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Abstract: The vehicle model was built based on MATLAB/Simulink and Carsim, and the multi-
objective active collision avoidance control algorithm considering safety and comfort was established
based on a model predictive control (MPC) algorithm. The vehicle active collision avoidance control
system for comfort and safety was studied by simulation and experimentation. The results show
that the active collision avoidance control system based on an MPC algorithm can follow the vehicle
under different working conditions and ensure the safety and comfort in the process of following the
vehicle while meeting the requirements of the active collision avoidance control system.
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1. Introduction

Vehicle active collision avoidance control technology is a new technology combining mod-
ern information technology, sensing technology, dynamic identification and control technology.
The vehicle active collision avoidance control system uses advanced information technology
such as information processing technology and sensors to obtain external traffic environment
information, such as relative speed and distance from pedestrians and front vehicles, and
combines it with the driving conditions of self-propelled vehicles, so as to realize the iden-
tification of current vehicle safety risks. According to the degree of danger, corresponding
control measures are automatically taken to ensure the safe operation of the car [1–5].

Domestic and foreign enterprises have conducted in-depth research on vehicle ac-
tive collision avoidance systems. In Germany, by installing a range automatic control
radar, the Mercedes-Benz BENZ 600S can adjust the vehicle’s speed in the speed range of
40–60 km/h to control the distance between the car and the front car. When the vehicle’s
spacing is lower than the safe distance, the control mechanism is automatically controlled
by the system to brake to reduce the collision with the front vehicle [6,7]. The German
company Volkswagen developed Front Assist, a pre-collision safety system. At the speed
of 0–30 km/h, the system detects the speed and distance of the front obstacle or vehicle
by millimeter wave radar, to realize the prediction of collision accidents. When the car is
undergoing emergency braking, the system will issue a warning signal. When the driver
does not perform collision avoidance action, the system will automatically force the vehicle
to brake [8,9]. In Japan, Toyota took the lead in developing the active safety collision
mitigation braking system CMBS (Collision Mitigation Brake System) [10]. The sensors on
the vehicle can detect the distance between the vehicle and other cars driving on the same
road. When the distance between the vehicles is less than the safe range, there may be a
rear-end accident. According to the alarm signal, the driver can understand the danger the
vehicle is in. When the driver ignores the alarm signal and does not take corresponding
measures, as the distance becomes closer and closer, the system will issue warnings, such
as slight braking action of the brake. When the system determines that the vehicle cannot
avoid a rear-end collision with the vehicle following behind, the brake light is lit first to
inform the following vehicle that there may be danger. At the same time, the collision
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mitigation braking system can achieve emergency braking and minimize collision losses.
At the same time, Toyota also developed the Pre-Collision System (PCS) [11]. The system
detects the vehicle or obstacle ahead and calculates the distance from the vehicle by a
millimeter wave radar installed at the head of the vehicle to calculate the probability of
collision. In succession, Narayanan P [12] released a new concept, the FCAAC (Forward
Collision Avoidance Assist Concept). This system uses radar to detect whether there are
obstacles or other means of transportation in front of it and then calculates their distances
by computer. When the distance between vehicles is less than the safe range, collisions may
occur, and then auxiliary braking is taken. When the driver cannot control the vehicle in
time, the system will control the corresponding actuator for braking control. This system
can help vehicles with an initial speed below 57.6 km/h to avoid rear-end accidents.

In China, relevant researchers have conducted some research on the security of active
obstacle avoidance systems, vertical and horizontal algorithms of active obstacle avoidance
systems, etc. [13–15]. In 2008, Professor Chen Qian, Nanjing University of Science and
Technology, and Anwei Fengyang jointly developed the first domestic “laser detection
vehicle active anti-collision intelligent safety system” successfully. When the car is running
at normal high speed, the driver often fails to handle the sudden obstacles ahead. The
system can use lasers to collect the characteristics of multiple traffic environments and
combine advanced signal analysis and processing technologies to achieve vehicle tracking,
early warning, deceleration, braking and other operations. When the obstacle is cleared, the
vehicle automatically returns to normal driving [16]. A comprehensive assessment method
of vehicle longitudinal and lateral collision risk that considers both the simplicity of time–
distance model calculation and the accuracy of motion model modeling is proposed by Qin
et al. [17]. In order to better assess the collision risk and realize the conversion of different
control modes, Yuan Wei and others [18] have combined the longitudinal driving safety
factor and the reciprocal of the collision time. At the same time, there is almost no active
collision avoidance system with multiple economic performance indicators. Due to the
driving characteristics of the active collision avoidance function of electric vehicles, there
are frequent addition, unstable deceleration and speed control and unnecessary energy [19]
consumption loss in the process of collision avoidance [20].

To sum up, the current research on vehicle active collision avoidance control systems
mainly considers the safety factors but less considers the comfort and other aspects. There-
fore, this paper proposes research on vehicle active collision avoidance control systems
for comfort and safety in view of the insufficient consideration of vehicle active collision
avoidance control systems.

2. Conceptual Design
2.1. Software in the Loop Test Scheme Design
2.1.1. The First Section

This section introduces the study object, namely the selection of the vehicle. Compared
with traditional cars, intelligent car testing pays more attention to the vehicle’s driving
situation in different traffic environments and scenarios. The research object in this paper is
pure electric vehicles with front-wheel centralized drive. The complete vehicle parameters
are shown in Table 1.

Due to the needs of different stages of testing, a vehicle dynamics model was built
in Simulink and CarMaker, respectively, and the main difference lies in the tire model.
The tire model built in Simulink adopts the magic formula, from the slip rate sx, the tire
side angle cx, the road adhesion coefficient µ and the ground normal reaction force Fz,
to obtain the longitudinal force Fx and the lateral force Fy. Professor H.B Pacejka of the
Netherlands proposed a method to build a tire model. By fitting the experimental data
of the trigonometric function, the mechanical properties of the tire in this case can be
completely obtained. The “magic formula” parameter has clear meaning, wide range
of use, high fitting accuracy and high confidence, which is suitable for the analysis and
prediction of automotive dynamic simulation characteristics. In the model of this paper, it
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does not involve the analysis of the steering system, nor consider the equal torque effect,
but only analyzes the longitudinal load, longitudinal slip rate and longitudinal stability.

Table 1. Pure electric vehicle’s whole vehicle parameters.

Serial Number Parameter Symbol Figure Unit

1 Wheel rolling radius r 0.275 m
2 Wheel rotation inertia IW 1 kg/m2

3 Total mass of the car m 1360 kg
4 Wheelbase L 2.33 m
5 The distance from the

front axle to the a 1.0657 m
center of mass

6 The distance from the
rear axle to the center b 1.2643 m

of mass
7 Centroid height h 0.627 m
8 Drag coefficient CD <0.32
9 Reducer gear ratio i 3.5

10 Windward area A 2.142 m2

When building tire models in CarMaker, there are several modeling methods, includ-
ing real-time tire model (RealTime Tire), magic formula tire model and TameTire tire model.
Among them, the real-time tire model is the empirical tire model provided by the IPG
company, which is built based on the measured real-time data of the tire in operation.
This kind of model provides a variety of commonly used tire models for research and
development personnel to choose from. The magic formula tire model’s principle is the
same as the previous paragraph: input for the parameters in the magic formula or the
tire attribute file established in ADAMS. The TameTire tire model is a thermomechanical
tire model provided by the Michelin R&D department, covering the transient mechanical
properties and thermal properties of the tire, with the highest precision.

According to the braking force allocation strategy before and after ECE regulation,
two allocation strategies are adopted in this paper: One is a distribution curve for the front
and rear braking force distribution along the I curve, that is, the front and rear wheels
cling at the same time. Another allocation strategy for braking is performed by using the
front axle’s (motor) braking force as much as possible; with this allocation strategy, the
front axle can brake as much as required by regulations to maximize the use of the motor
for braking energy recovery. The electro-hydraulic distribution strategy of the front axle
adopts the strategy of using motor braking as far as possible, when the target braking
torque is less than the braking torque provided by the motor; when the target torque is
exceeded by the motor, the motor emits the maximum braking torque, and the rest of the
braking force is provided by the hydraulic braking system. When ABS is not enabled and
the vehicle is locked, a pure hydraulic system is applied to prevent motor damage. Sensor
setup is also required in CarMaker. Since this paper does not analyze the influence of the
opening angle, installation position or characteristic parameters of the sensor on the control
effect, the ideal sensor is used to obtain the movement of the front and rear vehicles and
pedestrians through the global coordinates, including the position, speed, acceleration and
other information.

2.1.2. The Construction of the Traffic Scenarios

After completing the setting of vehicle parameters, roads, environmental vehicles
and pedestrians should be set up to build the intelligent vehicle test scene. Starting from
CarMaker 6.0, the setting of scenes starts to support drag-and-drop creation, which is
convenient for developers to create scenes faster and more intuitively.

The behavior setting of self-contained vehicles, traffic vehicles and pedestrians can be
completed in CarMaker/Maneuver and CarMaker/Traffic. By setting the time, speed, accel-
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eration, position, steering, termination conditions and jump conditions of each individual
behavior, various complex working conditions can be flexibly realized. In addition, the be-
havior of each traffic element can be programmed more carefully in CarMaker/Maneuver.
After completing a test condition setting, CarMaker/Test Manager can be used to auto-
matically set the key parameters in this test condition to realize mass automatic testing. In
addition, using TestManager can greatly simplify the construction process of the test scene,
reduce the workload, reduce the required storage space, reduce the test cost and improve
the test efficiency.

2.1.3. Joint Control Interface with the Simulink

CarMaker can generate models in Simulink format and convert the settings in Car-
Maker to S-Function in Simulink. At the same time, one can also use the Read CM dict
module, input the variable name in the CarMaker and directly read the corresponding
variables in Simulink. By using the Write CM dict module, the variables in CarMaker can
be directly changed to achieve control.

2.2. Control Method Design of Longitudinal Active Collision Avoidance System Based on MPC
2.2.1. Construction of Vehicle Model

Carsim was used to establish the virtual environment and vehicle dynamics model of
emergency collision avoidance conditions, and the required longitudinal braking safety
distance model was built in Simulink. Through the powerful real-time interface function of
Carsim and Simulink, the above models were connected to form a closed-loop simulation
system. The collision avoidance mode was simply judged and selected, and the simulation
test was carried out by setting typical working conditions.

The overall structure of the active collision avoidance control system is designed as
shown in Figure 1:
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Figure 1. Overall system structure of active collision avoidance control.

The Blue circles represent the controller.The red square frame on the left side of the
figure was built by Simulink. Similarly, the red square frame on the right side was built
by Carsim. Here, Sdes represents the expected safety distance; vdes represents the autopilot
speed; ades represents the desired acceleration; acon represents the controlled quantity of
the lower controller; Pdes represents the expected automatic driving brake pressure; Pb
represents the actual braking pressure of the car; v f represents the actual vehicle speed; a
represents the actual acceleration of the car; ωe represents the engine speed; ζ represents
the actual distance between the car and the front car.

When the vehicle is running, according to the different driving states of the front
vehicle, the active collision avoidance control system will judge the safety state according to
the environmental information, and the safety distance model calculates the safety distance
under the current driving state in real time. By comparing with the actual vehicle distance,
when the actual vehicle distance is less than or equal to the safe distance, the active collision
avoidance control system will automatically judge the vehicle as being in a dangerous state.
After the calculation of the hierarchical controller, the active collision avoidance control
system acts on the vehicle dynamics system. The active collision avoidance control system
will control the brake actuator to achieve the purpose of controlling the speed and ensuring
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the safety of the vehicle. The actuator controlled by the active collision avoidance control
system is the brake. The brake realizes the desire to brake the pressure output and controls
the deceleration of the car.

2.2.2. Algorithm Construction of Active Collision Avoidance Control System

Based on the MPC algorithm, a multi-objective active collision avoidance control
algorithm considering safety and comfort is proposed. Secondly, for the poor robustness
of MPC, a method based on state error correction is proposed to enhance the robustness
of the system; then, the cost function is transformed into a quadratic form to obtain the
optimal control sequence, and the first value is applied to the system to achieve the optimal
purpose. Finally, the joint simulation results of CarSim/Simulink are verified.

Active Collision Avoidance Control Target Analysis

On the road, the most basic and important control objective of the active collision
avoidance control system is safety. Therefore, strict constraint control of the actual work-
shop distance is the primary premise to ensure the safe operation of the active collision
avoidance control system. In this paper, the workshop distance ∆d(t) is not less than the
minimum safe distance d0:

So, the formula is: ∆d(t) ≥ d0.
The control objective of the active collision avoidance control system for the following

distance is that the actual following distance between the self-driving car and the front car
approaches the expected following distance: δ(T)→ 0 .

The control objective of the active collision avoidance control system for the car-
following speed is to achieve the actual car-following speed equal to that of the head car,
that is, the vehicle is in a relatively static state: υrel(t)→ 0 .

When the car’s acceleration and acceleration change rate are smaller, the passenger
comfort will be higher [21,22]. The control objective of the active collision avoidance control
system for comfort is to minimize the acceleration and acceleration change rate during
driving: mina(t) minj(t).

In MPC, the car-following process has dynamic characteristics. In order to prevent
large input and output fluctuations in the car-following process, that is, to ensure the
smooth car-following of the active collision avoidance control system in the car-following
mode, we make the output L(t) reach the set value Lre f along the desired gentle curve,
and the generated curve Lre f (t) is the reference curve. Along the reference trajectory
Lre f (t), each component of the output equation L(t) will be smoothly approached to 0. The
reference curve is expressed in the first-order exponential form, as shown in Formula (1):

Lre f (t + i) = γiL(t) + (1− γi)Lre f (1)

where γ is the coefficient of the reference trajectory, usually between 0 and 1. The smaller
the γ value is, the faster the reference trajectory is. The γ value is 0.9 [23].

Robust Design of Car following Model Prediction

In the actual system operation, due to the internal uncertainty of the system, such as
vehicle parameter measurement error, parameter estimation error, parameter time varying,
model adaptation, unmodeled dynamics and external interference [24–26], there is always
model uncertainty in the car-following system. Uncertainty makes the prediction trajectory
based the on nominal model deviate from the actual trajectory of the system. Due to the
poor robustness of MPC to model mismatch problems, if the uncertainty of the model is
obvious, there will be a large difference between the actual state and the predicted state
of the system, which is called the prediction error. When the prediction error increases,
the MPC system cannot accurately reflect the actual state and characteristics of the vehicle-
tracking process, weakening the tracking performance and even losing the multi-objective
optimization of the system.
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Therefore, the robustness of the system must be improved to strengthen the system’s
resistance to external disturbances and the system’s ability to correct model errors. Through
the feedback correction method, the state error of the vehicle following the vehicle is used

as the correction item Ax(t) and Ax(t) = x(t)− ∧x( t|t− 1) to represent the error between
the actual state vector and the predicted value. The following MPC robust control algorithm
is established, as shown in Formula (2):{

x̂(t + 1) = A1x(t) + A2u(t) + A3ω(t) + A4hx(t)
ŷ(t) = A5 x̂(t)− A6

(2)

where A1 =


1 Ts − 1

2 T2 0
0 0 Ts 0
0 0 −Ts 0
0 0 1− TS

τ 0
0 0 1− 1

τ 0

A2 =


0
0
0

Ts
τ
1
τ

A3 =


1
2 Ts2

0
Ts
0
0

, and A4 is the error

feedback matrix.
x(t) = (∆d(t), v(t), vrel(t), a(t), j(t)) (3)

Here, ∆d(t) is the distance between the car and the front car; vrel(t) is the relative
speed of the car and the front car; v(t), a(t), j(t) are the speed, acceleration and acceleration
change rate of the car; u(t) inputs ades for upper control of the system; ω(t) is the system
interference input, namely the front vehicle acceleration. In the system sampling process, if
the sampling time interval is too long, it will distort the simulation results, and the too-short
system calculation rate will decrease. So, the Ts samples the time for the system, Ts = 0.05 s;
τ is the time constant, τ = 0.5.

The constant headway (CTH) strategy is used in the workshop time distance [27], and
d0 is the minimum safe distance of the CTH strategy, d0 = 7. The output variable y(t) is
composed of the difference between the distance calculated by the spacing strategy and
the actual distance δ(t), the relative velocity νrel(t), the acceleration a(t) of the car and
the acceleration change rate j(t) of the car. The output equation is obtained, as shown in
Formulas (4) and (5):

y(t) = A5x(t)− A6 (4)

y(t) =


δ(t)
vrel(t)
a(t)
j(t)

A5 =


1
0
0
0

−th
0
0
0

0
1
0
0

0
0
1
0

0
0
0
1

A6 =


d0
0
0
0

 (5)

Assuming that the prediction time domain is p and the control time domain is m, the
following prediction state can be obtained, as shown in Formulas (6)–(8):

x̂(t + 1|t) = A1x(t) + A2u(t) + A3ω(t) + A4hx(t) (6)

x̂(t + 2|t) = A1
2x(t) + A1 A2u(t) + A2u(t + 1)+

A3ω(t) + A3ω(t + 1) + (A1 + 1)A4hx(t)
(7)

x̂(t + p|t) = A1
px(t) + A1

p−1Bu(t) + A1
p−2 A2u(t + 1) + · · ·+

p−m
∑

l=0
A1

l A2u(t + p−m) + A1
p−1 A3ω(t) + A1

p−2 pA3ω(t + 1) + . . .+

p−m
∑

l=0
A1

l A2ω(t + p−m) +
p−1
∑

l=0
A1

l A4hx(t)

(8)

Further, from the output equation, the controlled output of steps t− 1 to t + p can be
predicted, as shown in Formulas (9)–(11):

ŷ(t + 1|t) = A5 A1x(t) + A5 A2u(t) + A5 A3ω(t) + A5 A4hx(t)− A6 (9)
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ŷ(t + 2|t) = A5 A1
2x(t) + A5 A1 A2u(t) + A5 A2u(t + 1) + A5 A1 A3ω(t) + A5 A3ω(t + 1)+

A5(A1 + 1)A4hx(t)− A6
(10)

ŷ(t + p|t) = A5 A1
px(t) + A5 A1

p−1 A2u(t) + A5 A1
p−2 A2u(t + 1) + L

+
p−m
∑

l=0
A5 A1

l A2u(t + p−m) + A5 A1
p−1 A3w(t) + A5 A1

p−2 A3w(t + 1)

+L +
p−m
∑

l=0
A5 A1

l A3w(t + p−m) + A5

p−1
∑

l=0
A1

l A4hx(t)− A6

(11)

P-step prediction output vector and m-step input vector are defined as shown in
Formulas (12) and (13):

ŷp(t + p|t) =


ŷ(t + 1|t)
ŷ(t + 2|t)

...
ŷ(t + p|t)


p×1

(12)

U(t + m) =


u(t)
u(t + 1)

...
u(t + m− 1)


m×1

(13)

The future P-step prediction of the system output can be simplified as the following
prediction equation, as shown in the Formulas (14)–(17):

ŷp(t + p|t) = Sxx(t) + SuU(k + m) + SwW(k + p) + Sehx(k)− Sz (14)

where

Su =


A5 A2 0 . . . 0
A5 A1 A2 A5 A2 . . . 0
...

... . . .
...

A5 A1
p−1 A2 A5 A1

p−2 A2 . . .
p−m
∑

l=0
A5 A1

l A2


p×m

(15)

Su =


A5 A3 0 . . . 0
A5 A1 A3 A5 A3 . . . 0
...

... . . .
...

A5 A1
p−1 A3 A5 A1

p−2 A3
...

p−m
∑

l=0
A5 A1

l A3


p×m

(16)

Sx =


A5 A1
A5 A1

2

...
A5 A1

p


p×1

Se =


A5 A4
A5(A1 + 1)A4
...

A5

p−1
∑

l=0
A1

l A4


p×1

Sz =


A6
A6
...
A6


p×1

(17)

Constrained Optimization Problem

The requirements for the performance of the control system are mainly reflected in the
selection of the objective function [28–30]. The goal of this paper is to make the controlled
output close to the reference output by constraining the control action. The optimized
performance index selected in the driving process of the active collision avoidance control
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system is written in a weighted value function, that is, the selected objective function is
shown in Formula (18):

J =
p

∑
i=1

[
ŷ(t + i|t )− yre f (t + i)

]T

•B1

[
ŷ(t + i|t )− yre f (t + i)

]
+

m

∑
i=1

u(t + i)
T

B2u(t + i) (18)

The function of the entire expression is to make the system track the desired trajectory
as quickly and smoothly as possible. In Equation (18), B1 is the weighting coefficient matrix
of the deviation between the predicted control output and the reference input between the
vehicle spacing, relative speed, acceleration and the acceleration rate of change. Hoping
that the control action will not change too much, this paper comprehensively considers
comfort and safety. The same weight of the final result of B1 is 1, the larger weighting factor,
indicating that the corresponding control output is closer to the given reference input; B2
is the weighting coefficient matrix of the control output; item 1 indicates the ability of the
control system to follow the reference state, item 2 represents the control input, and the
larger the control weighting factor R, the smaller the change in the corresponding control
action expected. The selection of R affects the control quantity, as the control index attaches
less importance to the controlled consumption of energy, the system control ability under
the control of the corresponding controller is tracked and enhanced, and the increase in
vehicle acceleration will also increase.

In order to meet the optimal control performance in the following process, according to
the actual performance of the vehicle, the control input is restricted, as shown in Formula (19):

umin(t + i) ≤ u(t + i) ≤ umax(t + i), i = 0, 1, · · · , m− 1 (19)

Solving Constrained Optimization Problems

From a simple mathematical transformation, this paper transforms the constrained
model predictive control optimization problem such as Equations (18) and (19) into a
quadratic problem for solving and obtains Formula (20):

U(t + m)min = 1
2 U(t + m)TΦU(t + m) + f TU(t + m) + ET

P B1Ep
s.t.CU(t + m) ≤ D

(20)

where
Φ = 2(ST

u B1Su + B2) f = 2ST
u B1Ep

Ep = Sxx(t) + SωW(k) + Sehx(k)− A6 − yre f

C =

[
Im×m
−Im×m

]
2m×m

D =

[
vupm×1

vlowm×1

]
2m×1

Therefore, in each sampling period, the optimal control input sequence in the control
time domain m can be obtained, as shown in Formula (21):

U∗(t + m) =


u(t)
u(t + 1)
...
u(t + m− 1)


m×1

(21)

Then, the first element of the control sequence is output to the lower controller.
The lower controller adopts the inverse longitudinal dynamic model [31]. Considering

the reliability of the corresponding parts of the vehicle and the comfort of the ride, the
vehicle jitter caused by excessive frequent switching between acceleration and braking is
prevented. A transition area is set on both sides of the switching logic curve and its width
is set to 0.2 m·s−2.
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3. Simulation Analysis

The MPC active collision avoidance control algorithm without optimized regenerative
braking is defined as the comparison algorithm. Its braking force is a distribution strategy,
the construction method and parameter setting are the same as those of the algorithm in
this paper, and the data optimization simulation comparison is made for the safety index
and the following index.

In the initial state, the speed of the front vehicle is 10 m·s−1, the speed of the rear
vehicle is 15 m·s−1, the distance between the two vehicles is 30 m and the acceleration of
the front vehicle changes according to a certain trajectory. The active collision avoidance
control algorithm of MPC with energy recovery optimization and without energy recovery
optimization is simulated and compared. The simulation results are shown in Figures 2–6.
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It can be seen from the simulation results that both methods can control the workshop
distance and speed well while following of the front and rear vehicles. In the initial
stage, due to the large speed deviation between the two vehicles, large distance between
vehicles and the large algorithm adjustment, the system is not suitable for the front vehicle.
However, when the speed of the two vehicles is close, the system will gradually stabilize,
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and the rear vehicle can keep up with the speed change of the front vehicle, but there
is a certain lag. After the current vehicle enters the steady state, the workshop distance
error and vehicle speed error finally converge to zero. In terms of acceleration, the speed
reduction of the unoptimized MPC algorithm changes greatly, and the speed reduction
of the optimized MPC algorithm changes little, which is mainly due to the good energy
recovery effect of the regenerative braking system under medium-intensity braking.

For the evaluation of the regenerative braking performance, the dynamic energy
recovery rate can be used as the evaluation index. It is defined as the ratio of the energy
recovered by the motor to the total energy during braking. The calculation is as follows:

ηreg =

n
∑

j=1

∫ tj_2
tj_1

Tmnm
9.55 dt

n
∑

j=1

1
2 mv2

j_0 −
1
2 mv2

j_t

where the total braking time under the simulation condition is n, during the jth braking,
and for the total braking n times, in the jth braking, vj_() is the initial braking end speed
(m/s), vj_t is the braking end speed (m/s), tj_1 is the initial braking end time(s) and tj_2 is
the braking end time(s).

In the simulation process, the energy recovery rate of the unoptimized MPC algorithm
is 32.2%. The energy recovery rate of the optimized MPC algorithm is 37.8%. The change
of recovery energy is shown in Figure 6, and the total recovery energy of the unoptimized
algorithm is 754.36 kJ. The energy recovered by the optimization algorithm was 890.2 kJ.

4. Analysis of Test Results

In order to further verify the effectiveness of the designed active braking system based
on MPC active collision avoidance control algorithm, this section builds an experimental
platform based on the smart car and conducts experimental studies on the active braking
actuator and controller designed above.

4.1. Real Vehicle Experimental Platform

In this paper, an SUV is selected as the test vehicle, and the corresponding experimental
platform is built on this test vehicle. The main parameters of the test vehicle are shown in Table 2.

Table 2. Main parameters of test vehicle.

Name Parameter

L ×W × H (mm) 4600 × 1780 × 1445
Wheelbase (mm) 2700
Tread front (mm) 1555
Tread rear (mm) 1568

Complete vehicle quality (kg) 1235
Tire size 195/65 R15

Full speed (km/h) 190

The experimental platform is divided into two parts: hardware and software. The
software part depends on the DSPACE autobot control platform. The hardware part is
arranged as shown in Figure 7. The hardware structure of the whole system is composed
of a central controller and four sub-control drive units, and the CAN bus is used for
information transmission.



Processes 2023, 11, 485 12 of 16

Processes 2023, 11, x FOR PEER REVIEW 13 of 17 
 

 

of a central controller and four sub-control drive units, and the CAN bus is used for infor-
mation transmission. 

Central control unit

Right front wheel 
electric brake 

Execution control unit

Right front wheel 
speed sensor

Hand brake rod

Electronic parking 
button

Electronic brake 
pedal

Left front wheel 
speed sensor

Left front wheel 
electric brake 

Execution control unit

Right rear wheel 
electric brake 

Execution control unit

Right rear wheel 
speed sensor

Left rear wheel 
speed sensor

Left rear wheel 
electric brake 

Execution control unit

Power 
supply

Bus

Bus

Bus

Bus

Electric brake Electric brake

Electric brake Electric brake

Control 
signal 
input 
unit

 
Figure 7. Hardware configuration diagram of the test platform. 

4.2. Sensor 
The main function of the sensor is to obtain various parameters in the process of ve-

hicle operation, to lay the foundation for future experimental verification. Among them, 
the wheel speed sensor, the acceleration sensor and the pressure sensor are the most 
widely used sensors at present. 

4.2.1. Wheel Speed Sensor 
A new magnetoelectric speed sensor is used in this paper. It can accurately detect the 

wheel speed and track it. This sensor is installed on the gear ring of the wheel. When the 
wheel rotates, it will rotate with the rotation of the wheel, because it has a certain propor-
tional relationship with the electronic signal, so the measured signal frequency can be 
used to calculate its speed. 

4.2.2. Acceleration Sensor 
Braking deceleration is an important indicator to measure the braking performance 

of the system, which needs to be obtained by accurate acceleration sensors. In this exper-
iment, a nine-axis acceleration sensor is installed on the test platform of the active braking 
system. 

4.2.3. Braking Pressure Sensor 
The pressure sensor is installed on the brake pedal of the test vehicle, and the pres-

sure signal can be used to judge whether the driver has a brake intervention. The test 
vehicle uses a diaphragm pressure sensor, model CEMPX4. 

  

Figure 7. Hardware configuration diagram of the test platform.

4.2. Sensor

The main function of the sensor is to obtain various parameters in the process of
vehicle operation, to lay the foundation for future experimental verification. Among them,
the wheel speed sensor, the acceleration sensor and the pressure sensor are the most widely
used sensors at present.

4.2.1. Wheel Speed Sensor

A new magnetoelectric speed sensor is used in this paper. It can accurately detect
the wheel speed and track it. This sensor is installed on the gear ring of the wheel. When
the wheel rotates, it will rotate with the rotation of the wheel, because it has a certain
proportional relationship with the electronic signal, so the measured signal frequency can
be used to calculate its speed.

4.2.2. Acceleration Sensor

Braking deceleration is an important indicator to measure the braking performance of
the system, which needs to be obtained by accurate acceleration sensors. In this experiment,
a nine-axis acceleration sensor is installed on the test platform of the active braking system.

4.2.3. Braking Pressure Sensor

The pressure sensor is installed on the brake pedal of the test vehicle, and the pressure
signal can be used to judge whether the driver has a brake intervention. The test vehicle
uses a diaphragm pressure sensor, model CEMPX4.

4.2.4. Actuator of Active Braking System

The actuator of the active braking system mainly consists of a drive motor, worm wheel,
ball screw and brake caliper [32–34]. The ball screw is used to realize the non-self-locking
mechanism, and the electromagnet is used to realize the self-locking pressure-retaining
mechanism. The specific parameters are shown in Table 3.
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Table 3. Main parameters of implementing agencies.

Name Parameter

Motor back EMF coefficient 0.104
Worm-gear drive ratio 25

Mechanical efficiency of worm gear 0.95
Ball screw guide (m) 0.008

Mechanical efficiency of ball screw 0.95
Braking coefficient 0.8

The braking performance test results of the active collision avoidance braking system
obtained in this test are shown in Figures 8–12.
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It is not difficult to see that the experimental results are basically the same as the
simulation results. Both the non-optimized MPC algorithm and the optimized MPC
algorithm can adapt well to the vehicle spacing and vehicle speed following the vehicle
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ahead. However, the experimental results are not ideal. Compared with the simulation
results, the error is large. The factors that may lead to this difference are analyzed as
follows: (1) Experimental data processing. There is a delay in reading sensor data, resulting
in a larger braking time. (2) The simulation model has deviation. Since the mathematical
models used in the simulation are simplified and theoretical models, there is a certain
deviation from the test vehicle itself.

5. Conclusions

Based on MATLAB/Simulink and the Carsim simulation software platform, the vehi-
cle model was built, and based on the MPC algorithm, a multi-objective active collision
avoidance control algorithm considering safety and comfort was established. The op-
timization of the electric vehicle active collision avoidance control system for comfort
optimization was studied by simulation and experimentation. The simulation results show
that the active collision avoidance control system based on the MPC algorithm can follow
the vehicle under different working conditions and ensure the safety and comfort in the
process of following the vehicle while meeting the requirements of the active collision
avoidance control system. The results show that the strategy meets the requirements of
active collision avoidance tracking, safety and comfort. Compared with the unoptimized
algorithm, the simulation energy recovery rate increases by 5.6%, and the contribution rate
of test braking energy recovery increases by 5.4%.

In future research, the driving and braking process of pure electric vehicles can be
coordinated and optimized by further analyzing the motor efficiency characteristics and
using more intelligent algorithms, so as to improve the various performance of the system.
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