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For passengers, the most common feeling during running on the bumpy road is continuous vertical discomfort, and when the
vehicle is braking, especially the emergency braking, the instantaneous inertia of the vehicle can also cause a strong discomfort of
the passengers, so studying the comfort of the vehicle during the braking process is of great significance for improving the
performance of the vehicle. ,is paper presented a complete control scheme for vehicles equipped with the brake-by-wire (BBW)
system aiming at ensuring braking comfort. A novel braking intention classification method was proposed based on vehicle
braking comfort, which divided braking intention into mild brake, medium comfort brake, and emergency brake. Corre-
spondingly, in order to improve the control accuracy of the vehicle brake system and to best meet the driver’s brake needs, a
braking intention recognizer relying on fuzzy logic was established, which used the road condition and the brake pedal voltage and
its change rate as input, output real-time driver’s braking intention, and braking intensity. An optimal brake force distribution
strategy for the vehicle equipped with the BBW system based on slip rate was proposed to determine the relationship between
braking intensity and target slip ratio. Combined with the vehicle dynamics model, improved sliding mode controller, and brake
force observer, the joint simulation was conducted in Simulink and CarSim. ,e cosimulation results show that the proposed
braking intention classification method, braking intention recognizer, brake force distribution strategy, and sliding mode control
can well ensure the braking comfort of the vehicle equipped with the BBW system under the premise of ensuring brake safety.

1. Introduction

Ride comfort is an important factor for the design of au-
tonomous vehicles and intelligent transportation systems. At
the same time, ride comfort is affected by various factors, for
example, vibration, sound, temperature, visual stimuli, and
vehicle structure design. A great number of research studies
have been conducted to improving ride comfort, particularly
in the field concerning ride uncomfortable feeling caused by
vertical vibration, and a great deal of active and passive
suspension control algorithms was put forward to improve
the vertical vibration [1, 2]. However, the discomfort feeling
is not only derived from the vertical vibration, but it is also
caused by amount of vehicle acceleration and jerk in the
longitudinal direction, which is the amount of change in
vehicle acceleration [3]; this situation is very common when
the vehicle is accelerating or decelerating. Nonetheless, there

is still little research on this subject. So, we only concern one
of the factors that influenced ride comfort in this paper,
which is related to vehicle longitudinal dynamics. In the
mean time, with the development of electronic control
technology, the type of brake system is also changing. As the
future form of the brake system, the mechanical links be-
tween the brake pedal and the brake actuator are eliminated
in the BBW system, which are substituted by electronic
signals and control units.,erefore, the BBW system has the
characteristics of efficient and steady brake response, which
is easy to integrate the advantages of other functional
modules [4]. ,is advantage also lays the structure foun-
dation for improving vehicle safety and ride comfort.

Many scholars have paid more attention to the control
algorithm of the BBW system for the brake performance of
the vehicle, such as slip rate and braking distance. Haggag
and Abidou [5] developed an optimal control tracking
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strategy for a BBW system and tested on a laboratory setup
consisting of a driving motor, an electromechanical brake
actuator, and other related hardware. Chen et al. [6] pro-
posed an antilock braking control algorithm of direct slip
rate based on the hybrid brake system with the electrohy-
draulic brake (EHB) equipped on the front wheels and the
electromechanical brake (EMB) equipped on the rear
wheels. Wang et al. [7] proposed the sliding model controller
to effectively control the dc motor in the BBW system, which
can effectively improve the emergency braking performance
in the typical simulation manoeuvre employed and signif-
icantly reduced the tracking errors.

Despite the BBW system has the structure advantage, it
also requires some precise and reliable control algorithms to
ensure the ride comfort concerning the area of longitudinal
vibration. Due to the continuous sudden acceleration or
deceleration of the vehicle, the passenger and the vehicle
body will receive the inertia force which can cause physical
discomfort, along with the change of road condition and
driver intention; this feeling of discomfort will be exacer-
bated. ,e braking comfort means ride comfort when the
vehicle is braking, though the research in ride comfort had
start long-time back and still growing, but no final word has
been said, which opens the way to more active and creative
research [8]. ,us, we take the braking deceleration as the
main assessment criteria in this paper. Studies have shown
that vehicles with accelerations greater than 0.5 g can cause
discomfort feeling when braking, and brake deceleration of
vehicles less than 0.5 g is acceptable when the normal brake
is applied [9]. ,e maximum deceleration of the vehicle
when the emergency brake is applied is generally 0.75 g to
0.85 g [10]. For this purpose, some researchers have also
made corresponding braking comfort studies: Pan et al. [11]
proposed an antilock braking control strategy considering
the comfort of the coordinated braking system of the dis-
tributed driven electric vehicle, and the control strategy has
obtained the great braking comfort performance by de-
creasing the hydraulic pressure modulation, solenoid valve
actuation, and the brake pedal stroke. Zong et al. [12] de-
veloped a control strategy of the electronic braking system
which focused on the comfort assessment of the vehicle, and
this strategy can select the maximum deceleration according
to the road condition and the comfortable feeling of the
driver. Zheng et al. [13] presented a control method with a
three-layer hierarchical structure aiming at improving the
vehicle braking comfort, and the third layer of the structure
includes a braking force distribution control method which
could control the vehicle deceleration with a smooth axle
load transfer process based on linear matrix inequality.
Soltani et al. [14] proposed a coordinated control of the
semiactive suspension and the active braking using a fuzzy
controller and an adaptive sliding mode controller, and the
simulation results show that this strategy could effectively
improve the vehicle handling, stability, and ride comfort.

Based on the above analysis, most of previous studies of
the vehicle equipped with the BBW system focused on the
brake actuator and controller strategy of emergency braking;
only few studies were conducted to ensuring the braking
comfort vehicle equipped with the BBW system. In other

words, no matter which kind of braking is applied, the
vehicle comfort all need to be considered, and the human-
vehicle-road closed-loop control system was rarely men-
tioned in previous research; hence, there is still a lot of room
for improvement in this aspect. Considering the importance
of the road condition and driver’s intention, the main
purpose of this paper is to study the sliding mode control of
the vehicle equipped with the BBW system for ensuring
braking comfort under the condition of braking intentions
and road surface changing while ensuring vehicle safety; the
systematic control flowchart is shown in Figure 1.

,e rest of the paper is divided into 4 sections: Section 2
introduces the braking intention classification method
considering the braking comfort, and the braking intention
recognizer is designed by fuzzy logic to identify the driver’s
braking intention and braking intensity in real time. ,e
model of the vehicle and the BBW system are given, and an
optimal brake force allocation strategy based on the slip rate
for the vehicle equipped with the BBW system is proposed in
Section 3. Section 4 demonstrates cosimulation results and
analysis of Simulink and CarSim. Finally, conclusion is given
in Section 5.

2. Braking Intention

2.1. Braking Intention Classification. Nowadays, the classi-
fication study of braking intentions is not at all the same
criteria due to the different research directions of re-
searchers. However, the classification method of braking
intention has a positive effect on improving the running
performance of the vehicle, so it is necessary to select a
reasonable and effective braking intention classification
method dealing with the complicated control problem. In
this paper, considering the problem of braking comfort of
the vehicle equipped with the BBW system and driver’s
actual operation process during the running of the vehicle,
the braking intention is divided into mild brake, medium
comfort brake, and emergency brake.

During the running of the vehicle, when the driver finds
there is an obstacle or an intersection in the front, it is
necessary to perform a deceleration action, and then the
speed is immediately increased after the deceleration, and
this situation is called mild brake; the vehicle only experi-
enced a slight deceleration in this condition, which did not
cause too much discomfort to the passenger on the vehicle.
When the driver finds a red light in front of a relatively far
distance or when parking is needed farther in front, the
driver will perform a series of brake parking actions, which is
called medium comfort brake. Passengers will have a greater
sense of discomfort compared with mild brake; thus, this
condition needs to be properly regulated. ,ere is also a case
where the driver needs to make an emergency avoidance
when there is another sudden situation such as a vehicle or a
pedestrian in a small distance ahead, and the driver needs to
take an action to quickly stop, which is called emergency
brake. Due to the inertia and the axial load transfer, the
passenger discomfort during the emergency brake process is
the strongest. ,erefore, during the brake process, the ve-
hicle should perform the brake action in real time in
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accordance with the driver’s intention, and the braking
comfort should be considered while ensuring the safety of
the brake.

2.2. Braking Intention Recognizer. According to the feature
of the braking intention classification, the intention rec-
ognizer is needed to output the desired driver’s intention
and the corresponding braking intensity. ,e brake pedal
angular displacement and its change rate can reflect the
driver’s braking intention, in view of the actual engineering
brake pedal angular displacement, and its change rate will be
expressed by the output voltage of the brake pedal and its
change rate. ,erefore, the electronic brake pedal data ac-
quisition system was built based on the microcontroller
(STM32F103ZET6) which could provide accurate data
collection function. ,e data acquisition system comprises
four parts: electronic brake pedal, ADC chip (ADS1212),
mircrocontroller (STM32F103ZET6), and upper computer.
,e ADC chip collects the output voltage and the angular
displacement of the electric brake pedal, respectively, and
transfers it to mircrocontroller through SPI protocol, and
then the upper computer can get the data from the mir-
crocontroller. Hence, the data acquisition system could
reflect the relationship of pedal angular displacement and
the output voltage.,e output voltage of the electronic brake
pedal varies from 0V to 5V, and the angular displacement
varies from 0° to 20°. Figure 2 shows the relationship between
the angular displacement of the brake pedal and the output
voltage. As is shown in Figure 2, the pedal output voltage
changes with pedal angular displacement in a linear rela-
tionship, and then the relationship between the pedal an-
gular displacement and the output voltage is calibrated by
data fitting, and the formula is given in the following
equation:

U � 0.306θ − 0.7097, (1)

where U is the output voltage of the electronic brake pedal
and θ is the angular displacement of the brake pedal.

Since the relationship between braking intention and
braking intensity is related to the change of the road

surface; in order to improve the control precision of the
brake system, the road condition is also taken into ac-
count when designing the braking intention recognizer.
So, the road condition, output voltage, and its change
rate are used as input parameters of the intention rec-
ognizer, and the output parameters are the braking in-
tention and the corresponding braking intensity.
Figure 3 shows the structure of a braking intention
recognizer.

As is shown in Figure 3, the output braking intention is
acquired by the output voltage and its change rate, and then
it will become the input parameters together with road
condition to determine the output intensity, and we only
take the dry asphalt, wet asphalt, and snow-covered road
surface into account in this paper. ,e braking intention
recognizer is built based on fuzzy logic, and the input and
output variables of fuzzy logic need to be blurred. ,erefore,
the domain of output voltage is defined as [0, 5], and its fuzzy
language is described as [zero (Z), small (S), medium (M),
big (B)]. ,e domain of the change rate of output voltage is
defined as [0, 60], and its fuzzy language is described as [zero

Braking 
intention

recognizer

Optimal
braking force
distribution

BBW 
controller

BBW 
actuator

Vehicle 
model

I TbZ

λ∗

–

+ λ

Slip rate
calculation

Pavement 
recognition

v, ω, μ

v, ω

Lb

μP, λP

Figure 1: Control structure of the BBW system considering braking comfort. Lb is brake pedal opening, Z is output brake intensity, μp is
current road peak adhesion coefficient, λp is current road optimal slip rate, λ∗ is current desired slip rate, λ is actual slip rate, I is drive motor
armature current, Tb is brake disc output torque, ] is vehicle longitudinal speed, ω is angular velocity of wheel rotation, and μ is brake force
coefficient.

0

1

2

3

4

5

Pe
da

l o
ut

pu
t v

ol
ta

ge
 (v

)

10 20150 5
Pedal angular displacement (°)

Experimental data
Fitting data

Figure 2: Fit curve of pedal angular displacement and pedal output
voltage.

Shock and Vibration 3



(Z), small (S), medium (M), big (B)]. ,e membership
function about output voltage and its change rate are shown
in Figure 4.

,e domain of the output braking intention is defined as
[0, 3], and its fuzzy language is described as [zero (Z), small
(S), medium (M), emergency (E)]. ,e domain of the input
braking intention is defined as [0, 3], and its fuzzy language
is described as [zero (Z), small (S), medium (M), emergency
(E)]. ,e membership function about output and input
braking intention is shown in Figure 5.

,e domain of the road condition is defined as [0, 3], and
its fuzzy language is described as [dry asphalt (D), wet as-
phalt (W), ice-snow (I)].,e domain of the braking intensity
is [0, 1], and its fuzzy language is described as [zero (Z), small
(S), medium (M), big (B)]. ,e membership function about
the road condition and braking intensity are shown in
Figure 6.

,e triangular and trapezoid shapes (as shown in
Figures 4–6) are selected for the membership functions of
inputs and outputs. According to the above characteristics of
input variables and output variables, the fuzzy inference
rules for braking intention recognition and braking intensity
identification are designed [15]. Hence, the intention rec-
ognizer could output the driver’s intention and intensity in
the real time which is beneficial for the control to absorbing
the longitudinal vibration.

3. Model of the Vehicle Equipped with the
Brake-by-Wire System

3.1. Vehicle Dynamic Model. A Sedan is selected as the re-
search object. In order to simplify the analysis of the
problem, the following assumptions are made on the vehicle
model:

(i) ,e air resistance and rolling resistance moment are
not considered when the vehicle is running

(ii) ,e inertia resistance moment generated when the
vehicle rotating parts decelerated is not considered

(iii) Inconsistent vertical load of the left and right wheels
caused by roll is not considered, that is, only the
longitudinal force of the vehicle is considered in this
model

(iv) Assuming that the wheels of the vehicle are in good
contact with the flat road surface

,e vehicle longitudinal dynamic equation is described
as follows [16]:

m _v � 􏽘
4

i�1
Fxi. (2)

,e tire dynamics equation is described as follows [16]:

Ji _ωi � riFxi − Tbi. (3)

Wheel slip ratio equation is described as follows [16]:

λi �
v − ωiri

v
, (4)

where i� 1, 2, 3, and 4 represents the left-front wheel, right-
front wheel, left-rear wheel, and right-rear wheel of the
vehicle, respectively, m is the vehicle mass, Fxi represents the
wheel longitudinal ground brake force with the serial
number i, _v represents the vehicle longitudinal acceleration,
J is the moment of inertia of the wheel, _ω is the angular
acceleration of wheel rotation, and r is the wheel rolling
radius. Tb is the wheel braking torque, and v is the vehicle
longitudinal speed.

3.2. Pavement Recognition Model. ,e same pedal angle
could produce different braking intensities on road surfaces
with different adhesion coefficients, that is, the same
braking intensity could produce different braking decel-
erations on different road surfaces, resulting in different
braking performances of the vehicle. ,e road surface
recognition has a greater impact on vehicle braking; thus,
when the road surface adhesion coefficient changes, the
brake intention recognizer should accurately and timely
reflect the driver’s braking intention. In this paper, when
the vehicle is braking, the slip rate and the real-time
braking force coefficient will be calculated, respectively,
while the standard braking force coefficient of seven dif-
ferent road surfaces could be obtained by the Burckhardt
tire model [17]; the standard braking force coefficient μ(λ)

[17] is described as equation (5), and the relationship
between standard braking force coefficient and wheel slip
rate is given by Figure 7. ,en, the type of road surface can
be determined in real time by doing difference of standard
and real-time braking force coefficient under the condition
of the same slip rate, and the real-time braking force co-
efficient is described as

μ(λ) � c1 1 − e
− c2λ􏼐 􏼑 − c3λ, (5)

􏽢μi �
Fxi

Fzi

, (6)

where C1, C2, and C3, respectively, are the model fitting
parameters [17], and their value changes with the state of the
road surface. We use three sets of road arguments of C1, C2,
and C3, and the value is shown in Table 1. 􏽢μi is the observed
value (real-time) of braking force coefficient. Fzi represents
the vertical load of each wheel; because the wheel vertical
load has a great influence on the process of braking, we can
use equation (7) to estimate the vertical load of front and
rear axle:
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Figure 3: ,e structure of the braking intention recognizer.
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1
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mga − mshs _v − hus _v mus +
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r24
+

Ir

r24
􏼠 􏼡􏼠 􏼡.

(7)

3.3. Brake-by-Wire System Model. BBW system mainly has
two types of actuator, that is, EHB and EMB. EHB still
retains the conventional hydraulic brake parts at the vehicle,
which are different with EMB. ,us, EMB is the real brake-
by-wire in the full sense; because the actuator of EMB is the
drive motor which receives the control signal from the
control unit, it means it puts forward the higher require-
ments to the design of the braking system. In this paper, the
research object is an EMB actuator; a floating front disc
brake is used, which includes a drive motor, a planetary gear,
a ball screw, and a brake disc. ,e driving motor could
provide the original electromagnetic torque to the planetary
gear, as the reduction mechanism, the planetary gear
transfers torque to the screw, and then the ball screw
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Table 1: ,e value of C1, C2, and C3.

,e type of road C1 C2 C3

Dry asphalt road 1.2801 23.99 0.52
Wet asphalt road 0.8570 33.822 0.347
Snow-covered road 0.1946 94.129 0.0646
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converts the rotary motion of the planetary gear shaft into
the linear motion of the screw nut and exerts pressure on the
brake disc through the brake pad; therefore, the brake disc
could output the brake torque.,e schematic diagram of the
BBW system actuator is shown in Figure 8.

,e braking torque of the entire brake system is given as
follows:

Tbi �

0, Tei

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌≤Tfi,

kbi ktiIi − Tfi􏼐 􏼑, Tei

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌>Tfi,

⎧⎪⎪⎨

⎪⎪⎩

kbi �
4πμbirbiηsiixiηxi

phi

,

(8)

where Te is the drive motor electromagnetic torque, Tf is the
drive motor friction torque, I is the drive motor armature
current, kb is the brake output torque coefficient, kt is the
motor torque coefficient of the brake, μb is the brake pad
friction coefficient, rb is the brake disc radius, ηs is the
mechanical efficiency of the ball screw, ix is the planetary
gear ratio, ηx is the mechanical efficiency of the planetary
gear mechanism, and ph is the lead of the screw. Tb is the
wheel braking torque.

3.4. Optimal Braking Force Distribution Strategy. During the
braking process of the vehicle, side slip phenomenon may
occur if the rear wheel is locked before the front wheel,
which is a very dangerous situation. ,erefore, in order to
improve the braking comfort under the premise of ensuring
the safety of braking, this paper proposed a braking force
distribution strategy based on the optimal slip ratio, that is,
in addition to emergency braking, the slip rate of each wheel
is controlled to be kept at a small value during vehicle
braking, and the front wheel slip ratio is controlled to be
greater than the rear wheel slip ratio so that to keep the
vehicle’s brake deceleration rate change in a gentle state. In
emergency braking, the target slip ratio of the four wheels is
simultaneously set to the current optimum slip ratio of the
road surface. ,is strategy calculates the longitudinal
braking force of the tire in real time in combination with the
Burckhardt tire model. So, the distribution strategy can be
described by a quadratic programming problem with in-
equality constraints which could be solved by the active set
method. ,e mathematical model is given as follows:

min f � λf
2 + λr

2,

s.t. λf > λr,

􏽐
4

i�1
Fxi � mgZ,

0≤ λf, λr ≤ 1,

(9)

where λf, λr is the slip ratio of the front and rear axle,
respectively.

3.5. SlidingModeController. In view of the high nonlinearity
and uncertainty in the process of automobile braking, the

sliding mode variable structure control has superior control
effect, but its shortcoming is that the chattering effect is
generated during the control process, which affects the
system control precision. ,erefore, the improved expo-
nential rate is adopted in this paper. ,e sliding mode
variable structure controller can reduce the influence of the
chattering effect and ensure the robustness of the sliding
mode control.

Firstly, switching function is selected using the bias of
current-desired slip ratio λ∗ and actual slip ratio λ, and the
sliding surface s is described as

s � λ∗ − λ. (10)

When _s � 0, the equivalent control of the system Ieqi is
described as follows:

Ieqi �
riFxi

kbikti

+
Tfi

kti

+
Jiωi

mvkbikti

Fx1 + Fx2 + Fx3 + Fx4( 􏼁.

(11)

,e improved exponential rate function is derived as

Isi � − k1 si

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌sgn si( 􏼁 − k2si, (12)

where k1 > 0, k2 > 0 is the variable speed approach law co-
efficient and exponential convergence law coefficient, re-
spectively, which could influence the control speed and
robustness of the control system. Equation (13) satisfies the
arrival condition of the sliding mode variable structure
control. ,e proof process is as follows:

s _s � s − k1|s|sgn(s) − k2s( 􏼁

� − k1s|s|
s

|s|
− k2s

2

� − k1s
2

− k2s
2 ≤ 0.

(13)

,erefore, the control system is stable, and the control
law of the sliding mode controller is shown as

Ii �
Jiωi

mvkbikti

Fx1 + Fx2 + Fx3 + Fx4( 􏼁 +
riFxi

kbikti

+
Tfi

kti

− k1 si

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌sgn si( 􏼁 − k2si

(14)

,e sliding mode controller is optimized through
adjusting the variable speed approach law coefficient k1
and exponential convergence law coefficient k2. When the
controlled variable is far away from the sliding mode surface,

Drive
motor

Planetary 
gear Ball screw Brake 

disc

Ii TbiFbiTpiTdi

Figure 8: ,e schematic diagram of the BBW system actuator. Ii

is the drive motor armature current, Tdi is the motor output
torque, Tpi is the planetary gear output torque, Fbi is the brake
pad pressure on the brake disc, and Tbi is the brake disc output
torque.
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k2 plays an important role in this situation, and the state
trajectory of the control system rapidly approaches the
sliding mode surface in the exponential form. When the
controlled variable approached the sliding mode surface,
here, k1 plays the important role, and the state trajectory of
the control system will reach the steady state.

As the characteristic of the sliding mode control, the
problem of chatter could influence the control accuracy of
the brake system; hence, in order to solve this problem to
improve the control accuracy, we choose to use the satu-
ration function to replace the sign function, and the satu-
ration function is described as

sat
s

φ
􏼠 􏼡 �

s

φ
, |s|≤φ,

sgn
s

φ
􏼠 􏼡, |s|>φ,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(15)

where φ is the boundary layer.

4. Verification of the Control System Model

4.1. Structure of the Simulation Environment. CarSim [18] is
simulation software designed for analyzing vehicle dynamics,
developing active controllers, which is widely used in the
automotive research and development. And it can deliver
accurate, detailed, and efficient methods for simulating the
performance of passenger vehicles. Simulink [19] is a block
diagram design environment based on MATLAB, and it is a
software package for the dynamic system model, simulation,
and analysis. In order to, respectively, apply this control al-
gorithm concerning braking comfort to a prototyping system
and real-car experiment in the future, hence, according to
actual experiment requirement, the braking intention rec-
ognizer and the improved sliding mode control algorithm are
simulated in CarSim and Simulink in this paper.

D-class Sedan is selected as the research object in
CarSim, and then the CarSim vehicle model is built. ,e
vehicle braking system in CarSim is set as No dataset se-
lected, and the braking control in the procedures is set as No
dataset selected. ,e braking torque of each wheel is set in
CarSim as the input variables of the vehicle model, and the
vehicle speed, acceleration, and four-wheel angular rate are
set as the output variables of the CarSim vehicle model.
,en, the braking intention recognizer, the sliding mode
controller, brake force distribution strategy model, EMB
brake model, pavement recognition model, wheel slip rate
calculation model, and wheel vertical load model are con-
structed in Simulink. ,e structure of the simulation en-
vironment is shown in Figure 9.

,is paper designed two sets of simulation scenarios:

I (a) Medium comfort brake, switch dry asphalt
pavement to wet asphalt pavement

I (b) Medium comfort brake, switch wet asphalt
pavement to snow-covered pavement

II (a) Dry asphalt pavement, switch mild brake to me-
dium comfort brake

II (b) Wet asphalt pavement, switch mild brake to
medium comfort brake

In order to show the performance of the vehicle
equipped with EMB, we could compare the vehicle equipped
with ABS (ABS vehicle) with the vehicle equipped with EMB
(EMB vehicle).,e common simulation conditions are set as
follows: the vehicle is running on a long straight road, which
is no steering input during the simulation, and the initial
longitudinal speed of the vehicle is 100 km/h. What need to
be declared in advance is that the dry asphalt pavement and
wet asphalt pavement’s peak adhesion coefficient, respec-
tively, are 1.17 and 0.8013, and the snow-covered pavement’s
peak adhesion coefficient is 0.1907 [17]. ,e wheel slip rate,
vehicle acceleration, wheel braking torque, and vehicle speed
are used to evaluate the performance of vehicle braking
comfort in this paper.

4.2. Simulation Results

4.2.1. Scenario I (a) Medium Comfort Brake, Switch Dry
Asphalt Pavement to Wet Asphalt Pavement. In the simu-
lation scenarios, the driver conducts the medium comfort
brake when T� 0 s, and the road surface changes from dry
asphalt to wet asphalt at 15 meters, and the cosimulation
results are shown in Figure 10.

As is descried above, brake deceleration of the vehicle
less than 0.5 g is acceptable when the mild and medium
comfort brake is applied. Figure 10 illustrates the vehicle
longitudinal acceleration, speed, wheel slip rate, and brake
torque, respectively, when the driver conducts the medium
comfort brake on two different road surfaces. Because the
change rule of four-wheel slip rate is the same, just taking the
right-front wheel as an example, the wheel slip rate of the
EMB vehicle is steadily controlled by the sliding model
algorithm at a specified value no matter which kind of road
surface the vehicle is on, while the wheel slip rate of the ABS
vehicle could not follow the road optimal slip rate. ,e
acceleration of the EMB vehicle suddenly increases to
− 0.58 g when the vehicle is on the dry asphalt pavement,
which means it already has brought the mild discomfort
feeling to the passenger. But, it decreases to − 0.33 g when the
road surface changes to wet asphalt pavement after 15
meters, which is acceptable to the passenger. However, the
acceleration of the ABS vehicle on the dry asphalt road is
near − 0.65 g which is not acceptable, but it decreases to
− 0.45 g when the road surface changes, which is acceptable
to the passenger. ,us, the feeling in the EMB vehicle is
better than in the ABS vehicle under the condition of en-
suring vehicle safety. ,e rear axel wheel brake torque of the
EMB vehicle is maintained in 0Nm nomatter on which road
surface, but the front axle brake torque plays an important
part in the brake process, which is determined by braking
force distribution.

4.2.2. Scenario I (b) Medium Comfort Brake, Switch Wet
Asphalt Pavement to Snow-Covered Pavement. In the sim-
ulation scenarios, the driver’s intention is the medium

Shock and Vibration 7
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Figure 10: Medium comfort brake, switch dry asphalt pavement to wet asphalt pavement. (a) Wheel slip rate. (b) Vehicle acceleration.
(c) Wheel brake torque. (d) Vehicle speed.
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Figure 9: ,e structure of the simulation environment. 1: sliding mode controller. 2: EMB brake model. 3: CarSim vehicle model. 4: wheel
slip rate calculation model. 5: wheel vertical load model. 6: pavement recognition model. 7: braking intention recognizer. 8: optimal braking
force distribution strategy model.
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comfort brake when T� 0 s, and the road surface changes
from dry asphalt to snow-covered pavement at 50 meters,
and the cosimulation results are shown in Figure 11.

As is shown in Figure 11, when the driver conducts the
medium comfort brake on wet asphalt and snow-covered
pavement, because the optimal slip rate changes with the
change of the road surface and the optimal braking force
distribution model will change the optimal slip rate in real
time, the wheel slip rate of the EMB vehicle is changed from
0.04 to 0.01 with good adaptability, while the wheel slip rate
of the ABS vehicle could not follow the desired wheel slip
rate nomatter on which kind of the road surface.,ough the
snow-covered pavement’s peak adhesion coefficient is lower
than other two road surfaces, the EMB vehicle also performs
better on acceleration aspect, which both − 0.34 g and − 0.09 g
are in the acceptable range. ,e acceleration of the ABS

vehicle on the wet asphalt road is near − 0.65 g which has
brought the uncomfortable feeling to the passenger, but it
decreases to − 0.15 g which is acceptable to the passenger.,e
same as scenario I. (a), only the front axle brake of the EMB
vehicle works in the process of braking. Compared with
scenario I. (a), both conditions on wet asphalt and snow-
covered pavement, the EMB vehicle has ensured the braking
comfort under the premise of ensuring safety.

4.2.3. Scenario II (a) Dry Asphalt Pavement, Switch Medium
Comfort Brake to Emergency Brake. In the simulation sce-
narios, the vehicle is running on the dry asphalt pavement all
the time, the driver switches mild brake to medium comfort
brake when T�1.5 s, and the cosimulation results are shown
in Figure 12.
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Figure 11: Medium comfort brake, switch wet asphalt pavement to snow-covered pavement. (a) Wheel slip rate. (b) Vehicle acceleration.
(c) Wheel brake torque. (d) Vehicle speed.

Shock and Vibration 9



As is described above, the maximum deceleration of
the vehicle when the emergency brake is applied is gen-
erally 0.75 g to 0.85 g. Figure 12 depicts the vehicle lon-
gitudinal acceleration, speed, wheel slip rate, and brake
torque, respectively, when the driver switches the medium
comfort brake to the emergency brake on dry asphalt
pavement. ,e wheel slip rate of the EMB vehicle steadily
is changed from 0.04 to near the optimal road slip rate
0.17, while the wheel slip rate of the ABS vehicle is con-
trolled at the range of 0.03–0.11 due to the emergency
brake. ,e acceleration of the EMB vehicle is kept at near
− 0.5 g when the medium comfort brake is conducted, and
it increases to near − 0.75 g 1.5s later, in which both values
are in the acceptable range. ,e acceleration of the ABS
vehicle is changed from − 0.65 g to near − 0.9 g 1.5 s later, in
which both values are in the unacceptable range. ,us, the
feeling in the EMB vehicle is better than in the ABS vehicle
under the condition of ensuring vehicle safety.,e same as

simulation scenario I, the rear axle brake of the EMB
vehicle does not work when braking intention is the
medium comfort brake, but when braking intention
changes to the emergency brake, the four-wheel slip rate of
the EMB vehicle is set to be the road optimal slip rate 0.17,
so the rear axle brake torque increased to the specified
value.

4.2.4. Scenario II (b) Wet Asphalt Pavement, Switch Medium
Comfort Brake to Medium Emergency Brake. In the simu-
lation scenarios, the vehicle is running on the wet asphalt
pavement all the time, the driver switches mild brake to
medium comfort brake when T�1.5 s, and the cosimulation
results are shown in Figure 13.

As is shown in Figure 13, when the driver switches the
medium comfort brake to the emergency brake on wet
asphalt pavement, the wheel slip rate of the EMB vehicle is
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Figure 12: Dry asphalt pavement, switch medium comfort brake to emergency brake. (a)Wheel slip rate. (b) Vehicle acceleration. (c)Wheel
brake torque. (d) Vehicle speed.
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steadily changed from 0.06 to near-road optimal slip rate
0.1308, while the wheel slip rate of the ABS vehicle changes
from near 0.01 to the range of 0.3–0.16 due to the change of
intention. ,e EMB vehicle acceleration is changed from
− 0.33 g to − 0.46 g, in which both values are acceptable. And
the acceleration of the ABS vehicle is steadily changed from
− 0.45 g to − 0.65 g, in which both values are on the edge of
acceptance. ,e rear axle brake of the EMB vehicle changes
the same as scenario II (a) except the specified brake torque
value.

All in all, we could find that the EMB vehicle performs
better than the ABS vehicle considering braking comfort. No
matter which kind of condition is changed, the EMB vehicle
could keep the passenger in an acceptable range. ,at is, the
vehicle equipped with EMB can well ensure braking comfort
of the vehicle equipped with the BBW system under the
premise of ensuring brake safety.

5. Conclusions

In order to ensure the braking comfort of the vehicle
equipped with the BBW system, a novel braking intention
classification method was proposed, which included mild
brake, medium comfort brake, and emergency brake. A
braking intention recognizer relying on fuzzy logic was
established, which could reflect driver’s intention in real
time; the brake pedal voltage and its change rate were taken
as the recognizer input, and it outputs real-time driver’s
braking intention and braking intensity; an optimal brake
force distribution strategy for the vehicle equipped with the
BBW system based on slip rate was proposed to improve
braking comfort. ,e vehicle dynamics model, improved
sliding mode controller, and the BBW system model were
constructed, respectively. ,e cosimulation was conducted
both in Simulink and CarSim, the simulation results show
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Figure 13: Wet asphalt pavement, switch medium comfort brake to emergency brake. (a) Wheel slip rate. (b) Vehicle acceleration.
(c) Wheel brake torque. (d) Vehicle speed.
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that the EMB vehicle performs better than the ABS vehicle
considering braking comfort under the same condition, and
the EMB vehicle braking comfort is better on wet asphalt and
snow pavement than on dry asphalt pavement, and no
matter which kind of road surface, the vehicle performs very
well on changing intention test. ,e proposed braking in-
tention classification method, braking intention recognizer,
brake force distribution strategy, and sliding mode control
can well ensure braking comfort of the vehicle equipped with
the BBW system under the premise of ensuring brake safety.
In view of this, control scheme is helpful to the control of
longitudinal vibration; hence, this control algorithm con-
cerning braking comfort will be, respectively, applied in a
prototyping system and real-car experiment in the future
study.

Nomenclature

a: Distance from CG to the front axle (m)
b: Distance from CG to the rear axle (m)
Fx: Wheel longitudinal ground brake force (N)
Fz: Wheel vertical load (N)
hs: Height of center of mass of sprung mass (m)
hus: Height of center of mass of unsprung mass (m)
I: Drive motor armature current (A)
If: Moment of inertia of the front axle (kg·m2)
Ir: Moment of inertia of the rear axle (kg·m2)
J: Moment of inertia of the wheel (kg·m2)
L: Distance from the front axle to the rear axle (m)
Lb: Brake pedal opening (m)
m: Vehicle mass (kg)
ms: Vehicle sprung mass (kg)
mus: Vehicle unsprung mass (kg)
r: Wheel rolling radius (m)
rb: Brake disc radius (m)
Tb: Wheel brake torque (N)
Te: Drive motor electromagnetic torque (Nm)
Tf: Drive motor friction torque (Nm)
U: Output voltage of the electronic brake pedal (V)
v: Vehicle longitudinal speed (m/s)
_v: Vehicle longitudinal acceleration (m/s2)
θ: Angular displacement of the brake pedal (°)
ω: Angular velocity of wheel rotation (rad/s)
_ω: Angular acceleration of wheel rotation (rad/s2)

Dimensionless
ix: Planetary gear ratio
kb: Brake output torque coefficient
kt: Motor torque coefficient of the brake
k1: Variable speed approach law coefficient
k2: Exponential convergence law coefficient
ph: Lead of the screw
Z: Brake intensity
ηx: Mechanical efficiency of the planetary gear mechanism
ηs: Mechanical efficiency of the ball screw
λ: Actual wheel slip ratio
λp: Road optimal wheel slip ratio
λ∗: Current-desired wheel slip ratio
μ: Brake force coefficient

μb: Brake pad friction coefficient
􏽢μ: Actual brake force coefficient
φ: Boundary layer

Subscript
i: ,e number for each wheel of the vehicle.
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