
S Y
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[0}
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D .0.04r
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7-0.04 -003 -0.02 -0.01 0 0.01 0.02 0.08 0.04
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(e)

Figure 15. Simulation comparison of NPPPM and OPPPM under DYC control with sine input for
front wheel angle: (a) Path comparison; (b) Additional yaw moment comparison; (c) Four-wheel
torque at NPPPM; (d) Four-wheel torque at OPPPM,; (e) Phase—plane contrast.



Actuators 2023, 12,121

20 of 23

Sidesilp angle (rad)

0.005

-0.005 |-
-0.01
-0.015 [
-0.02
-0.025
-0.03
-0.035 [
-0.04 -

-0.045
0

5.2. Step Input of the Front Wheel Angle

Set the front wheel angle as a step input with an amplitude of 0.08 rad, as shown in
Figure 16. The friction coefficient of the road surface is set at 0.4 to simulate the wet road
surface. Longitudinal speed is set at 50 km/h.

0.08

Front wheel Angle (rad)

© © © o o o

o o (=] o o o

N ® & & &
; ; : - :

o

o

=
T

o

0 2 4 6 8 10
Time (s)

Figure 16. Step input of the front wheel angle.

At this time, the sideslip angle and yaw rate curve of the distributed drive electric
vehicle are shown in Figure 17. As can be seen from the figure, the peak value of the sideslip
angle and yaw rate curve of the controlled centroid is lower than that of the uncontrolled
one, and the curve is more stable. At the same time, it can be seen that NPPPM, which takes
into account the influence of the front wheel angle on the phase plane stable boundary, has
a better control effect than OPPPM under the same conditions.

0.35
03[
0.25 |-
@ o02f
k]
g
L 015
o
2
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——NPPPM 0.05 - NPPPM
Desired Value Desired Value
Wibout 0 \C/)\IF";PN(IC trol
— Without Control ithout Control
) X . -0.05 .
1 2 3 0 1 2 3 4 5 6 7 8 9 10
Time (s)

Figure 17. Comparison of sideslip angle and yaw rate curves under DYC control with step input of
the front wheel angle: (a) Comparison of sideslip angle; (b) Comparison of yaw rate.

Figure 18 shows the simulation comparison of NPPPM and OPPPM under the same
working conditions. Figure 18a shows that the lateral displacement of the trajectory based
on the NPPPM control method is small, so the lateral control of the vehicle is slightly better
than the OPPPM control method. Figure 18b shows the comparison of the additional yaw
moment based on the lateral yaw angle error of the center of mass under the two division
methods. The additional yaw moment under the NPPPM control method is higher than
that under the OPPPM control method, which leaves less operating space for the driver and
reduces the driver’s handling comfort to a certain extent but ensures the lateral stability
performance of the vehicle under extreme working conditions. Under the NPPPM control
method, the torque distribution trend of the same side wheel is the same, but the amplitude
is different. Front-wheel torque is greater than rear-wheel torque because the vehicle is
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front-wheel steering. The phase trajectory based on the NPPPM control method can be
closed, and the phase plane is closer to the origin than that under the OPPPM control
method, and the area is smaller, which well reflects the superiority of this control method.
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Figure 18. Simulation comparison of NPPPM and OPPPM under DYC control with step input of
the front wheel angle: (a) Path comparison; (b) Additional yaw moment comparison; (c) Four-wheel
torque at NPPPM; (d) Four-wheel torque at OPPPM,; (e) Phase—plane contrast.

6. Conclusions

The innovation of this paper is to propose a new method to divide and represent the
phase plane stability region and establish a new phase plane stability region library based
on this method. The stability boundary is designed by taking longitudinal vehicle speed,
road adhesion coefficient, and front wheel angle as influencing factors. In the process
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of fitting the stable boundary, the least square method is used to fit 300 groups of stable
points. Then, the designed phase plane stability domain library is substituted into the
direct yaw moment control of the vehicle to determine the stability of the vehicle. In
DYC control, a hierarchical control method is adopted. The upper layer is sliding-mode
control, and the error of the centroid side deflection angle is the tracking target. The lower
controller is the optimal allocation and takes the optimal road adhesion utilization rate as
the objective function.

The NPPPM, OPPPM, and no control conditions with sine input and step input of the
front wheel angle are compared. The simulation results show that compared with OPPPM,
NPPPM has better stability judgment ability, reduces the stability range of the vehicle,
improves the stability performance of the vehicle, and the four-wheel torque distribution is
reasonable. Although the control comfort of the driver is reduced to a certain extent, the
lateral stability of the vehicle is improved to ensure the safety of the vehicle.
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