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Abstract: In order to solve the problem of vehicle stability control after a single-wheel brake failure
in the brake-by-wire system, a control strategy of braking force redistribution with a yaw moment
is proposed to ensure the braking efficiency and stability of vehicles. In this strategy, a two-layer
architecture is adopted. In the upper layer control, a fault factor is introduced to represent the real-
time failure degree of the wheel, and the driver’s braking intention is perceived through the pedal
travel and pedal speed of the driver. The braking force redistribution algorithm of the remaining
three wheels is designed based on the wheel failure degree and braking intensity. In the lower control,
according to the state parameters of the vehicle, the additional yaw moment, which controls the yaw
rate and the sideslip angle of the vehicle, is calculated by using the sliding mode control theory, and
the yaw moment is reasonably allocated to the normal wheel. By using MATLAB/Simulink and
Carsim co-simulation, different braking strength and failure types are selected for simulation analysis.
The simulation results show that the proposed control strategy can improve the braking efficiency
and stability of the vehicle under different braking conditions.

Keywords: braking-by-wire system; single-wheel brake failure; sliding mode control; braking force
redistribution; stability control

1. Introduction

Safety, energy efficiency, and intelligence are the new trends in the development of
future vehicles, and the market of electric vehicles has been gradually increasing in the
past few years [1]. Many researchers are focused on the safety of electric vehicles [2], and
a key measure to improve vehicle safety is to improve the braking system and braking
performance of the vehicle [3]. Among them, the brake-by-wire system not only solves a
series of problems brought about by traditional brake systems, such as large volume and
slow response, but also brings new opportunities for the rapid development of automotive
braking. The Electro-Mechanical Brake (EMB) [4,5] system abandoned the traditional
hydraulic braking system by controlling the brake line pressure to control the braking
torque and instead used the motor to brake, which acts directly on the caliper end to
push the piston to generate the braking torque. Since the EMB uses a wheel side motor
for individual braking, the braking force of four wheels can be controlled separately, and
the motor control accuracy is higher and faster than traditional hydraulic control, so the
braking force can be controlled more accurately [6]. At the same time, however, due to the
increased complexity of actuators and systems, the EMB system eliminates the hydraulic
backup of traditional vehicles, and the risk of failure of the brake-by-wire system increases.
Therefore, it is particularly important to study the single-wheel failure stability control for
vehicles equipped with brake-by-wire systems.

For the problem of vehicle stability control when single-wheel braking fails, scholars’
research is roughly divided into two categories: the first category is to achieve vehicle
stability control by reconfiguring the remaining three-wheel braking force under low
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braking intensity; the second category is to combine braking and steering systems to achieve
vehicle stability control under high braking intensity. For the braking force redistribution
problem after single-wheel braking failure, the same side wheel is first used to compensate
for the lost braking force when the same side wheel is not enough to compensate for the lost
braking force. Then, the different side wheels compensate [7,8], and according to the same
side of the wheel that can compensate, three wheels can compensate, three wheels cannot
compensate, and the braking intensity is divided into light braking, moderate braking,
and severe braking [9]. In [7], the authors took left front wheel failure as an example, and
the braking force lost by the left front wheel of a vehicle was compensated by the left rear
wheel. When the braking intensity increased to the point that the left rear wheel was no
longer enough to compensate for the braking force lost by the left front wheel, the lost
braking force continued to be compensated by the right wheel, and the growth rate of the
braking force of the right wheel was set inversely proportional to the square of the vehicle
speed. This method allows the driver enough time to control the car to implement reverse
steering. By setting thresholds, the literature [10] has gradually established the balance of
braking force on both sides of the wheel, providing sufficient time for the driver to respond
and implement steering, which not only enables the driver to maintain control of the car
but also does not significantly increase the braking distance.

For stability control after single-wheel brake failure, a fault-tolerant control structure
for a brake-by-wire vehicle equipped with hub motors is designed in [11]. Combined with
the regenerative braking system, a sliding mode control algorithm is used to calculate
the compensated yaw moment, and a good control effect is achieved. In [12], a practical
nonlinear model predictive controller is designed to achieve the trajectory tracking of an
unmanned vehicle, the experimental results show that this method has better precision
and computational efficiency than the standard MPC controller, and the controller perfor-
mance is superior. The authors in [13] improved the existing path-following controllers
based on adaptive control and synthesized a model reference adaptive controller based
on a non-quadratic Lyapunov function. The robust gain-scheduling control problem for
autonomous path-tracking systems with random network-induced delay is studied in [14],
and an autonomous ground vehicle robust gain-scheduling path-tracking control method
considering uncertain tire dynamics, random network delay, and varying vehicle velocity
is proposed. In [15], the author used a sliding mode control algorithm to track the yaw rate
to obtain an additional yaw moment and used an optimization design method to allocate
an additional yaw moment to the other three wheels with normal braking. However,
only the failure control under light braking was considered, and the research results of
medium and heavy braking failure scenarios are lacking. The research in [16] proposed to
take the yaw rate as the control target and used a PID controller to track the yaw rate to
obtain the compensated yaw moment and distribute the compensated yaw moment among
the remaining three wheels to prevent the vehicle from running off. The authors in [17]
adopted coordinated control of the active steering and braking system based on a control
distribution algorithm to realize vehicle stability control under single-wheel braking failure
conditions. In [18], when a single wheel has a tire blow-out, because the performance of
the tire changes after the tire blow-out, the braking force differs greatly from that of the
reference model. Therefore, a sliding mode controller is designed to control the angle of the
front wheel with yaw rate as the reference, and the differential braking method is adopted
to redistribute the braking force, thus achieving the braking stability of the vehicle after a
tire failure on a low-braking-strength and high-adhesion-coefficient road surface. The study
in [19] conducted simulation experiments on the actuator failure control of the traditional
hydraulic braking system and controlled the yaw rate by controlling the steering system.
This method is also applicable to distributed-drive electric vehicles with brake-by-wire
systems. The authors in [20] studied the stability of the hub motor of distributed-drive
electric vehicles after braking failure and used fuzzy PI and fuzzy PD controllers of parallel
operation to adjust the braking force of vehicles to ensure the normal running track of
distributed vehicles after the failure of the hub motor.
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Most of the above studies only considered the case of complete failure of a single
wheel of the BBW system vehicle, and when the vehicle brake fails but not completely, if
the braking force of the faulty wheel is directly set to zero, it will cause the difference in
braking torque between the left and right sides of the vehicle to be too large and result
in a large lateral offset of the vehicle [21]. In view of this, this paper introduces a failure
factor to characterize the four-wheel failure state and to represent an input parameter for
the failure control strategy. The vehicle’s center of gravity shifts forward during braking,
resulting in an increased load on the front axle wheels, so the front axle wheels produce
more damage when they fail [22]. Therefore, the research in this paper takes the left front
wheel failure as an example and designs a control strategy for braking force redistribution
with an additional yaw moment to ensure the braking effectiveness and body stability of
the vehicle in the event of single-wheel failure.

In order to overcome the limitations of the previous scholars’ research and fully con-
sider the need for functional safety of the braking system, this control strategy is designed
with a dual-layer architecture, and the control logic is shown in Figure 1. According to the
failure degree of the brake motor and the desired braking intensity of the driver, the upper
controller redistributes the base braking force to meet the total braking force demand and
the left and right braking force balance demand. The lower controller used sliding mode
control theory to calculate the required additional yaw moment based on the deviation in
the ideal and actual values of the vehicle yaw rate and sideslip angle and transmits this
moment to the differential brake controller. The differential brake controller distributes the
additional yaw moment reasonably to the three wheels in normal operation, thus achieving
the purpose of optimal control of the transverse and longitudinal when the single-wheel
brake fails.
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2. Vehicle Model and Tire Model
2.1. 7-DOF Vehicle Model

Generally, the longitudinal motion, lateral motion, and yaw motion are considered
in the coordinated stability control of vehicle braking. However, the front and rear wheel
loads shift during braking or acceleration, so the vertical load of the wheel is a time-
varying parameter during braking. In order to completely analyze the force on the vehicle
after single-wheel failure, a 7-DOF vehicle model is established for simulation analysis by
referring to the reference [23]. Figure 2 shows the vehicle dynamics model based on the
3-DOF model of the vehicle’s longitudinal, lateral, and yaw, which considers the rotation
of four wheels, and ignores the roll motion, pitch motion, and the effect of suspension on
the vehicle.
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The dynamic equations of longitudinal motion, lateral motion, and yaw motion of the
vehicle model along the X, Y, and Z directions are as follows.

Longitudinal motion:

m(
.

Vx − γ ·Vy) = (Fx1 + Fx2) cos δ− (Fy1 + Fy2) sin δ + Fx3 + Fx4 (1)

Lateral motion:

m(
.

Vy + γ ·Vx) = (Fx1 + Fx2) sin δ + (Fy1 + Fy2) cos δ + Fy3 + Fy4 (2)

Longitudinal motion:

Iz
.
r = a(Fx1 + Fx2) sin δ + a(Fy1 + Fy2) cos δ + B

2 (Fy1 − Fy2) sin δ− (Fy3 + Fy4)b+
B
2 (Fx2 − Fx1) cos δ + B

2 (Fx4 − Fx3)
(3)

In Equations (1)–(3), δ is the front wheel angle, Vx is the longitudinal velocity of the
vehicle, Vy is the lateral velocity of the vehicle, γ is the yaw rate, Fxi is the longitudinal force
of each wheel, and Fyi is the lateral force of each wheel. Subscripts 1, 2, 3, and 4 represent
the left front wheel, right front wheel, left rear wheel, and right rear wheel, respectively. m
is the mass of the vehicle. a is the distance from the center of gravity to the front axle. b is
the distance from the center of gravity to the rear axle. B is the wheelbase. Iz is the moment
of inertia of the vehicle.

2.2. Tire Model

The “magic formula” tire model of Carsim is selected, which has a good description
of the mechanical characteristics of tires under different working conditions [24]. Its basic
form is as follows:

y = D sin{Carctan[Bx− E(Bx− arctanBx]} (4)
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where D is the peak factor; C is the shape factor; B is the stiffness factor; E is the curvature
factor; x is the independent variable, such as the tire side slip angle or the longitudinal slip
rate, where D, C, and E are influenced by the vertical load of the tire.

During the movement of the vehicle, the vertical load on the tire changes when affected
by longitudinal acceleration and lateral acceleration. The formula is as follows:

Fz1 = m·a
2L g− m·h

2L

.
Vx − m·h·b

c·L
.

Vy

Fz2 = m·b
2L g− m·h

2L

.
Vx +

m·h·b
c·L

.
Vy

Fz3 = m·a
2L g + m·h

2L

.
Vx − m·h·a

c·L
.

Vy

Fz4 = m·a
2L g + m·h

2L

.
Vx +

m·h·a
c·L

.
Vy

(5)

where m is the vehicle mass; h is the height of vehicle centroid; Fzi is the vertical load of the
tire labeled i; i = 1, 2, 3, 4 represent left front, right front, left rear, and right rear wheels,
respectively; and L is the distance between the front and rear axles.

3. Braking Force Redistribution Strategy
3.1. Braking Intention Recognition

In order to achieve the desired braking effect of the driver, it is necessary to recognize
the driver’s braking intention. When the vehicle is braking, the pedal sensor senses the
position and changing speed of the pedal through the driver stepping on the brake pedal
and transmits the sensor information to the braking central control module. The central
control module calculates the optimal braking force required by each wheel in real-time
according to this information. This paper adopts the brake intention recognition method
based on fuzzy rules [25]. Since pedal displacement X and its change rate can reflect the
driver’s brake intensity the first time, it is used as the identification parameters of the brake
intention identifier to obtain the driver’s braking intention and desired braking intensity
in real-time and completes the recognition of the driver’s braking intention. The braking
intention recognition model built on the Simulink platform based on fuzzy rules is shown
in Figure 3.
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3.2. Ideal Braking Force Distribution

When the car is braking, according to the front and rear axle brake braking force
distribution, load, road adhesion coefficient, slope, and other factors, and when the front
and rear wheels of the car meet the braking requirements, there will be three special braking
conditions: the front wheel is locked before the rear wheel, the rear wheel is locked before
the front wheel, and the front and rear wheels are locked at the same time. Regardless
of whether the front wheel is locked first or the rear wheel is locked first, the attachment
condition cannot be maximized. The ideal braking force distribution curve can reasonably
distribute the braking force between the front and rear wheels of the vehicle so that the
front and rear wheels of the vehicle are locked at the same time [26]. In this case, the
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braking performance and handling stability of the vehicle have been greatly improved. The
specific distribution rules are as follows:{

Frear =
1
2

(
G
hg

√
b2 + 4hL

G Ff ront − Gb
h − 2Ff ront

)
Ff ront + Frear = ϕG

(6)

where Ff ront and Frear are front axle wheel braking force and rear axle wheel braking force,
respectively; G is the vehicle gravity; and ϕ is the road adhesion coefficient.

When the braking intensity is Z obtained by the brake intention identifier, the total
braking force of the vehicle and the ideal braking force of each wheel are

Ftotal = M·Z;
Fx1 = 1

2 Ff ront;
Fx2 = 1

2 Ff ront;
Fx3 = 1

2 Frear;
Fx4 = 1

2 Frear;

(7)

where Ftotal is the total braking force of the vehicle; M is the vehicle mass; Fx1, Fx2, Fx3,
and Fx4, respectively, are the left front, right front, left rear, and right rear wheel braking
force, respectively

3.3. Initial Distribution of Brake Failure

When the vehicle is braking, the system failure recognition module determines
whether a wheel failure has occurred by comparing the braking force of each wheel with
the expected braking force and introduces the failure factor to characterize the degree of
wheel failure when a failure occurs. When braking force loss occurs to the left front wheel,
the actual braking force of the wheel is F′x1 = λx1·Fx1, where λx1 represents the failure
factor of the failed wheel. For example, when λx1 = 1, it means normal braking of the
wheel; when λx1 = 0.7, it means that 30% of the braking force of the wheel is lost. In order
to satisfy both the braking deceleration and the vehicle stability after single-wheel failure of
the brake-by-wire system, the braking force is redistributed to the remaining three wheels
based on the failure factor of the failed wheel.

(1) When the desired braking deceleration rate is low, or the braking failure degree of the
wheel is small, the braking force lost by the left front wheel due to brake failure can be
compensated by the left rear wheel, at which time the braking force of each wheel is


F′x1 = Fx1 − (1− λx1)Fx1
F′x2 = Fx2
F′x3 = Fx3 + (1− λx1)Fx1
F′x4 = Fx4

(8)

(2) When the desired braking force is larger, or the braking force failure of the wheels
is higher, the braking force lost by the left front wheel due to brake failure cannot
be completely compensated by the left rear wheel, and the part that cannot be com-
pensated should be compensated by the right wheels. At the same time, in order to
minimize the yaw moment caused by the imbalance of the left and right braking force,
the braking force provided by the left rear wheel should reach its limit. The remaining
braking force that cannot be compensated should be distributed to the right front
wheel and the right rear wheel according to the braking force distribution ratio of the
front and rear axles. At this time, the braking force of each wheel is
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F′x1 = Fx1 − (1− λx1)Fx1

F′x2 = Fx2 +
Fx2[(1−λx1)Fx1−(F3m−Fx3)]

Fx2+Fx4
F′x3 = F3m

F′x4 = Fx4 +
Fx4[(1−λx1)Fx1−(F3m−Fx3)]

Fx2+Fx4

(9)

(3) When the desired braking strength is large, at this time, the three normal wheels have
reached the limit of their respective braking force, the braking force lost by the left
front wheel due to braking failure cannot be compensated by the three normal wheels,
the vehicle cannot reach the driver’s desired braking deceleration, and runaway is
more significant. The braking force of each wheel is


F′x1 = F1m − (1− λx1)F1m
F′x2 = F2m
F′x3 = F3m
F′x4 = F4m

(10)

The peak road adhesion coefficient limits the maximum deceleration that can be
achieved by the vehicle while satisfying the braking strength so that the maximum braking
force of the wheels needs to meet the constraint [27]:

Fim = µ·Fzi (11)

where Fim is the maximum braking force of the wheel and µ is the road peak adhesion
coefficient.

4. Yaw Moment Controller
4.1. Reference Model

Referring to the literature [21], a two-degree-of-freedom vehicle dynamics model is
established as a vehicle stability reference model, as shown in Figure 4. The ideal yaw rate
is obtained by solving at the steady state of the vehicle.
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According to the model in Figure 4, the motion equation of the two-degrees-of-freedom
model can be obtained: mu

( .
β + ω

)
= (K1 + K2)β + 1

u (aK1 − bK2)ω− K1δ

IZ
.

ω = (aK1 − bK2)β +
(a2K1+b2K2)

u ω− aK1δ
(12)

where β is the sideslip angle; ω is the yaw rate; and K1 and K2 are the lateral stiffness of the
front and rear wheels, respectively. This equation is rewritten into an equation of state in
the form: [ .

β
.

ω

]
=

[ K1+K2
mu −1 + aK1−bK2

mu2
aK1−bK2

IZ

a2K1+b2K2
IZu

][
β
ω

]
+

[
− K1

mu
− aK1

Iz

]
δ (13)
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From Equation (13), it can be seen that the two-degree-of-freedom model of the vehicle
is mainly composed of the motion of the sideslip angle and yaw rate. When the vehicle
is in a steady state, the relationship between the desired yaw rate of the vehicle and the
front-wheel angle can be deduced as follows:

ωd =
u

L(1 + Ku2)
δ (14)

where K is the stability factor:

K =
m

(a + b)2

(
a

K2
− b

K1

)
(15)

According to Equation (14), it can be seen that when the front wheel angle increases,
the expected yaw rate will also increase continuously. However, due to the limited value of
adhesion provided by the road surface, when the yaw rate increases to exceed the limit of
adhesion provided by the road surface, if the yaw rate continues to increase, the wheel will
become destabilized. Therefore, the ideal yaw rate is revised as

ωd = min
{∣∣∣∣ u

L(1 + Ku2)
δ f

∣∣∣∣, ∣∣∣µg
u

∣∣∣} · sgn(δ f ) (16)

where µ is the peak road surface coefficient.
The ideal expectation value of the sideslip angle should be zero [28]:

βd = 0 (17)

When the actual sideslip angle exceeds the set value, or the difference between the
actual yaw rate and the ideal yaw rate is too large, the vehicle will lose stability. At this
time, the reverse additional yaw moment is applied to bring the vehicle back to the stable
state, and the vehicle motion equation is as follows:[ .

β
.

ω

]
=

[ K1+K2
mu −1 + aK1−bK2

mu2
aK1−bK2

IZ

a2K1+b2K2
IZu

][
β
ω

]
+

[
− K1

mu
− aK1

Iz

]
δ +

[
0
1
IZ

]
∆M (18)

4.2. Additional Yaw Moment Controller

The sliding mode control theory [29,30] has the characteristics of a simple algorithm,
strong robustness, and rapid response and is widely used in tracking control of the desired
vehicle state. In this paper, sliding mode control is adopted to design the additional yaw
moment controller. By simultaneously tracking the yaw rate and the sideslip angle, the
additional yaw moment is obtained. The sliding mode surface is defined as

s = (ω−ωd) + ζ(β− βd) (19)

By differentiating Equation (18), we can obtain

.
s = (

.
ω− .

ωd) + ζ(
.
β−

.
βd) (20)

where ζ is the sliding mode control parameter, which can be obtained by combining (3),
(12), and (20):

.
s =

1
Iz

[
(aK1 − bK2)β +

a2K1 + b2K2

u
ω

]
− 1

Iz

(
aK1δ f + M

)
− .

ωd + ζ(
.
β−

.
βd) (21)
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The choice of slip surface and slip control rate determines the effect of slip control,
and the slip control rate chosen in this paper is the exponential convergence law:

Mzs = −εsgn(s)− ks (22)

where ε and k are variable parameters greater than 0.
In summary, the additional yaw moment sliding mode controller in this paper is

∆M = Mb + Mzs (23)

4.3. Additional Yaw Moment Distribution Strategy

According to the seven-degree-of-freedom model of the whole vehicle established in
Figure 2, the unintended steering of the wheels after brake failure will generate lateral and
longitudinal forces, and due to the limitation of the road surface adhesion coefficient, the
lateral and longitudinal forces of the wheels satisfy the coupling equation:

F2
x + F2

y ≤ (µFz)
2 (24)

At the initial braking force distribution, in order to achieve the driver’s desired braking
deceleration, the longitudinal force of the remaining three normal wheels is already close to
or even at the adhesion limit. It is known from Equation (24) that the lateral force generated
by the unintended steering of the front wheels affects the longitudinal force, which can be
derived from Equation (4) for different slip rates and different side deflection angles.

The slip rate of each wheel tire is calculated as follows:

λi =
Vx −ωi·Ri

Vx
(25)

The side slip angle of each wheel tire is calculated as follows:

α1 = arctan( Vy+a·γ
Vx−B·γ/2 − δ)

α2 = arctan( Vy+a·γ
Vx+B·γ/2 − δ)

α3 = arctan( Vy−b·γ
Vx−B·γ/2 )

α4 = arctan( Vy−b·γ
Vx+B·γ/2 )

(26)

According to the calculated lateral force Fyi, the limit value of the longitudinal force of
the wheel is revised as follows:

F′im =
√
(µ · Fzi)

2 − F2
yi (27)

The additional yaw moment calculated by sliding mode control is distributed to the
remaining three normal wheels and uses a three-wheel differential brake to complete the
additional yaw moment control. The additional longitudinal force required to achieve the
desired additional yaw moment is

F∆x =
2∆M

B
(28)

where F∆x is the total longitudinal force required.
In order to maximize the driver’s desired braking deceleration, it should be realized

by the left rear wheel braking first. When the left rear wheel reaches the adhesion limit, the
part of the yaw moment that cannot be reached is realized by the different side wheels, and
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the vertical load ratio of the front and rear wheels is used to distribute the front and rear
wheel braking torque relationship. The specific distribution rules are as follows:

F∆x3 = F′3m − F′x3

F∆x2 = − Fz2
cos δ(Fz2+Fz4)

(
2∆m

B − F∆3

)
F∆x4 = − Fz4

(Fz2+Fz4)

(
2∆m

B − F∆3

) (29)

The target braking force of each wheel should be no greater than the maximum
braking force:

Fxi_obj = F′xi + F∆xi, Fxi_obj ≤ F′im (30)

5. Simulation and Analysis

In this paper, Simulink and Carsim co-simulation is used to verify the braking force
distribution and additional yaw moment control strategy after single-wheel failure. The B-
class car in Carsim is taken as the reference car, the corresponding parameters are modified
on this basis, and the braking system is changed to four-wheel independent braking. The
main parameters of the vehicle are set as shown in Table 1.

Table 1. Main parameters used in the simulations.

Vehicle Parameters Value

Vehicle weight (m/kg) 1651
Distance from front axle to center of mass (a/m) 1.595
Distance from rear axle to center of mass (b/m) 1.365
Moment of inertia of the vehicle (IZ /

(
kg·m2 )) 1536.7

Wheel pitch (B/m) 1.675
Wheel radius (R/m) 0.31

Centroid height
(
hg /m) 0.5718

Front wheel lateral stiffness (K1 /
(

N·rad−1 )) 107,610

Rear wheel lateral stiffness (K2 /
(

N·rad−1 )) 74,520

Effective radius of brake disc (rb /m) 0.16
Road adhesion coefficient (µ) 0.8

In this study, the straight and curve road was selected, the road adhesion coefficient
was set as 0.8, and the simulation time was set as 2 s after the single-wheel brake failure
occurred. The simulation conditions were complete failure (λx1 = 0) of left front wheel
braking in light braking (Z = 0.3 g), partial failure (λx1 = 0.7), and complete failure
(λx1 = 0) of the left front wheel in emergency braking (Z = 0.7 g), and the initial speed of
the vehicle was set as 110 km/h. Under the two conditions, with or without the intervention
of control strategy, the changes in vehicle braking parameters and stability parameters,
such as braking deceleration, lateral offset, yaw rate, and sideslip angle, were compared
and analyzed to verify the effectiveness and response speed of the control strategy and
provide directional guidance for the optimization of the control strategy. The results and
analysis are as follows.

5.1. Light Braking When Driving in a Straight Line with Complete Failure of the Left Front
Wheel Brake

As can be seen from Figure 5, under the light braking situation, when the braking
force of the left front wheel of the vehicle completely fails, due to the imbalance of the
braking force of the left and right sides wheels, the vehicle suffers serious instability, and
the maximum yaw rate and the sideslip angle reach 4 deg/s and 0.6 deg, respectively, in
2 s. In this process, the lateral offset changes sharply and finally reaches 2.5 m, and the
vehicle runs off rapidly. Due to the loss of wheel braking force, the braking deceleration of
the vehicle is reduced to 0.2 g. At this time, the vehicle is running at a high speed, which
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will bring great danger to itself and the people in the surrounding vehicles. When the
failure control strategy is involved, because the left front wheel loses less braking force
due to braking failure, the system compensates for the lost braking force by redistributing
the braking force of the remaining three wheels and carries out stability control with the
additional yaw moment according to the vehicle state. As can be seen from Figure 5a,d,
the run-off distance is controlled from 2.5 m to less than 0.2 m within 2 s. After failure
control, the braking deceleration reaches 0.29 g, which meets the driver’s expectation
of 0.3 g braking deceleration to the greatest extent. According to Figure 5b,c, after the
additional yaw moment is applied, the yaw rate is stabilized below ±0.5 deg/s within 1 s,
and the sideslip angle is also limited within 0.1 deg. Compared with the vehicle without
control, the control strategy can effectively reduce the yaw rate and sideslip angle to avoid
complete instability of the vehicle. The vehicle can be kept in a safe condition.
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5.2. Emergency Braking When Driving in a Straight Line with the Left Front Wheel Brake
Failed 30%

According to the simulation results, in the case of emergency braking, the braking
force of the left front wheel partially fails, and the braking force is 70% of that under normal
conditions. In this case, the braking force of the vehicle cannot reach the expected braking
force. As can be seen from Figure 6d, the braking deceleration of the vehicle at this time is
only 0.6 g. The partial loss of braking force of the left front wheel will not only affect the
braking deceleration but also cause instability of the vehicle due to the imbalance of braking
force on the left and right sides, making the driving direction of the vehicle deviate from
the expected route. As can be seen from Figure 6a–c, the lateral offset of the vehicle reaches
nearly 1.2 m within 2 s, and the yaw rate and the sideslip angle both increase greatly. The
maximum is 3.6 deg/s and 0.5 deg, respectively. The vehicle has a slight destabilization,
but because the vehicle is in a state of high speed at this time, the partial failure of the
single wheel will also cause greater harm to the driver and passengers. It can be seen from
Figure 6d that after the control strategy intervention, through the redistribution of braking
force, the braking force of the vehicle can reach the desired braking force, and the braking
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deceleration of the vehicle basically meets 0.7 g. At the same time, the additional yaw
moment applied effectively reduces the yaw rate and sideslip angle at the turning point,
and the lateral stability of the vehicle is greatly improved so that it can follow the expected
path to brake and decelerate. As can be seen from Figure 6a–c, the yaw rate and the sideslip
angle decrease from 2 deg/s to 0.24 deg/s and 0.3 deg to 0.04 deg, respectively, and the
lateral offset decreases from 1.2 m to 0.1 m, indicating that the vehicle is basically in the
same state as before the failure. The safety of drivers and passengers is greatly ensured.
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5.3. Emergency Braking When Driving in a Straight Line with Complete Failure of the Left Front
Wheel Brake

As can be seen from Figure 7, the left front wheel fails completely under emergency
braking, and the braking deceleration fluctuates greatly due to the other three normal
wheels locking, dropping to 0 within 2 s. During this process, the lateral offset of the vehicle
reaches 5.5 m, and the yaw rate and the sideslip angle also increase sharply, reaching a
maximum of 80 deg/s and 1.8 deg, indicating that the vehicle is experiencing serious
instability and tail-throwing. In real life, uncontrolled vehicles can cause serious traffic
accidents. When the control strategy is involved, it can be seen from Figure 7d that through
the redistribution of braking force, the braking deceleration recovers and remains stable,
but there is still a certain difference between the braking deceleration of the vehicle and the
driver’s desired braking deceleration, and it is finally maintained at about 0.55 g due to
the limitation of the road adhesion coefficient and the sacrifice of a part of braking force
to ensure stability. However, the reconstruction of the braking force results in a large yaw
moment of the vehicle, as can be seen from the simulation results in Figure 7a–c. At the
initial stage of the control strategy intervention, the braking force on the left and right sides
is still unbalanced after the redistribution of braking force, and the yaw rate is still at a high
value, reaching 10 deg/s. After continuous modification of the additional yaw moment,
within 0.5 s after the intervention of control strategy, the yaw rate is stable below ±3 deg/s,
the sideslip angle is no more than 0.2 deg, and the lateral offset of the vehicle is controlled
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below 0.5 m, indicating that the vehicle has reached a controllable state after control, which
greatly improves the safety of vehicle braking.
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5.4. Light Braking When Driving in Turning with Complete Failure of the Left Front Wheel Brake

In order to verify the control effect of the control strategy proposed in this paper
under turning conditions, taking the complete failure of the left front wheel during right
turning as an example, the vehicle was set to drive at a speed of 110 km/h on the road
with a radius of 200 m. As can be seen from the simulation results, the control strategy
proposed in this paper can well ensure the safety of the vehicle when the left front wheel
brake completely fails during light braking of the vehicle on a curved road. As shown in
Figure 8b,c, comparing the state of the failed uncontrolled vehicle and the failed controlled
vehicle, it can be seen from the yaw rate and sideslip angle that the failed uncontrolled
vehicle generates yaw torque conducive to steering due to the loss of braking force of the
left front wheel, thus making the vehicle oversteer, and the yaw rate and sideslip angle are
much larger than the value of normal driving. As can be seen from the trajectory of the
vehicle in Figure 8a, the failed uncontrolled vehicle deviates from the target track to the
inside of the curve, at which point the vehicle is in a state of instability. After the failure
control, the vehicle can make up for the lost braking force by reconstructing the braking
force of the other three normal wheels while ensuring the braking stability of the vehicle.
As can be seen from Figure 8a–c, the vehicle, after failure control, can stably follow the
value of normal driving, regardless of the yaw rate and sideslip angle or the vehicle’s
driving track. As can be seen from Figure 8d, the braking deceleration also returns to a
normal value, and the vehicle enters a safe driving state.
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6. Conclusions

In this paper, the stability of a single-wheel failure of a brake-by-wire system vehicle
is controlled by layers. Firstly, the braking force redistribution algorithm of the remaining
three wheels is designed based on the failure factor of the failure wheel, and then the
additional yaw moment controller is designed by sliding mode control for yaw rate and
sideslip angle. Finally, the effectiveness of the designed control strategy is verified by
a co-simulation experiment. The simulation results show that, under light braking and
emergency braking conditions, regardless of whether the left front wheel fails completely
or partially, the control strategy proposed in this paper can ensure that the vehicle is
maintained in a safe and controllable stable state and can satisfy the driver’s braking
expectation to the maximum extent while ensuring stability, which effectively inhibits the
impact of single-wheel braking failure on the vehicle and ensures the safety of the vehicle.

In future studies, the intervention of vehicle active steering during braking failure will
be considered, and the effectiveness of the designed failure control strategy will be verified
by combining HiL bench and real vehicle tests, which will provide important technical
support for the development and application of brake-by-wire systems required for vehicle
electrification.
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