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Abstract: This paper suggests a hierarchical coordination control strategy to enhance the stability of
distributed drive electric bus. First, an observer based on sliding mode observer (SMO) and adaptive
neural fuzzy inference system (ANFIS) was designed to estimate the vehicle state parameters. Then
the upper layer of the strategy primarily focuses on coordinating active front steering (AFS) and
direct yaw moment control (DYC). The phase plane method is utilized in this layer to provide an
assessment basis for the switching control safety of AFS and DYC. The lower layer of the strategy
designs an integral terminal sliding mode controller ITSMC) and a non-singular fast terminal sliding
mode controller (NFTSMC) to obtain the optimal additional front wheel steering angle to improve
handling performance. A fuzzy sliding mode controller (FSMC) is also proposed to obtain additional
yaw moment to ameliorate yaw stability. Finally, the strategy proposed in this paper is subjected
to simulation testing and compared with the performance of AFS and DYC systems. The proposed
strategy is also evaluated for tracking errors in sideslip angle and yaw rate under two conditions. The
results demonstrate that the proposed strategy can effectively adapt to various extreme environments
and improve the maneuvering and yaw stability of the bus.

Keywords: state estimation; coordinated control; AFS; DYC; hierarchical control

1. Introduction

As electric vehicle technology continues to advance and gain popularity, distributed
drive electric bus is increasingly used in urban public transport. It offers numerous ben-
efits such as being environmentally friendly and providing convenient dynamic control.
Advancements in automotive technology have brought about significant improvements
in driving safety and handling stability. However, these technological advancements
have also led to an increase in security concerns. To address these concerns, many active
safety control (ASC) systems [1-4] have been developed and improved to assist drivers in
navigating complex and unpredictable driving conditions.

In practice, to better study the steering stability performance of vehicles, some state
parameters are expensive to measure or are susceptible to environmental noise during
measurement, resulting in low measurement accuracy, such as speed, sideslip angle, etc.
Therefore, a large amount of observation theory has been applied to vehicle state estima-
tion [5-7]. The most commonly employed methods are extended Kalman filtering (EKF),
SMO, and other nonlinear observers. Fuzzy logic algorithms and neural networks have
also been used in some cases. Zhang et al. proposed an integrated scheme using a dual
extended-infinite Kalman filter to estimate vehicle velocity, yaw rate, and sideslip angle [8].

SMO has the advantages of simple design and high robustness in modeling errors
and measurement noise. However, their performance may be compromised when dealing
with nonlinear systems and in the presence of large measurement errors. To solve such
problems, Chen et al. reconstructed the equations of longitudinal forces by means of model
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decoupling and considered the effect of noise to achieve the estimation of longitudinal
forces of tires with insufficient sensor information [9]. Melzi et al. proposed a hierarchical
neural network approach to estimate sideslip angle. The design of the neural network
was obtained by numerical simulation of a vehicle model. Finally, post-processing of the
experimental data obtained from the vehicle is performed by using an instrument [10].

Considering the deficiency of the SMO in observing the nonlinear system, ANFIS is
introduced for estimating speed and sideslip angle based on the SMO in order to improve
the observation accuracy in this paper.

ASC systems are designed to effectively enhance the stability and safety of vehicles on
the road by means such as active steering (AS), active suspension system, DYC, etc. An
AFS system has a significant impact on the lateral performance of the vehicle. When the
tire force is in the linear region, lateral force does not reach saturation, and AFS performs
well. However, due to the nonlinear characteristics of tire force, the performance of AFS
is limited to the linear region of lateral tire force. To address this limitation, DYC can be
employed to enhance the effectiveness of the vehicle control system in the non-linear region
of tire dynamics. DYC is capable of improving the vehicle’s control system in both the
linear and non-linear regions of tire dynamics. This makes DYC an efficient solution to
overcome the limitations of AFS [11-13].

Although corrective yaw moments can help improve vehicle stability, they are often
seen as a costly control input that should be minimized. This is because these moments
are typically generated by applying braking force, which not only slows the vehicle down
but can also shorten the lifespan of the tires. As a result, it is important to minimize the
impact of corrective yaw moments on the vehicle’s speed and tire wear. Integrating and
coordinating DYC and AFS is a useful approach to limit the excessive use of external yaw
moment while maintaining stability [14-16]. To further improve the maneuvering and yaw
stability of the vehicle, researchers have employed a variety of control algorithms such as
sliding mode control (SMC) [17,18], fuzzy logic control [19], optimal control [20,21], model
predictive control [22,23], and so on.

The coordinated control of AFS and DYC should take into account the maneuvering
and yaw stability of the vehicle at the same time. Moreover, the control system should
address uncertainties in parameters, unknown external disturbances, and non-linearity of
tires. Researchers have proposed various solutions to tackle these issues [24]. Ahmadian
et al. developed an adaptive coordinated control strategy for AFS and DYC. Parameter
uncertainty is managed through an integrated multiple input multiple output adaptive
control method of variables such as changes in vehicle mass and road adhesion coefficient.
Coordinated control between AFS and DYC through a gain scheduling mechanism based
on stability index [25].

Termous et al. designed a coordinated control strategy. This method coordinated AS,
differential braking and active suspension through a high-order SMC and a back-stepping
controller. It productively improves the handling stability, safety and ride comfort of electric
vehicles [26]. Jin et al. created an integrated DYC and AFS controller based on a robust
fuzzy H® control strategy to improve the lateral stability and handling performance of
vehicles. It applied the Takagi-Sugeno fuzzy modeling method to solve nonlinear problems
of lateral dynamics of vehicles [27].

Although these methods solve some problems, they do not effectively resolve the
coupling problem between maneuverability and stability, as well as the conflicts between
the control objectives of various subsystems. The nonlinear coupling relationship exists
in the longitudinal, lateral, and vertical directions of the vehicle, which causes many
difficulties to the controller design.

Zhao et al. proposed a nonlinear SMC algorithm which realizes multi-target inde-
pendent tracking and calculates the expected total body force in line with the upper-layer
instructions. The actuator control layer controls the corresponding actuator to achieve
optimal tire force from the body control layer [28]. Aiming at the difficulty of vehicle
lateral control under high-speed conditions, Liang et al. proposed a comprehensive control



Machines 2023, 11, 640

30f21

method integrating AS and DYC. For light or moderate steering regions, a decoupling
control method is proposed, which uses a penalty function to allocate the participation of
AS and DYC for the overdrive characteristics of the vehicle. In large steering regions, based
on the sideslip angle phase plane, both handling-oriented and stability-oriented controls
are proposed to achieve a good balance [29].

At the same time, some articles use the phase plane method as the basis for judging
vehicle yaw stability. They consider the influence of different driving conditions on the
stability boundary [30,31]. Liu et al. raised a new method for establishing vehicle yaw
stability criterion based on the B-r phase plane. The influence of different driving conditions
(front wheel steering angle, road adhesion coefficient, and vehicle speed) on the phase plane
stability boundary is emphatically analyzed, which provides a theoretical basis for the
intervention of the stability control algorithm [32]. Chen et al. proposed a new extensible
coordinated controller for the driving stability and handling performance of the vehicle.
The controller takes into account different vehicle speeds, road adhesion coefficients, and
front wheel steering angles and adopts the phase plane method to provide dynamic stability
boundaries for the switching control strategies of AFS and DYC [33].

From the above studies we can learn, firstly, the coordinated control of AFS and DYC
for the distributed drive electric bus is an effective mean to improve the maneuvering
and yaw stability. Secondly, the controller algorithm should have good robustness and
transient response characteristics to deal with the uncertainty of the vehicle state and
external disturbances. Finally, the coordinated controller can operate and maintain stability
depending on the different driving conditions and the stability region which the vehicle is in.

To this end, this paper designs a coordinated control mechanism of AFS and DYC
for the handling and stability of distributed drive electric bus. The AFS system adopts an
ITSMC and a NFTSMC to improve transient performance. The DYC system uses an FSMC
to decouple the sideslip angle and yaw rate to obtain the optimal additional yaw moment
and maximize the stability of the vehicle. Finally, the phase plane method is used to assess
the stability region of the vehicle. A boundary layer is also set to reduce the impact of mode
switching on the control system. Different control systems are implemented according to
different driving conditions to improve the maneuvering and yaw stability of the bus.

The remainder of this paper consists of the following parts. Section 2 introduces the
two distributed drive electric bus dynamic models. Section 3 presents the design and
verification of the state observer. Section 4 expands on the design process of the hierar-
chical coordination controller. Section 5 simulates and verifies the designed coordination
controller. Section 6 is the conclusion.

2. Vehicle System Modeling
2.1. Linear 2-DOF Vehicle Model

The linear “two degrees of freedom” (2-DOF) vehicle model is called the ideal reference
model. This model has many advantages, such as fewer parameters, low complexity, simple
structure, and better real-time performance. It can accurately reflect the kinetic relationship
between the front wheel steering angle and the sideslip angle of center of gravity and yaw
rate. It plays an important role in the development of bus stability control algorithms. The
force analysis is shown in Figure 1.
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Figure 1. 2-DOF vehicle model.
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The model uses the front wheel steering angle as input and assumes that the vehicle is
moving at a constant speed and the steering angles of the left and right sides are the same.
Only the lateral motion on the horizontal plane of the vehicle and the yaw motion around
the center of gravity are considered.

The dynamic equation of the body motion is as follows:

Fy = m(vyr +vy) = Fj1cosd + Fp )
M, =Lr= aF, cosd — bF

where m is the vehicle mass; vy is the longitudinal speed; v, is the lateral speed; r is the yaw
rate; J is the front wheel steering angle; a is the distance from the center of gravity of the
vehicle to the front axle; b is the distance from the center of gravity of the vehicle to the rear
axle; I; is the yaw moment of inertia; F); is the lateral force of the i-th wheel (i =1, 2); Fy is
the resultant lateral force; M, is the resultant yaw moment.
Assuming that J is very small, the above formula can be written as:
Fy = m(vyr +vxB) = kiag + koay )
M, = sz’ = akloq — bkzﬂéz

where k; is the lateral tire stiffness of the i-th wheel (i = 1, 2); «; is the sideslip angle of the
i-th wheel (i =1, 2).

2.2. Nonlinear 7-DOF Vehicle Model

The nonlinear “seven degrees of freedom” (7-DOF) model is widely used in vehicle
dynamic simulation research. It has important application value in the research and
development of vehicle dynamics and can provide strong support for the evaluation and
optimization of vehicle performance. The vehicle coordinate system and force analysis are
shown in Figure 2.

VA
A
T
vy A
A eg ¥ >
= Vx X
\ 4
_ b o a

Figure 2. 7-DOF vehicle model.
The dynamic equation is as follows:

m(vy —vyr) = (Fyp + Fypr) cos 8 — (Fyp + Fypp) sind + Fypp + Fapy
m(vyp + vgr) = (Fxf1 + Fypr) sind + (Fyp + Fyfp) €080 + Fypp + Fyrr
Izr = a(Fef1 + Fypp) sind + a(Fy gy + Fypr) c0s 6 — b(Fyp + Fyrr)
—2(Fyp1 — Fyfr) cos 6 + 2 (Fyp — Fypr) sind — 3 (Fyy — Funy)

®)

where Fy; is the longitudinal force of the each wheel (i =fl, fr, rl, rr); F,; is the lateral force of
the each wheel (i =, fr, rl, rr).
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The force analysis of the vehicle wheels is shown in Figure 3. According to the
torque balance of wheel dynamics, the wheel rotation dynamics equation can be obtained
as follows:

Iww =T, — FiRe 4)

where [, is the wheel moment of inertia, R, is the effective radius of wheels, w; and T;
denote the angular velocity and wheel torque of the i-th wheel (i = 1, 2, 3, 4), respectively.

/“\ -

i Direction of
'the movement

in

Figure 3. Vehicle wheel force analysis schematic.

Only the effect of vehicle load transfer caused by vehicle longitudinal and lateral
acceleration on the wheel vertical load is considered. Thus the vertical load equation for
each wheel is shown in the following equation.

_1 b1 h b I
Eopi = gmg- ¢ — gmax - F —may - -5
_1 b1 hg b
Fepr=gmg ¢ —gmax- 7 +may -7 5)
Foo—lpye.a_1 he _ b he
zrl = M8 [ —gMax - —May 73
h h
Py = g £ = b £

where F; is the vertical force of the i-th wheel (i = 1, 2, 3, 4), hg is the height of the center
of gravity.

The definitions and values of the parameters mentioned in the article are shown in
Table 1:

Table 1. Parameters of distributed drive electric bus.

Parameters Symbol Value
Vehicle mass m 7620 kg
Distance from CG to front axle a 3105 mm
Distance from CG to rear axle b 1385 mm
Wheelbase d 2030 mm
Yaw moment of inertia I, 30,782.4 1<g~m2
Effective radius of wheel R, 510 mm
Wheel moment of inertia Jw 14 l<g~m2
Height of CG he 1200 mm
Acceleration of gravity g 9.8 m/s?

3. State Observer
3.1. The Observer Design

Due to the limitations of the measurement position, the limited accuracy of the sensors,
and the change of vehicle attitude during motion, there are many limitations and difficul-
ties in the measurement of vehicle speed and the sideslip angle of the center of gravity,
which need to be fused and derived from information from multiple sensors to improve
measurement accuracy and precision.
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Therefore, to address the above problems, a theory-based nonlinear sliding mode
variable structure observer is proposed, based on which an ANFIS is introduced as a
pre-observable quantity to effectively overcome the inherent chattering phenomenon of
the sliding mode observer, the dependence on the system model, and the sensitivity to
measurement noise and to improve the accuracy of the observer. The structure of the
observer is shown in Figure 4.

input inputmf’ output

0
Steering wheel sensors

\ 4

ANFIS

r ﬁ ANFIS
A

? Sliding mode observer —»@

\ 4

Figure 4. Structure of the state observer.

ANFIS is an intelligent control method that combines fuzzy logic and neural networks
for modeling and controlling nonlinear systems. ANFIS is capable of approximating
arbitrary linear as well as nonlinear data with arbitrary accuracy. It is also characterized by
high accuracy, low error, short convergence time, and few training samples required. Its
activation functions include the sigmoid function, gaussian function, trapezoidal function,
etc. A typical ANFIS structure is illustrated in Figure 5.

X1 X2 Xn

'y

Al

X1 » A2

Bl

Cl

Xn » C2

Cn

Figure 5. Structure of the ANFIS.
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When the input variables are fuzzified, the fuzzy quantities of the output variables are
generated by fuzzy rules and neural networks, and then the actual physical quantities are
obtained by inverse fuzzification. The neural network is used to adjust the parameters of
the fuzzy rules.

The criteria considered for input selection by ANFIS are generally the selection of the
minimum number of inputs and the selection of signals that can be measured by the on-
board sensors. Therefore, the following parameters are selected as inputs: wheel steering
angle, lateral acceleration, yaw rate, and longitudinal speed. The output parameters are
the sideslip angle. To generate the fuzzy logic estimator presented in this paper, an ANFIS
toolbox for Matlab was used. The neural network was generated and trained based on the
input data specified earlier.

SMO is an observer algorithm based on sliding mode control theory, the core idea of
which is to achieve the estimation of the system state by introducing a sliding mode surface.

The expression for the nonlinear form of the observer is:

{yzt 0

The output vector y is a linear function of the state vector x which can be measured
directly by the sensor, and u is the input variable. C is the coefficient matrix.

In the design of the sliding mode observer, it is first necessary to construct the sliding
mode surface, defined as follows:

s(x,t)=ey =0 —y=C(&—x) =[50, ,5u]" )
When the sliding surface satisfies the sliding condition:

d 1
ﬁ(is%) < —1lsi| (8)

1 is positive value. The sliding surface will converge to zero in a finite time. When the
nonlinear system is energetically observable, the system trajectory line converges to the
true value in the sliding mode plane in finite time.

Therefore, the sliding mode algorithm can be described by the following equation:

% = f(%,u) — HC(% — x) — K -sgn(y — 7) )

The feedback gain K is introduced to control the system state estimates toward the
sliding surface. K needs to be chosen according to the design of the sliding surface and the
system characteristics. H is the gain matrix.

Based on the above mentioned analysis, this paper has designed an estimation method-
ology of bus state parameters based on SMO and ANFIS where the state vector is:

x=[ox vy 7] (10)
the observed vector is:

y=1[r Panris] (11)
the input vector is:

u=1[ F Fj (12)

Therefore, the observer can be constructed as follows:

2= f(tu)—H(F—r,B—Banris) — Ksat[(? —r + B — Banrrs) /Al (13)

~

The function sat(x) is chosen as the switching function of the sliding mode observer to
reduce the chattering of the system. This is equivalent to setting the boundary layer around
the sliding mode surface. A is the thickness of the boundary layer.
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The longitudinal and lateral velocities of the bus can be estimated by the above

observer and then according to following equation:

- %
B = arctanv (14)

X

The final sideslip angle of the center of gravity can be estimated.

3.2. The Observer Simulation Verification

To verify the performance of the designed observer in terms of vehicle speed as well

as sideslip angle, a double lane change simulation test was performed. The observer
performance is also compared with that of the EKF and SMO estimation methods.

The vehicle speed is set to 80 km/h and the road adhesion coefficient is 0.85. The

results are illustrated in Figure 6.

TruckSim 5 b TruckSim
A - EKF
TR SMO = I 6 T/ | S— SMO
iV ib-——-sMO&ANFIS| B 1| AW e SMOG&ANFIS
i i 5 i
if ik £ i
i g =
i } P i
i 4 i
i o ¥
iF il i
72 - ¥i
1 L 1 1 1 L 1 1 1
4 6 8 10 12 0 2 4 6 8 10 12
Time(s) Time(s)
(a) (b)

Figure 6. Estimated parameters at high adhesion coefficient and high speed. (a) Lateral speed,
(b) Sideslip angle.

The simulation response results of the sideslip angle and the lateral speed show that
the observation accuracy of the EKF is inferior to that of the SMO and SMO&ANFIS
observers, in which there is always a large error, while the observation accuracy of the SMO
observer suddenly deteriorates at the moment of the vehicle turning. The SMO&ANFIS
observer overcomes this problem and maintains high observation accuracy throughout the
observation process.

At low speed and a low adhesion coefficient, the bus speed is set to 40 km/h and the
road adhesion coefficient is set to 0.5. As seen in Figure 7, by comparing the estimated
results of the sideslip angle and lateral speed with the ideal values from TruckSim, it can
be seen that there is a large error in the SMO, and the observation accuracy of the EKF
decreases slightly at the moment of vehicle steering, which is the opposite of the high speed,
high adhesion coefficient condition. In contrast, the SMO&ANFIS observer is not affected

by vehicle turning conditions and maintains a high observation accuracy.
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Figure 7. Estimated parameters at low adhesion coefficient and low speed. (a) Lateral speed,
(b) sideslip angle.

4. Hierarchical Coordinated Controller Design

The handling stability of the vehicle is mainly determined by the lateral and longitudi-
nal force characteristics of the tires. AFS and DYC are both designed to change the lateral
and longitudinal force of the tires, so that the vehicle handles according to the driver’s
manipulation intention. However, the longitudinal and lateral force of the tires have serious
coupling and are limited by the road adhesion coefficient. An important issue in vehicle
dynamics control research has been how to reasonably adjust the force state of the tires so
that the AFS and DYC systems can generate their respective optimal effects.

4.1. AFS Controller Design for Handling
4.1.1. Sideslip Angle Controller

According to Equation (1), the sideslip angle § follows a first-order dynamic system
with respect to the lateral tire force F,. Therefore, the ITSMC method can be employed to
minimize sideslip angle.

The state variables of the system can be set as:

{ﬁ:%:ﬁ_ﬁd (15)

Xszcl:éﬁIlB*‘Bd
The sliding surface of the ITSMC controller can be selected as:
_ Lop, o BB

By the formula in Equation (1):

. F,
eg=—1+—2 +gp (17)

MUy

gp is an unknown but bounded function. It is used to represent uncertainty and
disturbance in practical nonlinear vehicle models and defined as:

‘glg‘ Skﬁ, k/g>0 (18)
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Therefore, assuming Fy as the control output, we can obtain:

Ps

ﬁsﬁ + - 558n(sg) + Kpsgn(sp)] (19)

ﬁﬁ 7ﬁ

i T

Fy = —muy| ﬁeﬁ +

Proof: According to the Lyapunov function definition:

1 2

Differentiating V1 with respect to time:

Vl = Sﬁéﬁ = Sﬁ(éﬁ + 10656/5 + ZﬁTﬁﬁ gﬁ)

By 5 (21)
=sp(—r+ mvx+g5+ eﬁ—i- eg )
According to Equation (19), we can obtain:
Vl = —kﬁ|5ﬁ|+gﬁ5ﬁ—“755/25—ﬁ75|5/3| 2
< —kglsp| + |gpllspl — S% 7%|S;s|
Through Equation (18), we can obtain:
Vi <=3 - Loy
B V2 ) (23)
< —D{lgvl ﬁﬁVﬁ <0

It can be demonstrated that the system can converge in a short finite time on ITSMC
surfaces. [

Finally, the front wheel steering angle of the sideslip angle controller can be derived:

1 aky — bka
0p =~ 1By~ (ki +h)p— ———=

) o 7] (24)

4.1.2. Yaw Rate Controller

According to Equation (1), the vehicle yaw angle ¢ follows the second-order dynamic
system with respect to the yaw moment M,. The NFTSMC method can be used to design
the yaw rate controller.

The state variables of the system can be set as:

X1 =ep =1 —
{ LY (25)
Xp=X1=€p=¢€ =1V—1y
The sliding surface of the NFTSMC controller can be defined as:
T .
sp = ey + ayley|"isgn(ey) + Byley|  sgn(ey) (26)
Equation (1) can be converted into:
L. 1
er = ey = —Mars + gy 27)

L
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Myrs is an additional yaw moment that improves vehicle handling stability. gy is an
unknown but bounded function which satisfies the following equation.

‘g¢| <ky, ky >0 (28)
Therefore, M4rs as a control input can be obtained thus:

1
Byy

Mars = —L| , ley|* T2sgn(ey) (1 + ayyy lep| "1 7") + kg sgn(sy) +kyysp]  (29)
2

Proof: According to the Lyapunov function definition:

1
V, = 553, (30)
Differentiating V, with respect to time:
Vo = sysp = sp(ey + ayry leg| ™1 ey + Byrgnley 2 7Tey) (31)

Substituting Equations (27) and (29) into Equation (31) obtains:
Vo = sy (Byry,ep 27 8y — kg, By, ley 72 sgn(sy) — ky, Byryslep|™2 'sy)  (32)
Through Equation (28), it can be concluded that:

Vs

IN

~ -1
—kygo By vy, ley| 2 Szzp

(33)
—2ky, Byyysley| T2 V2 <0

IN

The system can satisfy the Lyapunov stability condition, and the system state will
reach the NFTSMC surface in a short finite time. [J

Finally, the front wheel steering angle of the yaw rate controller can be derived as:

1 a’k, — b2k
—— [Maps — (aky — bkp)p — ——=2

ok or ] (34)

Oy =
The final front wheel steering angle generated by the AFS system is the combination
of the two controllers. The final additional front wheel steering angle is:

o= wléﬁ + wady (35)

where w1 and w; are weighting coefficients.
The optimal value is obtained through continuous experiments.

4.2. DYC Controller Design for Stability
4.2.1. Adaptive Fuzzy Sliding Mode Controller

In this paper, an adaptive fuzzy sliding mode control method is proposed to adjust
the coupling relationship between the sideslip angle and the yaw rate in real time, so as
to improve the performance of the control system and meet the actual needs. The state
variables of the system can be set as:

{ xi=e=AB—Ba) + (1=~ a) (36)

xp=x1=e=APB—Py)+(1—A)(r—rg)

A represents the control weight factor between sideslip angle and yaw rate, 0 < A < 1.
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The sliding surface function is defined as:
s =kie + koe (37)

where k1 >0, k, > 0.
The yaw motion balance equation is transformed into the following equation:

.1
r=—[Mz+P] (38)
Iz
where P express as:

P= a(Fxﬂ + Fxfr) sind + a(Fyﬂ —+ Fyfr) Ccosd — b(Fyrl -+ Fyrr) + %(Fyfl — Fyfr)

i p (39)
*E(Fxfl - Fxfr) cosd — i(Fxrl - Fxrr)
The final control law of DYC can be obtained:
Iz kl . - - .
Mpyc = m[*ge —AMB—By) + (1 —A)rg —nsgn(s)] — P (40)
where 7 is a positive constant (7 > 0).
Proof: According to the definition of the Lyapunov function:
V= %52 (41)
The formula is obtained by deriving it with respect to time:
Vi=ss=s{kie+k{A(p—py) + (1= [ (Mpyc+P—7qg)l}} (42)

By substituting Equation (40) into Equation (42), finally the following value is obtained:

V = s[—ysgn(s)] = —yls| <0 43)

According to the above proof, the system state can eventually converge along the
sliding mode surface, and the designed controller will eventually tend to be stable. [

This paper designs a variable weight coefficient. Using fuzzy control, the weight
coefficient is adjusted according to the tracking error of the sideslip angle and yaw angle.
ep and ey are respectively used as the fuzzy control inputs, and the weight coefficient A is
used as the fuzzy control output, shown in Table 2.

Table 2. Fuzzy control rules.

g
ey
NB NS Z0 PS PB

NB Z0 PS PB PS Z0

NS NS ZO PB Z0 NS

Z0 NB NB NB NB NB

PS NS Z0 PB 70 NS

PB Z0 PS PB PS Z0
NB denotes negative big, NS denotes negative small, ZO denotes zero, PS denotes positive small, and PB denotes
positive big.

4.2.2. Torque Distribution Controller

The additional yaw moment calculated by the current controller requires a reasonable
distribution method to distribute it to each wheel in order to obtain a good control effect.
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Therefore, this paper proposes a torque distribution method based on the dynamic load
in the vertical direction of the wheel. The longitudinal force obtained from the controllers
needs to be distributed according to the vertical load of each wheel. In this case, the
individual longitudinal force of each tire can be effectively used. From the above, we

can obtain
{ ¢ =Fepi/Fat = Fopi/ By

(44)
Cr = Fxfr/Fxrr = szr/Fzrr

where ¢; and ¢, are the ratio of the vertical load on the left wheel and the ratio of the vertical
load on the right wheel.
The total longitudinal force and yaw moment of the vehicle are:

Fx = Fyf1 €080 + Fyfr €080 + Fyypp + Fxrr (45)
Mz = %(Pxfr - Fxfl) cos 0 + g(err — Fu1)
According to Equations (37) and (38), we can obtain:
L
Fxfl cos§+1/cl (7 TZ)
| Mg
F"f’ = coso+1/cy (7 + T)
E M, (46)
Fx”l = clcosé+1(7 - T)
_ 1 E M
For = sasor1 (3 + 77

The longitudinal force of each wheel is obtained. Finally, according to the tire radius,
the additional moment of each wheel can be obtained.

4.3. Coordinated Controller Design
4.3.1. Overall Structure of the Coordinated Controller

AFS and DYC control systems have their own advantages and disadvantages and
complement each other. Adjusting the steering angle changes the lateral force and also
directly affects the longitudinal force margin. Therefore, it is necessary to coordinately
control the AFS and DYC systems to achieve the best utilization effect of tire force and
better ensure the safety and stability of the vehicle. The overall structure diagram is shown
in Figure 8.

Taking the linear 2-DOF model as the reference model, the desired sideslip angle and
desired yaw rate are obtained. Then, through the AFS and DYC systems, the additional
yaw moment and additional front wheel steering angle needed to maintain vehicle stability
are obtained. The key to the coordinated control strategy lies in the distribution and coordi-
nation between the two systems. Therefore, it is necessary to improve the identification
and assessment of the working conditions of the two systems and reduce the occurrence
of incorrect assessment. On this basis, an assessment method based on the phase plane
method was designed, namely an allocation algorithm for calculating the respective weight
coefficients of AFS and DYC by determining vehicle state. The purpose of this is to divide
the respective working areas of the two systems, taking into account vehicle handling and
yaw stability.

4.3.2. Determination of the Stability Boundary

In the AFS control system, the stability of the vehicle is maintained by adjusting
the lateral force between the tire and the ground. In the DYC control system, the yaw
movement of the vehicle is corrected by controlling longitudinal force to ensure the stability
of the vehicle. Therefore, it is very important to correctly identify the state of the vehicle
and determine whether it is in the stable or unstable zone.

The phase plane method is a commonly used method for judging vehicle instability.
In the phase plane model, when the vehicle exits the stable domain, it means that the
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vehicle loses stability, and corresponding control is required to correct the vehicle’s state
and restore its stability.

The double line method is one of the stable domain division methods shown in
Figure 9. When the trajectory of the vehicle is outside the two boundary lines, the vehicle
enters an unstable region, and stability control is required. This method can determine the
stability of the vehicle more accurately, and the calculation is simple and easy to implement.

Reference model

e 4. . U_ R
. pper

i Coordinated control COIll tlrol I
: strategy laver '
. | y — N I J
o I —_—— = — === 1
. Desired |Desired Actual | Actual Desired|Desired

| sideslip| yaw p sideslip| yaw r vaw |sideslip |
i angle | rate angle | rate rate | angle |
. Pa v ' ; } fa Pa |
! Direct yaw moment Active front steering :
I controller controller I
i I
i I
| Additional Additional front wheel Lower |
| ) ) control !

yaw moment steering angle

I layer |
- T 4 B -
. |
I State estimation Observation |
I layer .
............. _._._._.T_._._._._._._._._._._|

TruckSim vehicle model

Figure 8. Overall structure of the coordinated control strategy.

A
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DYC
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Figure 9. Stable domain division method diagram.
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This paper uses the phase plane method of the sideslip angle and the sideslip angle
rate. The assessment formula used in this paper is as follows:

1 4 .
X= ﬂf“’ﬂm (47)

where y is the stability index. When the vehicle is in the stable area, it is necessary to
activate AFS and deactivate DYC. When the vehicle state is outside the demarcation lines,
AFS needs to be deactivated and DYC is activated

4.3.3. Distribution of Additional Yaw Moment

The vehicle will switch back and forth between AFS and DYC near the boundary line
of the stable area. Mode switching will cause frequent switching of actuators. In order to
reduce this effect, a boundary layer can be added near the boundary line shown in Figure 9.
When the vehicle state is in the boundary layer, AFS and DYC are activated simultaneously,
and the additional yaw moment of the two is distributed by distribution coefficient p.
Therefore, the final body yaw moment is calculated as follows:

M = pMars + (1 — p)Mpyc (48)

where M is the final required yaw moment. p is the weight coefficient between the AFS and
DYC systems. It can be obtained from the following equation:

1

= Tre Gt “9)

Y
where g is the threshold value taken as 0.8 and b is a constant taken as 20, which controls
the switching speed of the function.

Then the relationship between the stability index x and the weight coefficient p are
shown in Figure 10:

1.4
12+ AFS&DYC

o 10

Z 08

= P

506

2

[

2 04

5 02

= I
0.0

'2 M M n " " 1 " " "
00 02 04 06 08 10 12 14 16
Stability index

Figure 10. Stability index.

5. Coordinated Controller Simulation Verification

A single-lane change in the actual driving process was selected for simulation analysis.
The 2-DOF model and the 7-DOF model mentioned in this paper are simulated in Simulink
in conjunction with TruckSim. The steering test is carried out for two different steering an-
gles and compared with the single AFS and DYC system at work to verify the effectiveness
of the coordinated controller.
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5.1. Maneuver 1: Single Lane Change under Peak Steering Angle 180°

The road adhesion coefficient is 0.85. The vehicle speed is 80 km/h. The maximum
steering amplitude is 180°. The simulation results are illustrated in Figure 11a—f.

30
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Figure 11. The parametric simulation results under maneuver 1. (a) Sideslip angle, (b) Yaw rate,
(c) Driving trajectory, (d) Longitudinal speed, (e) Additional yaw moment, (f) Additional front wheel

steering angle.
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As can be seen from Figure 11a,b, the steering angle is relatively insignificant and the
vehicle is in the stable region. For the sideslip angle and yaw rate, the control effects of the
AFS system and the coordinated control system are not much different. Compared with
the DYC system, they are closer to the ideal values. The control effect of the DYC system is
slightly worse.

In terms of driving trajectory, as shown in Figure 11c, the vehicle controlled by DYC is
closest to the ideal reference value. AFS is similar to the driving trajectory of coordinated
control. As shown in Figure 11d, the longitudinal speed of the DYC system drops the
fastest. The coordinated control drops the slowest, and its control effect is the best.

The additional yaw moment and additional front wheel steering angle are demon-
strated in Figure 11e,f. Compared with the additional yaw moment of DYC control, the
coordinated control has fewer sudden changes, and the values are smaller. It shows a better
effect. The additional steering wheel angle of AFS and coordinated control are basically the
same; hence they showed similar control effects.

The tracking errors of sideslip angle and yaw rate of the three strategies are respectively
analyzed. The value of mean absolute error (MAE) and root mean square error (RMSE) is
illustrated in Figure 12a,b. Whether the sideslip angle or the yaw rate, the value of the DYC
method is the largest. The values of AFS and coordinated control are smaller, which also
confirms that the AFS system mainly works in the stable region, and the AFS system plays
the most important role at this time. Based on the results, the three control methods can
effectively improve the stability of the vehicle.

2.5 24
AFS /] AFS
NDYC 2.089 ! DYC 1.697
2.0 ‘?i Coordinated control 1.796 \ 1787 15 _W Coordinated control 368 \
\ 1.221 \ 1227
S5k \ \
Y 1271 / D)
= 1.097 KON 1.102 / =1.0 0888
Z10f \ / § > | // 0.776 §
' 0.5} / \
0.5} Z § \ \
0.0 / k 0.0 \
MAE RMSE MAE RMSE
Sideslip angle Yaw rate

(a) (b)

Figure 12. The MAE and RMSE of tracking errors under maneuver 1. (a) Sideslip angle, (b) Yaw rate.
5.2. Maneuver 2: Single Lane Change under Peak Steering Angle 240°

The road adhesion coefficient is 0.85. The vehicle speed is 80 km/h. The maximum
steering amplitude is 240°. The simulation results are illustrated in Figure 13a—f.

As displayed in Figure 13a,b, when the vehicle steering angle increases to 240°, the
vehicle controlled by the single AFS system is almost destabilized and cannot work. DYC
and coordinated control exhibit better control effect. The yaw rate and the sideslip angle are
all stably controlled within a certain range. The vehicle did not lose its stability, reflecting
the advantageous role of the DYC system in the unstable region. The yaw rate and the
sideslip angle under the coordinated control are smaller than those under single DYC
control and are the smallest among the three control systems.

In terms of the driving trajectory shown in Figure 13c, the vehicle controlled by DYC
is closest to the ideal reference value. AFS loses its control effect and deviates from its
ideal trajectory early. The effect of coordinated control is centered. The longitudinal speed
of DYC decreases the fastest, as demonstrated in Figure 13d. The longitudinal speed of
coordinated control is closer to the reference value, and the control effect is the best.
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Figure 13. The parametric simulation results under maneuver 2. (a) Sideslip angle, (b) Yaw rate,
(c) Driving trajectory, (d) Longitudinal speed, (e) Additional yaw moment, (f) Additional front wheel
steering angle.
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Although the additional yaw moment and additional front wheel steering angle
required for coordinated control are smaller, as illustrated in Figure 13e,f, the control effect
is better. This shows the superiority of the proposed coordinated control strategy.

The same conclusion can be confirmed by MAE and RMSE in Figure 14a,b. The values
of coordinated control are smaller. It indicates that sideslip angle and yaw rate are closest
to the ideal reference values. It combines the advantages of the AFS system and the DYC
system well. Among the three methods, it has the best control effect. The AFS control effect
is the worst, which also confirms that the AFS system will lose its effect when it works in
unstable areas such as large steering angles.
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Figure 14. The MAE and RMSE of tracking errors under maneuver 2. (a) Sideslip angle, (b) Yaw rate.

6. Conclusions

This paper proposes a coordinated control strategy based on AFS and DYC methods
to improve the stability and maneuverability of distributed drive electric bus. The strategy
can not only improve performance under general working conditions but also in extreme
cases, such as low road adhesion coefficient and low speed.

A vehicle state observer based on SMO and ANFIS was designed to improve observa-
tion accuracy with the objective of better studying the stability of the bus during steering.
The simulation results demonstrate the effectiveness of the observer. The phase plane
method is used to calculate the stability region for different driving conditions, which
provides a reference for the coordinated control strategy executor. Through the weight
function, the execution proportion of the AFS system and the DYC system is flexibly allo-
cated. The simulation and verification in two cases of single-lane change steering condition
are carried out. Through the analysis of MAE and RMSE of the sideslip angle and yaw rate
compared to the ideal value, the effectiveness of the proposed coordinated control strategy
is verified.

The results illustrate that the coordinated control strategy has excellent performances.
The AFS system and the DYC system can be well-coordinated under different driving
conditions, adapt to various extreme environments, and maintain the stability and ma-
neuverability of the bus. However, due to the limited capability of the authors and some
objective conditions, the state parameter estimation algorithm and yaw stability coordi-
nated control strategy developed in this paper are mainly verified by offline simulation,
and further hardware-in-the-loop and actual vehicle validation are subsequently required.
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