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Introduction: As science and technology develop, automobiles are moving
toward intelligence and electrification and need better braking systems.

Methods: To improve the braking system’s response speed and braking effect, a
longitudinal dynamics control system for automobiles based on the electronic
mechanical braking systemwas proposed, and the electronicmechanical braking
system was improved through automatic disturbance rejection control.

Results: The experimental results show that the time required for achieving the
target clamping force in the electronic mechanical braking system using self-
disturbance rejection control and proportional integral differential control is only
0.01 s, but there is an issue of excessive control in the proportional integral
differential system between 0.12 s and 0.2 s, while the self-disturbance rejection
controller does not have this problem. Meanwhile, regardless of the interference
applied, the electronic mechanical braking system with automatic disturbance
rejection control can ensure that the clamping force does not fluctuate. In the
joint simulation experiment, the expected acceleration and actual acceleration
can remain consistent, and if the expected braking force is 9000 N, then the
actual braking force of the electronic mechanical brake (EMB) is also 9000 N.

Discussion: The above results indicate that the vehicle longitudinal dynamics
control systemusing the electronicmechanical braking systemnot only responds
fast but also has a good braking effect, avoiding the problem of excessive control
and improving the driving experience.
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1 Introduction

Over more than 100 years since the official birth of the first car in 1886, related automobile
technologies have been fully developed and matured. With the breakthroughs in artificial
intelligence, new energy, and other technologies, cars have gradually developed towards
intelligence and electrification. In this trend, the braking system of automobiles needs to
meet the requirements of energy recovery and active braking for the safety and energy-saving of
electric vehicles. However, although the commonly used hydraulic braking system has a
relatively sensitive response and good follow-up, it is laborious to operate, provides limited
braking torque, and does not satisfy the new requirements (Huang et al., 2019; Jing and He,
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2019). In addition, the traditional hydraulic brake control method has
not been able to eliminate the vibration phenomenon that often occurs
in the vehicle under braking conditions, which has an adverse effect on
the control accuracy of the system. The wire-controlled braking system
abandons all or part of the traditional hydraulic pipelines with fast
response speed and high control accuracy, becoming a new research
direction for braking systems. The wire-controlled brake system
includes electronic hydraulic brake (EHB) and electronic mechanical
brake (EMB) systems. EMBs eliminate all hydraulic components,
thereby reducing response delay and improving the accuracy of
brake pressure control. At the same time, the EMB system can also
achieve energy recovery (Wu et al., 2019; Weng et al., 2021). However,
in the EMB system, traditional proportional integral differential (PID)
controllers are prone to external interference, resulting in reduced
braking control effectiveness. Therefore, in order to improve the
anti-interference ability of EMBs and compensate for the brake
pressure change caused by the system vibration, the active
interference inhibition control (ADRC) is introduced in the EMB
system and applied to the longitudinal dynamics control of the
vehicle to eliminate the vibration problem causing the braking
torque change (BTV) and realize accurate and fast braking control.

The study includes four sections. Section 1 briefly describes the
relevant research on EMB systems and ADRC. Section 2 will study
the longitudinal dynamics control system of automobiles based on
the ADRC-improved EMB system. Section 3 will conduct a CarSim/
Simulink joint simulation on the longitudinal dynamics control
strategy of the proposed vehicle and analyze its results. Section 4 will
summarize the entire research.

2 Related works

The brake control system, as a core control technology of vehicles
and other machinery, is of great significance for the stable operation of
various types of machinery. Therefore, improving the performance of
brake control systems has become an important research topic.
Heydrich and his team proposed a control method based on a fully
decoupled line control system with wheel propulsion for the integrated
control problem of electric vehicles. In this method, the rear axle of the
car adopts a line control system and an in-wheel propulsion system
combined with an integrated chassis control system, providing
universal safety functions such as an anti-lock braking system and
enhanced torque mixing functions. The results show that this method
can effectively improve control performance and vehicle safety
(Heydrich et al., 2021). Yang et al. proposed an EMB-based, fully
electric integrated braking system for the braking control problem of
electric vehicles. The experimental results showed that the braking
performance of this system was better than that of fully mechanical
braking, and it effectively reduced the working time and torque capacity
of EMBs (Yang et al., 2019). Subramaniyam and Subramanian
proposed a wheel slip control method based on integral sliding
mode control for electrified vehicles, aiming to utilize the
responsiveness of regenerative braking during braking. The
experimental results show that this method reduces the root mean
square error and braking distance of slip rate tracking by 12.13%–72%
and 2.43%–4%, respectively (Subramaniyam and Subramanian, 2021).
Jin et al. proposed a braking control system to improve the
corresponding braking speed of mine hoists. The experimental

results showed that the adjustment time for brake clearance was
successfully achieved within a duration of less than 10 s.
Additionally, the steady-state error was recorded to be below 2%
(Jin et al., 2022). Devika and his team proposed a pneumatic brake
based on the Kharitonov theorem for the braking problem of heavy-
duty commercial road vehicles. The experimental results show that the
controller is robust for system time constant changes of up to 100% and
time delay changes of up to 40% under different road and load
conditions (Devika et al., 2021).

Autodisturbance rejection control, a control method with strong
robustness, high control accuracy, and simple parameter setting, is
applied in various mechanical control systems. Muhammed and
other scholars proposed a control method based on ADRC to
address the trade-off issue of comfort and handling in
automotive suspension systems. This method first studied the
linear spring-loaded mass feedback acceleration control law
through a multi-objective genetic algorithm and then used ADRC
to compromise it. The experimental results showed a superior
control effect to other methods under different road conditions
(Muhammed et al., 2022). Ma et al. proposed a high-speed train
braking information fusion method based on adaptive linear self-
disturbance rejection to address the issues of poor adaptability and
lag in traditional high-speed train braking control methods. The
results show that the control method can estimate and compensate
for disturbances well, has good robustness, and can quickly and
accurately track the ideal parking curve (Ma et al., 2021). Gao and
his team introduced an ADRC control strategy by model
compensation for the control of permanent magnet synchronous
motors. This control strategy fully considered the disturbance of the
filtering link to the current loop. The experimental results indicated
a good current tracking performance (Gao et al., 2020). Xu and Cho
have proposed a new electronic wedge braking system based on
ADRC to address the issues of slow and unstable response in
electronic wedge braking systems. The system does not have
planetary gear sets or ball screw mechanisms and can utilize the
self-locking ability of the screw mechanism to maintain the brake
without maintenance while reducing braking force by utilizing the
self-excitation ability of the wedge brake pads (Xu and Cho, 2022).
Parkash and Swarup proposed an ADRC lateral control method to
address the issue of vehicle lateral control. This method fully
considered lateral offset error constraints and estimated unknown
states and disturbances through ESO. The experimental results
showed that this method greatly stabilized the control signal and
reduced tracking error (Parkash and Swarup, 2022).

In conclusion, the research on the automotive electronic
mechanical braking system has been quite effective, but there is
still no good method for improving excessive control. Therefore, to
improve automotive braking control performance, an EMB
automotive longitudinal dynamics control system based on
ADRC improvement is proposed to improve the response speed
and control effect of the braking control system.

3 EMB system design based on
longitudinal dynamics control

With the increasing attention paid to vehicle safety, the
requirements for the safety of vehicle braking systems are also
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constantly increasing, leading to increasingly complex braking
systems and an increased risk of hydraulic circuit leakage. As an
electronic control system, an EMB system differs from traditional
brake systems in that it does not require the use of hydraulic media
and has a simple structure and reliable functional integration that is
expected to replace traditional brakes. In order to improve EMB
control effectiveness, a multi-stage control strategy using ADRC was
proposed and applied to the longitudinal dynamics control of
automobiles. To construct an EMB system based on longitudinal
dynamic control, a multi-stage closed-loop control strategy for EMB
was designed by analyzing the working process of the EMB actuator
and considering the working characteristics of the EMB actuator in
three stages. Then, a pressure loop controller based on active
disturbance rejection control was designed for the pressure loop
that directly affects the braking control effect of the vehicle.

3.1 Multi-stage control strategy for EMB
system based on autodisturbance
rejection control

The EMB system is an electromechanical servo control system
that adjusts the braking force by controlling changes in the power
flow of the motor. Due to the connection between the output shaft of
the driving motor and the sun gear of the planetary gear reducer, the

planetary carrier of the planetary gear reducer is connected to the
screw of the ball screw. The driving motor outputs the driving torque
through the motor shaft, and the planetary gear reducer amplifies
the driving torque and transfers power to the ball screw. The ball
screw mechanism converts rotational motion into translational
motion, and the ball screw nut continuously pushes the pressure
sensor, piston, and brake pad. The brake pad clamps the brake disc
and generates clamping force on both sides, thereby achieving the
corresponding braking force to brake the vehicle. The entire EMB
braking process can be divided into three stages, namely, the brake
clearance elimination, the clamping force following, and the brake
clearance formation. The EMB control strategy framework is shown
in Figure 1.

From Figure 1, it can be seen that the EMB system adopts a
position speed current three-loop control, with the goal of
facilitating the formation of braking gaps to completely eliminate
clamping force and prepare for the next braking. The numerical
value of the clamping force determines the mode-switching control
for the three stages. When the operation of the EMB is influenced by
external factors, the system output will be affected, decreasing the
braking effect. Therefore, to ensure that the braking effect of the
EMB system is not disturbed, research proposes to integrate ADRC
technology into the EMB system. When introducing ADRC into the
EMB system, the working process of the EMB actuator is first
analyzed. A multi-stage closed-loop control strategy framework

FIGURE 1
EMB control strategy framework.

FIGURE 2
Self-immunity controller structure.
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for EMB is designed based on the working characteristics of the
EMB actuator in three stages. Then, a pressure loop controller based
on ADRC is designed for the pressure loop that directly affects the
braking control effect of the vehicle. ADRC technology, as a new
type of digital control technology, has little dependence on precise
modeling of control objects and can also include possible
interference factors in the total disturbance and compensate for
them. The ADRC structure is shown in Figure 2.

As shown, the tracking differentiator is responsible for
extracting signals using the input characteristics of the control
object. The extended state observer is responsible for tracking the
system’s variables, understanding the system state in real time,
and also compensating for the total disturbance. Nonlinear error
state feedback is responsible for calculating the control amount
using the error between the state variable and the state estimation
value (Ahmed and Ali Shah, 2022; Chebbi and Briere, 2022; Yang
et al., 2023). A transition process is arranged in the ADRC
optimization process to address the issue of unreasonable
original errors, considering the constraints of control
objectives and the bearing capacity of control objects to avoid
excessive tracking time or overshoot caused by large errors. At
the same time, differential approximation formulas are used to
approximate differentiation and address the problem of severe
noise amplification in differential signals. By using differential
signals, the control system can respond more sensitively to
changes in the input signal and quickly adjust the control
output to reduce the error between the output and the
expected value. Differential control can provide faster
response speed and better tracking performance, especially
in situations where the input signal undergoes rapid changes.
For tracking control, “faster” can be changed to “fastest,” which
requires the use of a nonlinear tracking differentiator. With the
transition process of tracking differentiator (TD), PID control
can be achieved by utilizing the error signal and error
differentiation signal of the transition process, as well as the
integral signal generated based on the error signal. It is best to use
nonlinear combinations for error signals, error differential
signals, and integral signals generated based on error signals.
Due to the disturbance estimation ability and strong anti-
interference ability of ADRC, there is no need to rely on
integral compensation to eliminate the influence of
disturbances when calculating the controller output. Only the

disturbance estimated by ESO needs to be compensated to the
controller output. Considering the braking characteristics of the
EMB system, it is approximated as a second-order nonlinear
system, and its state equation is shown in Eq. 1.

_x1 � x2

_x2 � f x1, x2( ) + w t( ) + b · u t( ).
y � x1

⎧⎪⎨⎪⎩ (1)

In Eq. 1, x1 and x2 represent the system state variables.f(x1, x2)
represents nonlinear functions. w(t) indicates unknown
disturbance. b represents the gain when the control variable is
used in the system. u(t) represents system input. y represents
system output. ADRC is designed by the second-order nonlinear
system mentioned above, and the discrete expression of the tracking
differentiator is shown in Eq. 2.

fh � fhan x1 k( ) − v k( ), x2 k( ), r, h0( )
x1 k + 1( ) � x1 k( ) + T · x2 k( )
x2 k + 1( ) � x2 k( ) + T · fh

⎧⎪⎨⎪⎩ . (2)

In Eq. 2, fhan(x1(k) − v(k), x2(k), r, h0) represents the fastest
control synthesis function. x1(k) represents the input tracking
signal. v(k) represents the input target signal. x2(k) denotes
differential signals. T represents the step size. During the
working process of the braking system, it will interact with the
external environment, so it is necessary to expand the disturbance
factor into a disturbance state variable to facilitate extended state
observer. Its discrete expression is shown in Eq. 3.

e k( ) � z1 k( ) − y k( )
z1 k + 1( ) � z1 k( ) + T z2 k( ) − β01e k( )( )
z2 k + 1( ) � z2 k( ) + T f z1, z2( ) + z3 k( ) − β02 · fal e, 0.5, δ( ) + b0u( )
z3 k + 1( ) � z3 k( ) + T −β03 · fal e, 0.25, δ( )( )

⎧⎪⎪⎪⎨⎪⎪⎪⎩ .

(3)

In Eq. 3, z1(k) and z2(k), respectively, represent the estimated
values of x1 and x2. z3(k) represents the observed values of the
perturbed variables after expansion. β01, β02, and β03 represent
control parameters. b0 represents the estimated value of input
gain. fal(e, 0.25, δ) represents a nonlinear function, as shown in
Eq. 4.

fal e, α, δ( ) �
e

δ1−α
e| |≤ δ

e| |αsgn e( ) e| |> δ

⎧⎪⎨⎪⎩ . (4)

FIGURE 3
Control framework of vehicle longitudinal dynamics.
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In Eq. 4, α represents the control parameter, with a value range
of (0, 1). 2δ is a linear interval range. In ADRC, nonlinear state
feedback takes signals from tracking differentiators and extended
state observers as inputs and uses those signals to calculate Eq. 5.

e1 � x1 − z1
e2 � x2 − z2
u0 � k e1, e2, p( )

⎧⎪⎨⎪⎩ (5)

In Eq. 5, xT1 represents the tracking signal. xT2 denotes
differential signals. u0 indicates the error feedback control
quantity. k(.) indicates the error feedback rate. p represents a
parameter. The error feedback control quantity is shown in Eq. 6.

u0 � β1fal e1, a1, δ( ) + β2fal e2, a2, δ( ) 0< a1 < 1< a2 (6)

In Eq. 6, both β1 and β2 are the system adjustment coefficients.
After obtaining the error feedback control quantity, the total
disturbance is compensated to obtain the final control quantity.
The final control quantity is output in the form of the expected value
of the q-axis current and is used in the calculation of Eq. 7.

iq � u � u0 − z3 t( )
b0

� β1fal e1, a1, δ( ) + β2fal e2, a2, δ( ) − z3 t( )
b0

(7)
In Eq. 7, iq represents the expected value of the q-axis current. u

indicates the final control quantity. z3(t) represents the total
disturbance.

3.2 Vehicle longitudinal dynamics control
strategy based on autodisturbance
rejection EMB

In the longitudinal dynamics control of a vehicle, the EMB is
the actuator for the adaptive cruise control and emergency
braking control of the vehicle. If the completed EMB is to be
applied to vehicle control, it is necessary to study the dynamic
control framework of the vehicle to achieve the final closed-loop
control. The longitudinal dynamics control of vehicles generally
adopts a hierarchical control method, and the upper controller is
responsible for obtaining decision information based on vehicle
status, driver characteristics, etc., to determine the target value of
speed. The lower-level controller is responsible for outputting

target pressure and torque based on the vehicle status and feeding
back the state information to the upper-level controller (Fang
et al., 2022). The control framework of the vehicle is shown
in Figure 3.

In Figure 3, the control system consists of an environmental
sensor, adaptive cruise control, automatic emergency braking
control, the target drive torque control module, the target brake
pressure control module, the power system, and the EMB system.
The adaptive cruise control system and automatic emergency
braking control system constitute the upper control system (Sun
et al., 2019; Danjuma et al., 2022). The adaptive cruise control
system consists of two parts: constant speed cruise and autonomous
following. The expression of the constant speed cruise controller is
shown in Eq. 8.

es cc � Vcc − Vego

ax,cc � kp cces cc + ki cc ∫ es ccdt + kd cces cc
′

⎧⎪⎨⎪⎩ (8)

In Eq. 8, Vcc represents the cruising speed. Vego indicates the
current speed of the vehicle. es cc indicates speed error. The units of
the above variables are km/h. ax cc represents the longitudinal
acceleration of the target in m/s2. kp cc, ki cc, and kd cc represent
the coefficients of the controller. When there is a first vehicle in front
of the test vehicle, and that vehicle’s speed is less than the test
vehicle’s cruising speed, the test vehicle will enter autonomous
following mode and maintain a safe distance from the vehicle in
front to ensure the safety of the vehicle. The expected distance
between vehicles and the time interval between vehicles are shown in
Eq. 9.

d � τhVego + dmin

τh �
τh,max τh ≥ τh,max

τh0 − Vrch otherwise
τh,min τh ≤ τh,min

⎧⎪⎨⎪⎩
⎧⎪⎪⎪⎨⎪⎪⎪⎩ (9)

In Eq. 9, ddes represents the expected value of vehicle spacing. τh
represents the following time interval in seconds. dmin indicates the
minimum safe distance at rest. τh,max and τh,min represent the
maximum and minimum following time intervals, respectively.
th0 represents the reference following time interval. ch represents
the coefficient of relative velocity. Vr represents the relative speed of
two vehicles in km/h. The response relationship between the target
longitudinal acceleration and the actual longitudinal acceleration at
this time is shown in Eq. 10.

FIGURE 4
Target brake pressure control module structure.
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aego � KL

TLs + 1
ax,acc (10)

In Eq. 10, aego is the vehicle actual longitudinal acceleration. KL

represents hysteresis loop gain. TL represents the time constant, in
seconds. ax,cc indicates the longitudinal acceleration of the target. s
represents a Laplace operator. The automatic emergency braking
system is responsible for avoiding accidents by braking when there is
a risk of rear-end collision in the vehicle. The formula for calculating
the emergency braking distance and its minimum safety distance is
shown in Eq. 11.

sego � τ1 + τ2
2

( )Vego + Vego

2aego,max
(11)

In Eq. 11, sego represents the emergency braking distance in
meters. τ1 indicates the interval between receiving automatic
commands from the EMB and vehicle deceleration. τ2 represents
the rise time of brake power, and both units are in seconds. In the
actual driving process, the working state of the vehicle ahead is often
uncertain, so it is necessary to analyze the emergency braking safety
distance model under different conditions. The safety distance
model for stationary, slow-moving, and decelerating vehicles
ahead is shown in Eq. 12.

dpart � τ1 + τ2
2

( )Vego +
V2

ego

2aego,part
+ Δs

dpart � τ1 + τ2
2

( )Vego +
V2

ego

2aego,part
+ Δs − Vego − Vf

aego,part
Vf

dpart � τ1 + τ2
2

( )Vego +
V2

ego

2aego,part
+ Δs − V2

f

2af

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(12)

In Eq. 12, dpart represents the minimum safe distance for partial
braking. aego,part indicates partial braking deceleration. Vf indicates
the speed of the vehicle ahead. Δs represents the final distance
between the two vehicles, namely, the minimum safe distance from
the front vehicle. af represents the acceleration of the first vehicle. A
hierarchical braking control strategy was adopted in the study to
reduce harm to the driver during emergency braking. Meanwhile,

due to the complex environmental changes that vehicles often face
during driving, it is necessary to switch between constant speed
cruise and autonomous following modes. The calculation formula
for the switching threshold of the two is shown in Eq. 13.

ds � τs1 · Vego + τs2 · Vr (13)

In Eq. 13, ds represents the switching threshold, in m. τs1 and τs2
represent the critical constant and collision event constant of the
following time distance, respectively. The lower controller consists
of a target drive torque control module and a target brake pressure
control module. The target brake pressure control module is mainly
responsible for converting the target brake deceleration into the
target brake pressure, and its structure is shown in Figure 4.

From Figure 4, it can be seen that the target brake pressure
control module corrects the actual brake deceleration through the
PID after receiving it. The comprehensive target pressure is
obtained, combined with the benchmark target pressure, and
then transmitted to the EMB to achieve the conversion of actual
braking pressure. The calculation formula for the benchmark target
braking pressure is shown in Eq. 14.

Fn,base � made,tar −mgf cos α −mg sin α − CDSV2
ego

21.15
( )/KB (14)

In Eq. 14, Fn,base represents the reference target braking pressure.
ade,tar indicates the target braking deceleration. m indicates the
weight of the vehicle. α indicates the road slope. f indicates the
rolling resistance coefficient. CD indicates the air resistance
coefficient. S indicates vehicle windward area. KB indicates the
transformation coefficient. The calculation formula for the target
pressure correction value is shown in Eq. 15.

ea,de � ade,tar − ade

Fn,car � Kpea,de +Ki ∫ ea,dedt +Kdea,de

⎧⎪⎨⎪⎩ (15)

In Eq. 15, ea,de represents the braking deceleration error in m/s2.
ade,tar indicates the braking deceleration. Fn,cor indicates the
corrected value of brake pressure. Kp represents the PID
proportional coefficient. Ki represents the PID integral term

FIGURE 5
PID self-disturbance resistance control and braking force control effect. Note: The experimental data were jointly simulated by CarSim/Simulink. (A)
5000 N, and (B) 10,000 N.
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coefficient. Kd represents the PID differential coefficient. The target
driving torque reference calculation value of the target driving
torque control module is shown in Eq. 16.

Tm,base �
r maac,tar +mgf cos α +mg sin α + CDSV2

ego

21.15( )
i0ηt

(16)

In Eq. 16, Tm,base represents the target driving torque reference
value. r indicates the rolling radius of the wheel. ηt indicates
transmission efficiency. i0 represents the total transmission ratio.
The “21.15” value comes from the formula for calculating the air
resistance of a car when there is no wind. In the formula for calculating
air resistance, if the unit of vehicle speed is converted to km/h, the
denominator needs to bemultiplied by 3.62. If the air density is replaced
by a specific value and the original 1/2 is added, the denominator should
be 2 × 3.62/(air density). The error elimination of the target-driven
torque control module is still achieved through PID.

4 Joint simulation experiment and
result analysis based on
CarSim/Simulink

To verify ADRC-based EMB performance in the vehicle
longitudinal dynamics control system, this study first tested the
ADRC-based EMB system and analyzed its clamping force control
effect. Then, simulation experiments were conducted on vehicle control
systems based on EMB using the CarSim/Simulink joint simulation
platform. In the CarSim simulation, the sprung mass of the entire
vehicle is 1,110 kg, with a distance and height of 1,040 mm and 540 mm
from the center of mass to the front axle, a wheelbase of 2,560 mm, a
width and height of 1,661 mm and 1,535 mm respectively, and a radius
of 310 mm for both the front and rear wheels. In the Simulink
simulation, 1/4 of the vehicle mass is 55 kg, the initial braking speed
of the wheels is 16.67 km/h, the inertia of the wheels is 0.45 kg.m2, the
effective radius of the wheels is 0.298 m, and the braking coefficient of
the brake is 1,661 Nm/kPa. The EMB system has a friction coefficient of
0.4 and a bilateral brake gap of 0.2 mm. The braking force control effect
of ADRC and PID is shown in Figure 5.

In Figure 5A, when the target clamping force was 5000 N, the
time for ADRC and PID to reach the target clamping force was 0.11 s
and 0.12 s, respectively. However, there was an issue of excessive
control in PID between 0.12 s and 0.2 s, while ADRC did not have
this issue. From Figure 5B, when the target clamping force was
10,000 N, the time for ADRC and PID to reach the target clamping
force was about 0.15 s, but there was still an issue of excessive control
in PID in the 0.15–0.24 s window. It can be seen that ADRC not only
can quickly respond to the target clamping force but also avoids the
problem of excessive control. ADRC and PID’s anti-interference
abilities are shown in Figure 6.

Figure 6A shows that when a positive interference load was
applied, the clamping force of the PID slightly decreased after being
disturbed and then gradually increased. The clamping force of
ADRC was still consistent with the target clamping force and did
not fluctuate. As shown in Figure 6B, when a negative interference
load was applied, the clamping force of the PID slightly increased
and then gradually decreased to the target clamping force. However,
the clamping force of ADRC did not change. It can be seen that
ADRC had stronger anti-interference ability. In the joint simulation
experiment of the longitudinal dynamics control system of vehicles
based on the EMB system, the vehicle working conditions are
divided into two types: the first is a composite working condition
of constant speed cruise and autonomous following, and the second
is a composite working condition of autonomous following and
emergency braking. In the first operating condition, the target
vehicle speed and the cruising speed were 50 km/h and 80 km/h,
respectively, with a distance of 60 m between the two vehicles. At
this point, Figure 7 shows the vehicle speeds and spacings.

From Fig. s 7(a) and (b), in the initial stage, the vehicle’s speed
slowly increased to the set cruising speed under the action of the
cruise control. At this stage, due to the initial speed of the following
vehicle being smaller, the distance between the two vehicles
gradually increased and eventually stabilized at approximately
90 m. When the vehicle reached cruising speed, it drove at a
constant speed for a period of time. At this point, the distance
between the two vehicles began to decrease due to the second
vehicle’s speed increasing. When the distance between the two
vehicles decreased to the expected distance, the second vehicle

FIGURE 6
Anti-interference ability of self-immunity control and PID. Note: The experimental data were jointly simulated by CarSim/Simulink. (A) Positive
interference load and (B) negative interference load.
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gradually slowed to 50 km/h. The speed of the target vehicle was
followed to maintain the distance between the two vehicles.
Under the first working condition, the acceleration of the vehicle
and the working modes of the different modules are shown
in Figure 8.

From Figure 8A, the actual longitudinal acceleration of the
longitudinal dynamics control system based on the EMB was
basically perfectly matched with the target acceleration. When
the expected acceleration was 3.5 m/s2, the actual longitudinal
acceleration of the vehicle was also 3.5 m/s2. In Figure 8B, under
the first operating condition, the vehicle was successively in constant
speed cruise, autonomous following, and constant speed cruise
modes. The working time of the three modes was 10 s, 20 s, and
10 s, respectively. The driving torque and EMB braking force of this
vehicle under the first operating condition are shown in Figure 9.

From Figure 9A, it can be seen that the driving torque of this
vehicle basically changed with the change in acceleration.
Throughout the entire process, the maximum driving torque was
about 275 Nm, and the acceleration at this time was also the
maximum value. In Figure 9B, the EMB braking force and the

target braking force were basically perfectly fitted. When the
expected braking force was 9000 N, the actual braking force of
the EMB was also 9000 N. The vehicle longitudinal dynamics
control system based on the EMB had a good control effect in
the composite working conditions of constant speed cruise and
autonomous following. In the second operating condition, the
vehicle’s cruising speed was still 80 km/h, and the target vehicle’s
driving speed varied between 50 km/h and 70 km/h. The distance
between the two vehicles was shortened to 50 m. At this point, the
driving speed and distance between the two vehicles are shown
in Figure 10.

As shown in Figures 10A,B, in the second operating condition,
the speed of the car gradually increases to cruising speed and the
distance between the two vehicles gradually decreases. Then, as the
speed of the car increased, the distance between the two cars
gradually decreased. When the distance between vehicles
decreased to the desired distance, the following vehicle’s speed
gradually decreased and changed with the target vehicle’s speed.
The acceleration and working mode of the vehicle under the second
working condition are shown in Figure 11.

FIGURE 7
Speed and spacing of the local vehicle and the target vehicle. Note: The experimental data were jointly simulated by CarSim/Simulink. (A) Speed and
(B) vehicle spacing.

FIGURE 8
Acceleration of the vehicle and the working mode of different modules. Note: The experimental data were jointly simulated by CarSim/Simulink. (A)
Acceleration and (B) working mode.
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FIGURE 9
Driving torque and EMBbraking force of this vehicle. Note: The experimental datawere jointly simulated by CarSim/Simulink. (A)Drive torque and (B)
EMB braking force

FIGURE 10
Driving speed and vehicle distance. Note: The experimental data were jointly simulated by CarSim/Simulink. (A) Speed and (B) vehicle spacing.

FIGURE 11
Acceleration andworkingmode of the local vehicle. Note: The experimental data were jointly simulated by CarSim/Simulink. (A) Acceleration and (B)
working mode.
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From Figure 11A, it can be seen that under the second operating
condition, the actual acceleration of the vehicle was basically
consistent with the expected acceleration. When the expected
acceleration was 3.8 m/s2, the actual acceleration was also 3.8 m/
s2. In Figure 11B, during the second operating condition, the vehicle
was successively in cruise control, autonomous following, and
emergency braking modes, with operating times of 10 s, 45 s, and
5 s, respectively. The driving torque and EMB braking force of this
vehicle under the second operating condition are shown
in Figure 12.

From Figure 12A, it can be seen that under the second operating
condition, the actual driving torque of the vehicle was basically
perfectly matched with the target driving torque, with a maximum
driving torque of approximately 280 Nm. Figure 12B shows that the
actual braking force of EMB was basically consistent with the target
braking force, with peaks of 18 kN and 19 kN, respectively. It can be
seen that in the second operating condition, the vehicle longitudinal
dynamics control system based on EMB still has good control effect.
The control of the proposed control measurement is shown
in Figure 13.

Figure 13 shows that in the range of 18.5–20 s in the late PID
brake control period, the acceleration fluctuates significantly

because of the longitudinal vibration of the vehicle at this time.
However, in the ADRC control, there was only a small fluctuation at
approximately 18.5 s, and the remaining moments were stable.
Although acceleration oscillations occur in both PID and ADRC
control, they are caused by vehicle disturbances and not by the
braking system. Under ADRC control, the acceleration oscillation
caused by vehicle disturbance is well offset. It can be seen that ADRC
control measurement can effectively control the longitudinal
vibration of the vehicle and keep the vehicle stable.

5 Conclusion

With the increasing attention paid to traffic safety, automobile
braking systems have undergone several transformations. The
currently used common hydraulic brakes cannot meet the
current needs of intelligent development due to their complex
structure and slow response speed. Therefore, in order to meet
the new braking needs of intelligent and electric vehicles, a
longitudinal dynamics control system for automobiles based on
ADRC-improved EMB was proposed and tested. The experimental
results showed that when the target clamping force was 5000 N, the
time for the ADRC and PID to reach the target clamping force was
0.11 s and 0.12 s, respectively. However, there was an issue of
excessive control in the PID between 0.12 s and 0.2 s, while the
ADRC did not have this issue. Regardless of whether positive or
negative interference was applied, the clamping force of ADRC did
not fluctuate, while the clamping force of PID changed under the
disturbance. In joint simulation testing, when the expected
acceleration was 3.8 m/s2, the actual acceleration was also 3.8 m/
s2. When the expected braking force was 9000 N, the actual braking
force of the EMB was also 9000 N. Regardless of the operating
conditions, the actual acceleration, actual driving torque, and EMB
braking force of the improved EMB-based vehicle control system
were consistent with the expected values. The above results indicate
that the response time of the EMB vehicle longitudinal dynamics
control system is short, and the braking effect is good and can
achieve the expected value. Although the longitudinal dynamics
control state of EMB vehicles proposed in the study performed well

FIGURE 12
Driving torque and EMBbraking force of this vehicle. Note: The experimental datawere jointly simulated by CarSim/Simulink. (A)Drive torque and (B)
EMB braking force.

FIGURE 13
Brake vibration control situation. Note: The experimental data
were jointly simulated by CarSim/Simulink.
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in joint simulation experiments, only simple operating
conditions between vehicles were considered in the testing,
without considering complex situations such as sudden
pedestrian intrusion or vehicle congestion. Therefore, in the
future, it is necessary to optimize the EMB to cope with more
complex operating conditions.
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