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Abstract: Currently, the active braking system is primarily used to avoid collisions between vehicles
and vulnerable road users (VRUs) traversing the road at a constant speed in straight road conditions.
Research on the collision avoidance strategy has been conducted to enhance the protective effects
of the active braking system for VRUs traversing the road in various motion states in curved road
conditions. Firstly, the spatial position relationships between VRUs and turn-taking vehicles are
established when VRUs traverse the road in various motion states from the outside or the inside of
the curved road; a mathematical model is established to identify whether VRUs are in a dangerous
condition. Secondly, the safe distance model is established to formulate the vehicle collision avoidance
strategy. Thirdly, the active braking controller is designed based on the upper sliding mode control
and the lower discrete PID control. Finally, the six collision test scenarios on the curved road are
constructed by utilizing the Prescan and Matlab/Simulink software. The results show that the active
braking system can avoid the collision between the vehicle and VRUs traversing the curved road in
various motion states.

Keywords: vulnerable road users; curved road conditions; various motion states; collision avoidance
strategy; active braking

1. Introduction

In 2022, the Global Road Safety Report released by the World Health Organization
pointed out that approximately 1.3 million people die in road traffic accidents every year,
and the loss caused by road traffic accounts for 3% of the gross domestic product of most
countries. More than half of all road traffic accident fatalities were vulnerable road users
(VRUs). According to statistics from the United States Centers for Disease Control and
Prevention, over 10,000 VRUs die, and about 300,000 VRUs are injured in road traffic
accidents in the United States every year.

In China, VRU fatalities account for 70% of road traffic fatalities, including 40% for
two-wheeled and 25% for pedestrians [1]. Most two-wheeled cyclists are electric bicycle
riders. Currently, there are as many as 300 million electric bicycles in China. National
Mandatory Standard “Safety Technical Specifications for Electric Bicycles” (GB17761-2018)
states that the maximum speed of electric bicycles, as well as the quality of the vehicle as a
whole, must be less than 20 km/h and 55 kg. However, due to the low awareness of safety
among people, the speed modification of electric bikes is widespread, and the maximum
speed is as much as 30 to 40 km/h. The vast majority of electric bicycle riders are not
professionally trained and have poor safety protective equipment leading to the frequent
occurrence of electric bicycle accidents, resulting in enormous loss of life and property [2].
According to the annual report of China’s traffic accident statistics, from 2015 through 2020,
the death toll of electric bicycle riders increased year by year, with an increased rate of
35.2% and an average annual growth rate of 5.1% [3].

Naci et al. pointed out that each year, over 180,000 electric bicycle riders were killed in
road traffic accidents, most of which occur in middle-income countries [4]. Guo et al. found
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that drivers’ distracted driving and irregular driving behaviors were two of the main
reasons for road traffic accidents [5]. Rosén et al. studied the relationship between the
speed of vehicle collisions and VRU fatality rate, pointing out that when the collision
speed of the vehicle was decreased from 50 km/h to 40 km/h, the VRU fatality rate
was reduced by a factor of two. A reduction in vehicle collision speed from 50 km/h to
30 km/h resulted in a five-fold reduction in the VRU fatality rate [6]. Zhao et al. [7]
and Edwards et al. [8] showed that an active braking system can assist and replace the
driver to implement braking, effectively avoiding collision between the vehicle and VRUs.
Themann et al. [9] and Bachmann et al. [10] pointed out that the position of VRUs could
be accurately obtained by using the communication technology between vehicles and
infrastructure as well as the communication technology based on smartphones or smart-
watches, in order to enhance the collision avoidance effect of the active braking system.
Nkenyereye et al. found that VRU positions and motion information could be quickly
transmitted based on 5G communication technology [11]. As a result, the decision time
of the active braking system was significantly improved. Eilbrecht et al. used a neural
network algorithm to identify the motion intention of VRUs, and the optimal active braking
control of automobiles was achieved based on mixed-integer programming and model
prediction (MPC) [12]. Park et al. proposed an active braking system based on the funnel
algorithm, which accurately calculated the collision probability between the vehicle and
VRUs as well as the safe distance of active braking based on the current position and
expected position of the VRUs [13]. Guo et al. studied the active braking controller based
on the upper sliding mode control and the lower single neuron PID control, which could
be applied to flat deceleration or emergency braking conditions [14]. Li et al. proposed a
human–vehicle co-driving control system based on deep learning to effectively avoid the
collision between the vehicle and VRUs and designed a depth-enhanced Q network algo-
rithm to shorten the learning time for the optimal braking strategy [15]. Lee et al. proposed
a pedestrian motion trajectory prediction method based on multi-sensor fusion to improve
the prediction accuracy and formulate an accurate active braking control strategy [16].
Zadeh et al. studied the collision warning system based on the geometric method; consider-
ing the age of the drivers and pedestrians, the vehicle acceleration, the weather conditions,
and other factors, the corresponding active braking control strategy was proposed [17].
Duan et al. analyzed the driver’s braking behavior during the collision between the vehicle
and the two-wheeled vehicle. An adaptive braking control strategy based on the driver’s
braking behavior was proposed, which can activate the active braking system without
interfering with the driver’s normal driving and effectively avoid the collision between
the car and the two-wheeled vehicle. [18]. Peng et al. investigated the design parameters
that influence the protective effect of the active braking system on two-wheeled bicycle
riders; targeting the effect of collision avoidance, technical cost, and occupant comfort,
multi-objective optimization research of the active braking system was performed [19].

Pan designed the VRU trajectory prediction algorithm based on the deep learning
model, and a significant improvement in prediction accuracy was observed compared to
the Kalman filtering algorithm, which was useful in achieving the anticipated deceleration,
satisfying both safety and ride comfort [20]. Wang et al. proposed an active braking system
control strategy based on the vehicular Internet of Things; since the vehicle-to-vehicle com-
munication technology was used to obtain the motion information of VRUs to determine
the danger level of VRUs and to establish a hierarchical braking strategy, the safety of
VRUs was significantly improved [21]. Li proposed the pedestrian collision avoidance
method based on the hierarchical conflict space, which achieves smooth vehicle braking
based on the premise of meeting vehicle collision avoidance requirements; due to the
negative impact that communication delay has on pedestrian collision avoidance systems,
in order to improve the real-time performance of pedestrian information, a pedestrian
motion estimation method was proposed that achieves safe collision avoidance [22]. Yuan
et al. recognized pedestrian motion features based on a convolutional neural network
and judged pedestrians’ subjective intentions; the Kalman filter algorithm was used to
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obtain the predicted trajectory that is consistent with the subjective intent of pedestrians,
to design the active braking control algorithm, which can ensure the smoothness of the
braking deceleration process and the smoothness of traffic flow [23].

The above active braking system studies are primarily concerned with assessing the
safety of VRUs traversing the road at a constant speed under straight road conditions to
determine whether VRUs are at risk; active braking is used to prevent collision between the
vehicle and VRUs. However, on one hand, due to the complexity of the road environment,
vehicles often drive on curved roads [24,25] and it is difficult to comprehensively measure
the collision avoidance effect of the active braking system based on straight road conditions;
On the other hand, the movement state of VRUs when crossing the road presents diversity,
and they often traverse the road with uniform speed, uniform acceleration, and uniform
deceleration. Therefore, given the limitations of previous studies, this paper proposes
the collision avoidance strategy of the active braking system when vulnerable road users
traverse the road in various motion states under curved road conditions. To test the
protective effect of the active braking system, an electric bicycle rider is taken as the specific
research object.

2. The Position of the Vehicle and VRUs under Curved Road Conditions

Under curved road conditions, it is necessary to identify the position of VRUs to
effectively avoid collision between the vehicle and VRUs. When a VRU crosses the road
from the outside to the inside of the curve, the motion diagram of the vehicle and VRU is
shown in Figure 1a. In Figure 1a, C is the center of mass of the VRU; Vego is the vehicle’s
driving speed; V is the movement speed of the VRU; A1B1 is the driving trajectory of the
vehicle; C1D1 is the motion trajectory of the VRU; M1 is the intersection of two trajectories;
the millimeter-wave radar is installed at the vehicle bumper level, and oxy is the coordinate
system of the millimeter-wave radar installation; ρ1 is the distance from the vehicle to the
VRU obtained from the millimeter-wave radar detection; θ1 is the angle between the vehicle
and the VRU obtained from the millimeter-wave radar detection; O′ is the curvature center
of the curve; R is the radius of curvature of the vehicle’s driving path; and α1 is the angle
between the curvature radius of the vehicle’s driving trajectory and the motion path of
the VRU.
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The curvature radius of the vehicle driving trajectory R is:

R =
Vego

Wego
(1)

The angle between the curvature radius of the vehicle’s driving trajectory and the
motion path of the VRU α1 is:

α1 = arctan
ρ1cosθ1

R + ρ1sinθ1
(2)

The lateral distance of the VRU relative to the vehicle y1 is:

y1 =
√

R2+2ρ1Rsinθ1 + ρ1
2 − R (3)

The trajectory length of the vehicle driving to point M1, x1 is:

x1= Rα1 (4)

When a VRU crosses the road from the inside to the outside of the curve, the motion
diagram of the vehicle and VRU is shown in Figure 1b. In this figure, A2B2 is the driving
trajectory of the vehicle; C2D2 is the motion trajectory of the VRU; M2 is the intersection of
the two trajectories; the millimeter-wave radar is installed at the vehicle bumper level, and
oxy is the coordinate system of the millimeter-wave radar installation; ρ2 is the distance
from the vehicle to the VRU obtained from the millimeter-wave radar detection; θ2 is the
angle between the vehicle and the VRU obtained by millimeter-wave radar detection; and
α2 is the angle between the curvature radius of the vehicle’s driving trajectory and the
motion path of the VRU.

The angle between the curvature radius of the vehicle’s driving trajectory and the
motion path of the VRU α2 is:

α2 = arctan
ρ2cosθ2

R− ρ2sinθ2
(5)

The lateral distance of the VRU relative to the car y2 is:

y2 = R−
√

R2 − 2ρ2Rsinθ2 + ρ22 (6)

The trajectory length of the vehicle driving to point M2, x2 is:

x2= Rα2 (7)

In conclusion, the lateral distance of the VRU relative to the vehicle y is:

y =

{
y1 VRUs from outside to inside of the curve

y2 VRUs from inside to outside of the curve
(8)

The longitudinal trajectory length of the vehicle x is:

x =

{
x1 VRUs from outside to inside of the curve
x2 VRUs from inside to outside of the curve

(9)
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3. The Collision Avoidance Strategy of the Active Braking System under Curved
Road Conditions
3.1. Safety Assessment of VRUs

After the relative positions of the vehicle and VRUs are determined, the safety assess-
ment of VRUs should be conducted. The vehicle’s movement state is adjusted based on
safety assessment results to avoid collisions between the vehicle and VRUs. This paper
defines the time tTTE at which VRUs at the current motion state enter the vehicle driving
area D, the time tTTD at which VRUs at the current motion state leave the vehicle driving
area D, and the time tTTC when the vehicle and VRUs in the current motion state will arrive
at the same location. The time tTTE, time tTTD, and time tTTC are compared to carry out a
safety assessment for the VRUs. The driving area D of the vehicle is:

D = Dego/2 + DVRU/2 + dmin (10)

where Dego is the width of the vehicle, DVRU is the width of the VRU, and dmin is the
minimum distance that should be maintained between the vehicle and the VRU.

The time tTTE is calculated as follows:

1. If y < −D

tTTE =


√

v2−2a(y+D)−v
a

[
v2

2(y+D)
< a <0∧ v >0

]
‖ [a >0∧ v >0]

− y+D
v a =0

∞ else

(11)

2. If −D < y < D, VRUs are already in the safe driving area of the vehicle, so at this time,
the time tTTE = 0.

3. If y > D,

tTTE =


−
√

v2−2a(y−D)−v
a

[
0< a < v2

2(y−D)
∧ v <0

]
‖ [a <0∧ v <0]

− y−D
v a =0

∞ else

(12)

The time tTTD is calculated as follows:

1. If y < −D,

tTTD =


√

v2−2a(y−D)−v
a

[
v2

2(y−D)
< a <0∧ v >0

]
‖ [a >0∧ v >0]

− y−D
v a = 0

∞ else

(13)

2. If −D < y < D,

tTTD =



−
√

v2−2a(y+D)−v
a

[
0< a < v2

2(y+D)
∧ v <0

]
‖ [a <0∧ v <0]

D+y
−v a =0∧ v <0√

v2−2a(y−D)−v
a

[
v2

2(y−D)
< ay < 0∧ vy > 0

]
‖ [a >0∧ v >0]

D−y
v a =0∧ v >0
∞ else

(14)
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3. If y > D,

tTTD =


−
√

v2−2a(y+D)−v
ay

[
0< a < v2

2(y+D)
∧ v <0

]
‖ [a <0∧ v <0]

−D+y
v a =0

∞ else

(15)

In Equations (11)–(15), v is the movement speed of the VRU, a is the movement
acceleration of the VRU, y is the lateral distance of the VRU relative to the vehicle, and D is
the safe driving area of the vehicle.

The time tTTC is calculated as follows [26]:

tTTC =
x

vego
(16)

The time tTTE, the time tTTD, and the time tTTC are compared, then the signal KOT is
introduced to carry out the safety assessment for the VRU. If KOT is 1, the vehicle will
collide with the VRU, and the VRU will be in danger at that time. If KOT is 0, there is no
collision risk between the vehicle and the VRU, and the VRU will be in a safe state at that
time. Therefore, KOT is calculated as follows:

KOT =

{
1 tTTE< tTTC< tTTD

0 else
(17)

3.2. Safety Distance Model

The relationship curve between brake pedal force FP, brake deceleration a, and braking
time t is illustrated in Figure 2, during the braking process of the vehicle. tdr is the driver’s
reaction time, tg is the brake coordination time, tc is the brake continuous braking time,
tl is the brake release time, t′dr is the time at which the driver discovers the danger, t′′dr is
the time that the driver moves his right foot to the brake pedal, t′g is the response time of
the brake, and t′′g is the braking force increase time of the brake.
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The vehicle’s braking distance refers to the vehicle’s driving distance during the
braking coordination period (b–e) and the continuous braking period (e–f) [27].

1. The distance traveled by the vehicle during the braking coordination period (b–e) is
calculated as follows:

During the brake response time t′g, the distance traveled by the vehicle S′1 is:

S′1 = vegot′g (18)
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During the braking force increase time of the brake t′′g , the distance traveled by the
vehicle S′′1 is:

The braking deceleration exhibits a linear growth trend within t′′g , namely:

dv
dt

= kt (19)

where k is the slope of the rising edge of the braking deceleration curve.
According to Equation (19), we can obtain:

k =− amax

t′′g
(20)

According to Equations (19) and (20), S′′1 can be obtained:

S′′ 1 = vegot′′g −
1
6

amaxt′′g
2 (21)

Thus, during the brake coordination period (b–e), the distance traveled by the vehicle
S1 is:

S1 = S′1 + S′′1 = vegot′g + vegot′′g −
1
6

amaxt′′g
2 (22)

2. During the brake continuous braking period (e–f), the vehicle decelerates at a uniform
deceleration rate amax, its initial speed is v1, its final speed is 0, and the distance of the
vehicle driving S2 is:

v1 = vego +
1
2

kt′′g
2 (23)

S2 =
v2

1
2amax

=
v2

ego

2amax
−

vegot′′g
2

+
amaxt′′g

2

8
(24)

Therefore, the minimum active braking safety distance of the vehicle Sbr is:

Sbr = S1 + S2 + dmin =
1

3.6
(t′g +

t′′g
2
)vego +

v2
ego

25.92amax
+ dmin (25)

where dmin is the minimum distance that should be maintained between the vehicle and
the VRU.

If the VRU is in a dangerous state, the active braking system will warn the driver [28],
and the vehicle’s warning safety distance Sw is established as follows:

Sw = Si + vegotdr (26)

where tdr is the driver’s reaction time, and its value is affected by the driver’s age, gender,
and other factors.

However, if the driver is warned by the active braking system and the driver still fails
to take any braking action, then the active braking system begins to actively brake the
vehicle, and the vehicle’s active braking safety distance Si is determined as follows:

Si =
1

3.6
(t′g +

t′′g
2
)vego +

v2
ego

25.92amin
+ dmin (27)

where amin is the minimum deceleration adopted when the vehicle actively brakes.
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The vehicle collision warning signal KCW, the vehicle braking distance sufficient signal
KBC, the insufficient vehicle braking distance signal KBN, and the vehicle braking signal
KBN are determined. The specific methods are as follows:

KCW =

{
1 Si< x < Sw ∧ KOT = 1
0 else

(28)

KBC =

{
1 x > Sbr ∧ x < Si
0 else

(29)

KBN =

{
1 x < Sbr
0 else

(30)

KB =

{
1 KBC = 1|||y| < Dego
0 KBC = 0∧ |y| > Dego

(31)

3.3. Automobile Collision Avoidance Strategy

Considering the safety of VRUs and the comfort of the driver and passengers, firstly,
the time tTTE, the time tTTC, and the time tTTD are judged by the active braking system,
such that if tTTE < tTTC < tTTD, then VRUs are in a dangerous state (KOT = 1). Secondly,
the longitudinal trajectory length x of the vehicle, the vehicle’s warning safety distance Sw,
and the vehicle’s active braking safety distance Si are judged by the active braking system,
such that if Si < x < Sw, then the active braking system will warn the driver (KCW = 1) and
remind the driver to take braking actions to avoid the collision between the vehicle and the
VRUs. Finally, if the driver still does not take braking measures, the longitudinal trajectory
length x of the vehicle, the vehicle’s active braking safety distance Si, and the vehicle’s
minimum active braking safety distance Sbr are judged by the active braking system, if
Sbr< x <Si, then the vehicle braking distance is sufficient (KBC = 1), and the active braking
system starts to brake the vehicle actively (KB = 1) to avoid the collision between the
vehicle and VRUs. When the lateral distance y of VRUs relative to the vehicle is larger than
the vehicle width Dego, the active braking system stops braking (KB = 0); If x < Sbr, the
vehicle cannot avoid the collision with VRUs (KBN = 1), at this time, the active braking
system reduces the speed to the maximum extent to reduce the collision degree between
the vehicle and VRUs and minimize the damage to VRUs. Automobile collision avoidance
strategy is shown in Figure 3.
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4. Active Brake Controller
4.1. Design of the Upper Controller Based on the Sliding Mode Control

A reasonably expected deceleration significantly impacts the driver and passenger’s
safety and comfort during braking. The sliding mode control method is a nonlinear control
method of the variable structure control system, with less adjustable parameters, a fast
response speed, and a strong ability to suppress external disturbances [29–31]. It can
efficiently solve complex nonlinear problems and is suitable for generating moderate
vehicle deceleration under complex working conditions.

The longitudinal trajectory length of vehicle x and the longitudinal velocity of VRUs
relative to the vehicle (∆Vr, km/h) are taken as inputs to the upper controller in this paper,
and the expected deceleration (ar, m/s2) is considered the output of the upper controller.
The input variables for the upper controller are:

ε = x
•
ε = ∆vr

(32)

According to the sliding mode control theory [32,33], the sliding surface is designed
to make the control system reach a stable state in a limited time. The sliding surface based
on trending law in the limited time for the collision avoidance control system is defined as
follows [34]:

S(t) =
•
ε + λ1ε + λ2

∫ t

0
εdt (33)

where λ1 and λ2 are sliding surface coefficients, and both λ1 and λ2 are greater than 0.
Taking the derivative of Equation (33), we can obtain:

•
S(t) = ∆

•
vr + λ1

•
ε + λ2ε (34)

Due to the influence of external disturbance and parameter disturbance in the existing
system, for the control system to reach a steady state and make the first derivative of the
sliding surface convergent, it is necessary to choose the sliding control rate. Therefore, this
paper adopts the symbol function sgn(S) to make the first derivative of the sliding surface
convergent, namely:

•
S = −ηsgn(S), η > 0 (35)

The expected output deceleration ar of the upper controller is:

ar = λ1
•
ε + λ2ε + ηsgn(S) (36)

The stability of the upper controller can be analyzed by defining the Lyapunov function
as follows:

V =
1
2

S2 (37)

Taking the derivative of Equation (37), we can obtain:

•
V = S

•
S = −S · ηsgn(S) = −|S| · η (38)

Obviously, when η > 0,
•
V < 0. The stability criterion of Lyapunov states that the

system is stable and can effectively restrain and weaken the buffeting of the system, which
has good robustness against external interference.

4.2. Design of the Lower Controller Based on Discrete PID Control

In order to realize the deceleration of the vehicle, the expected deceleration ar from the
output of the upper controller is converted to brake pressure by the lower controller through
the inverse longitudinal dynamics model of the vehicle [35,36]. The lower controller must
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provide robustness to the braking system, and the PID control algorithm can efficiently
satisfy the lower controller design requirements. The PID control algorithm consists of
proportional control, integral control, and differential control, and the desired deceleration
of the upper tracking controller of the vehicle is controlled by adjusting the proportional,
integral, and differential coefficients [37,38]. The discrete PID control algorithm presented
in this paper is used to design the lower controller; the specific control flow can be seen in
Figure 4. The output expression of the lower controller is:

u(t)= Kp[e(t)+Ki

t

∑
n=0

e(n)+Kd(e(t)−e(t− 1))] (39)

e(t) = ar − a (40)

where KP, Ki, and Kd are the proportional coefficient, integral coefficient, and differen-
tial coefficient, respectively; e(t) is the input of the lower controller; ar is the expected
deceleration of the upper controller output; and a is the actual deceleration of the vehicle.
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Figure 4. Control flow graph of the upper-layer controller.

The proportional coefficient KP, the integral coefficient Ki, and the differential coeffi-
cient Kd are adjusted to ensure the control accuracy of the lower controller. At present, the
PID parameter adjustment is mainly through two methods: method one is a theoretical cal-
culation method. This method is calculated by accurate mathematical models to determine
the PID parameter. The second method of project setting relies primarily on engineering
experience. According to engineering experience, the parameters are adjusted by using trial
and error in the control system through a lot of number of tests. This study is aimed at a
complex multi-objective vehicle control system, and the driving condition is complicated. It
is difficult to establish an accurate mathematical model to solve the three parameters of PID
control, thus the PID parameters are determined through the project setting method. The
specific stages are as follows: Firstly, make Ki = 0, Kd = 0, KP is set a large initial value, and
KP is gradually reduced. The value KP is determined when the vehicle’s actual deceleration
rapidly follows the upper controller’s expected deceleration output and does not result in
a large overshoot. Secondly, after the KP parameter is determined, the system output of the
actual deceleration cannot accurately track the expected deceleration, i.e., there is a steady
state error. At this time, the Ki value needs to be adjusted to eliminate the error. Therefore,
we gradually increase the Ki value from zero and observe the size of the steady state error
and the status of the system shock. When the system is in a steady state and there is no
steady state error, the Ki value is determined as the final value. Finally, when the KP and
Ki values are determined, the Kd value should be determined. However, in general project
control, the differential coefficient is not set because the actual system exists in the feedback
signal noise, and differential control can enlarge noise, making the system produce shock.
Therefore, we gradually increase the Kd value from zero and find that the tracking effect of
the increase in Kd on the system is not obvious and the adjustment period becomes longer.
Therefore, we set the Kd value as 0.



Machines 2023, 11, 100 11 of 20

5. Simulation and Verification of the Active Braking Effect under Curved Conditions

Taking electric bicycle riding as the specific research object, the effectiveness of the
active collision avoidance system is verified by the joint simulation of Prescan and Mat-
lab/Simulink [39]. The specific simulation process is as follows:

Collision scenarios with curves were set up in the Prescan software. A Honda mo-
torcycle was similar in appearance to the electric bike, therefore, in the Prescan software,
the Honda motorcycle was chosen as the electric bicycle simulation vehicle and the Audi
A8 was chosen as the automobile simulation vehicle. The Honda motorcycle was set to
traverse the road in three motion states: uniform acceleration, uniform deceleration, and
uniform speed from the outside or the inside of the curve, and the Audi A8 drove at a
speed of 40 km/h on the curve. The millimeter-wave radar sensor was selected to obtain
the movement information of the Honda motorcycle, and the millimeter-wave radar sensor
was installed at the level of the Audi A8′s front bumper. The specific collision test scenario
parameters are shown in Table 1, and the particular parameters of the simulation vehicles
are shown in Table 2.

Table 1. Specific Parameters of Crash Test Scenarios.

Collision
Scenarios

Vehicle Speed
(km/h)

Electric Bicycle Initial
Velocity (km/h)

Electric Bicycle
Motion Status

Electric Bicycle
Acceleration (m/s)

Electric Bicycle
Sports Direction

Scenarios 1 40 20 Uniform
acceleration 1.2 From the outside to

the inside of the curve

Scenarios 2 40 20 Uniform
acceleration 1.2 From the inside to the

outside of the curve

Scenarios 3 40 30 Uniform
deceleration −1.2 From the outside to

the inside of the curve

Scenarios 4 40 30 Uniform
deceleration −1.2 From the inside to the

outside of the curve

Scenarios 5 40 25 Uniform speed 0 From the outside to
the inside of the curve

Scenarios 6 40 25 Uniform speed 0 From the inside to the
outside of the curve

Table 2. Specific vehicle and electric bicycle parameters.

Simulation
Vehicle Wheelbase/m

Distance from
Centroid to

front Axle/m

Distance from
Centroid to Rear

Axis/m

Centroid
Height/m Quality/kg Length/m Width/m

Maximum
Braking

Pressure/bar

vehicle 2.94 1.17 1.77 0.55 1820 5.2 2.0 150

electric
bicycle 1.5 0.821 0.679 0.595 297 2.2 0.82 80

The active collision avoidance control strategy was built in the Matlab/Simulink
software. According to the above, in the perception module, when VRUs moved from the
outside to the inside or the inside to the outside under the curve conditions, the spatial
positions of VRUs relative to the vehicle were built to accurately identify the relative
position between them. In the decision-making module, firstly, based on their relative
spatial positions, the entry time, departure time, and collision time were calculated for
when VRUs move from the outside to the inside or from the inside to the outside under
the curve conditions, to compare the three-time relationship and determine whether VRUs
are dangerous targets for establishing the safety assessment model. Secondly, the safety
distance model, based on the minimum active braking safety distance, the vehicle warning
safety distance, and the vehicle active braking safety distance, was constructed to establish
the vehicle collision warning signal, the vehicle braking distance sufficient signal, the
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vehicle braking distance insufficient signal, and the vehicle braking signal, to build the
active braking collision avoidance strategy. The upper layer was based on the sliding mode
control and the lower layer was based on discrete PID control. The controller parameters
were adjusted to make the vehicle output an appropriate deceleration to respond to the
corresponding control signal. Finally, the inverse longitudinal dynamic model was built in
the execution module. The deceleration input from the execution module was converted to
the desired brake pressure, and the desired brake pressure was input through the Prescan
interface to control the vehicle deceleration to avoid a collision between the vehicle and
the VRUs. The Simulink model is illustrated in Figure 5, and the specific parameters of the
collision avoidance strategy are presented in Table 3.
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Table 3. Specific collision avoidance strategy parameters.

Collision Avoidance Strategy Parameters

t′′g/s t′g/s tdr/s dmin/M

0.2 0.02 1.6 1.0

The simulation results of scenario 1 are shown in Figure 6. It can be seen from
Figure 6a that when the simulation time t is 0.12 s, the electric bicycle rider is detected
by the millimeter-wave radar sensor. When t is 0.89 s, tTTC is between tTTE, tTTD, and
KOT = 1, and the electric bicycle rider is judged to be in a dangerous state. It can be seen
from Figure 6b that when t is 0.89 s, KCW = 1, the active braking system would warn
the driver and remind the driver to take braking actions. If the driver still does not take
braking actions, it can be seen from Figure 6b,c that when t is 1.76 s, x is between Sbr and
Si, and at this time, KBC = 1, and the active braking system is activated on the vehicle to
start the active braking operation (KB = 1). It can be seen from Figure 6c,d that when t is
3.27 s, the electric bicycle rider rolls out of the vehicle’s driving area and the active braking
system stops the active braking operation (KB = 0). At this time, the speed of the vehicle
Vego is 4.37 m/s, and the distance from the vehicle to the intersection point M1 of the electric
bicycle track is 2.92 m (The distance from the vehicle to the electric bicycle is x minus half
of the width of the electric bicycle, that is: 2.92 − 0.82/2 = 2.51 m), which is greater than the
minimum distance dmin (dmin = 1 m), that should be maintained between the vehicle and
the electric bicycle. Therefore, the vehicle can avoid collision with the electric bicycle. The
actual deceleration of the vehicle can follow the expected output of the deceleration by the
upper controller, as illustrated in Figure 6e. It can be seen from Figure 6f that the maximum
value of the brake pressure Pb is 67.2 bar, which is lower than the maximum brake pressure
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of 150 bar that the brake can output, thus meeting the actual requirements. In scenario 1,
the collision avoidance effect of the active braking system is shown in Figure 7.
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Figure 6. The simulation results of scenario 1. (a) The changes in tTTC, tTTE, and tTTD. (b) The
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In scenarios 2 to 6, the changes in Vego, KB, Sbr, x, and Si are shown in Figure 8. It
can be seen from Figure 8b,d,f,h,j that the active braking system stops braking when the
simulation time t is 3.32 s, 5.09 s, 4.94 s, 3.65 s, and 3.72 s, respectively. In scenarios 2 to 6,
it can be seen from Figure 8a,c,e,g,i that when the simulation time t is 3.32 s, 5.09 s, 4.94 s,
3.65 s, and 3.72 s, respectively, the distance from the vehicle to the intersection point of
the electric bicycle track is 2.38 m, 1.76 m, 1.55 m, 2.10 m, and 2.76 m, respectively, and
the distance between the vehicle and the electric bicycle is 1.97 m, 1.35 m, 1.14 m, 1.69 m,
and 2.35 m, respectively, which is greater than the minimum distance dmin (dmin = 1 m)
that should be maintained between the vehicle and the electric bicycle. In conclusion, in
scenarios 2 to 6, the vehicle could avoid collision with the electric bicycle.

It can be seen from Figure 8b,d,f,h,j that after the active braking system is completed,
the vehicle speed Vego is reduced to 6.51 m/s, 2.28 m/s, 2.62 m/s, 5.78 m/s, and 4.59 m/s,
respectively, indicating that in all six scenarios, the active braking control strategy proposed
in this paper could output reasonable braking deceleration to avoid collision between the
vehicle and the electric bicycle.

In scenarios 1 to 6, the actual vehicle deceleration of the lower controller output can
quickly track the expected deceleration ar of the upper controller output, as shown in
Figure 9, the specific parameters of the upper controller are shown in Table 4, and the
specific parameters of the lower controller are shown in Table 5. As shown in Figure 9, the
peak braking deceleration of the vehicle in six scenarios is between 2.81 to 4.52 m/s2, which
belongs to the medium-low braking intensity [40], and can satisfy passenger comfort.

Table 4. Specific upper controller parameters.

Symbol λ1 λ2 η

Value 0.7 0.3 0.01
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Table 5. Specific lower controller parameters.

Collision Scenarios KP Ki Kd

Scenario 1 12.5 0.4 0
Scenario 2 12.5 0.4 0
Scenario 3 12 0.4 0
Scenario 4 12 0.4 0
Scenario 5 12.5 0.3 0
Scenario 6 12.5 0.3 0
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Figure 8. Simulation results of scenarios 2 to 6. (a) The changes in Sbr, x, and Si in scenario 2. (b) The
changes in Vego and KB in scenario 2. (c) The changes in Sbr, x, and Si in scenario 3. (d) The changes
in Vego and KB in scenario 3. (e) The changes in Sbr, x, and Si in scenario 4. (f) The changes in Vego

and KB in scenario 4. (g) The changes in Sbr, x, and Si in scenario 5. (h) The changes in Vego and
KB in scenario 5. (i) The changes in Sbr, x, and Si in scenario 6. (j) The changes in Sbr, x, and Si in
scenario 6.

We conclude that from scenario 1 to scenario 6 when the vehicle is complete, the
distance from the vehicle to the VRU is larger than the minimum safe distance, which
proves that the proposed active braking collision avoidance strategy can avoid the collision
between the vehicle and VRU. Therefore, this study can be effectively applied to the active
collision avoidance system for VRUs traversing the road in three motion states of uniform
acceleration, uniform deceleration, and uniform speed in curved road conditions, providing
a reference for the research on active collision avoidance of vehicles in curved conditions.
However, this study does not focus on multiple targets, so it is not appropriate for the study
of active vehicle collision avoidance when multiple VRUs traverse the road. To realize this
research, it is necessary to construct corresponding models of intelligent vehicle percep-
tion modules, the decision-making module, the execution module, and debugging con-
troller parameters to adapt the vehicle's active collision avoidance system under different
working conditions.
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(e) scenario 5, and (f) scenario 6.

6. Conclusions

Current active braking system research is primarily focused on protecting the safety of
vulnerable road users who traverse the road at a constant speed under straight road condi-
tions. Therefore, this paper has researched active safety collision avoidance for vulnerable
road users in uniform acceleration, uniform deceleration, and uniform velocity in curved
conditions. Firstly, aiming at curved road conditions, the spatial position relationships
between vulnerable road users and the turning vehicle are established when vulnerable
road users traverse the road in three motion states of uniform acceleration, uniform deceler-
ation, and uniform speed from the outside of the curve or inside of the curve. Secondly, the
mathematical model of time tTTE, time tTTC, and time tTTD of the vulnerable road user are
constructed to carry out safety assessments. In order to establish the collision avoidance
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strategy of the active braking system, the safety distance model of the vehicle is established.
Finally, the active braking controller is designed based on sliding mode control of the
upper layer and discrete PID control of the lower layer to satisfy the driver’s comfort in
the vehicle.

Six kinds of collision test scenarios with curves were constructed to verify the effective-
ness of the active braking control system. The simulation results show that when the active
braking is completed, the distance from the vehicle to the vulnerable road user is larger
than the minimum safe distance (dmin = 1 m), which indicates that the proposed active
braking system can effectively avoid collision between the vehicle and vulnerable road
users in various motion states. During braking, the peak value of the braking deceleration
is between 2.81 and 4.52 m/s2, which belongs to the medium braking intensity, indicating
that the designed active braking controller can produce a reasonable braking deceleration
and respond to driver comfort. Therefore, based on the results above, this study improves
the safety of vulnerable road users when they are traversing the road in various movement
states in curved road conditions, and it establishes the baseline conditions and research
objectives for the study. Furthermore, this study provides a theoretical foundation and an
engineering reference for the research and development of the active braking device for
automobiles facing curved road conditions.

Since this study targets a single vulnerable road user in a single movement state, it
does not involve the combination of multiple objectives and multiple movement states.
Therefore, in future work, to effectively avoid collision between vehicles and multiple
moving targets, it is necessary to integrate multiple target motion states to more accurately
design the vehicle's active collision avoidance system. Furthermore, in practical applica-
tions, when the active collision avoidance system cannot avoid the collision, there is a need
to consider how the active collision avoidance system can effectively protect the individuals
in the vehicle after the collision and significantly reduce the degree of collision.
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