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1 Introduction

The increase of the car ownership makes the traffic safety problem even more
prominent. The lateral collision of the urban traffic accidents account for up to 27%,
which is one of the main types of accidents [1]. Therefore, in recent years, the
vehicle lateral collision avoidance problem has been paid more attention and many
people have done a lot of researches. In the literature [2], a predictive control
method based on the robust model for host vehicle is given in the absence of the
control of the other vehicles and without communication between the vehicles. In
the literature [3], the changes of the vehicle speed are extracted from the Event Data
Recorder (EDR) of the accident vehicle, and the vehicle collision model is con-
structed and introduced into the I-ADAS to enable lateral collision warning or
automatic avoidance function. References [4, 5] propose the vehicle collision
avoidance system based on the vehicle and the infrastructure integration. The lit-
erature [6, 7] based on DSRC do the research for collision avoidance algorithm.
This paper presents an algorithm using the receding horizon control strategy to
achieve the lateral collision avoidance. The structure of this paper is: in the second
section, the paper proposes the lateral collision prediction algorithm obtained by the
coordinate transformation and the trajectory prediction. In the third section, the
paper introduces the receding horizon control algorithm to avoid the coming col-
lision. In the fourth section, we gives the simulation results of this method.
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2 Predictive Algorithm for Lateral Collision of Vehicles

At present, the vehicles’ lateral collision avoidance control strategy can be attrib-
uted to three categories. The first is to prevent collisions by emergency braking
when it is about to crash [6, 8]. The second is to predict the possibility of collision
in the future position, by way of early deceleration to avoid it [2, 4]. Unlike the
second category, the third category avoids the collision through deceleration and
steering [7, 9]. The first strategy is relatively simple to implement for the driver of
the mandatory intervention conditions. The second strategy can take into account
the driving safety and driving comfort. The driving operation of the second strategy
is similar to the operation of the drivers, but it is necessary to predict the trajectory
of the other vehicle. The third can be adapted to a more complex driving envi-
ronment, but it is difficult to achieve. The second type take into account the fea-
sibility and control performance, so we choose the second strategy. To predict the
other vehicles’ trajectory, we assume that the host vehicle loads the
millimeter-wave radar and GPS, the other vehicles load GPS. And the other
vehicles transmit its location and driving direction to the host vehicle through V2V.

The location of the host vehicle and the other vehicles are shown in Fig. 1.

The centroids of the host vehicle and the other vehicle are defined as the origins
of the coordinate. The x-axis is the driving direction of the vehicle, the y-axis is
perpendicular to the x-axis and it points to the drivers’ side. Then, the host vehicle
and the other vehicle coordinate systems are established. The relative distance S
between the two vehicles and the angle o between the other vehicle and the x-axis
of the host vehicle are measured by the host vehicle’s radar. The translational
relationship between the two vehicle coordinate systems is obtained. The origin of
the other vehicle relative to the host vehicle coordinate system is (X,, y2).

Fig. 1 The coordinate
location of the two vehicles
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xy) =S cosa
{ygz—S sin o (1)
The coordinate relationship between the two vehicles is determined by the GPS
positioning direction. The x-axis direction of the host vehicle and the other vehicle
are ¢, @, got by their loaded GPS [10]. The angle between their x-axis is
0=|p,—p,|. We can get the angle of the host vehicle relative to the x-axis of the
other vehicle.

f=mn—a—0=mn—o—|p — ¢ )

Since the other vehicle transmits the longitudinal speed of it through V2V, it is
necessary to convert the speed of the other vehicle to the host vehicle coordinate
system in order to predict its trajectory relative to the host vehicle. We assume that
vy 1s the longitudinal velocity of the other vehicle in its own coordinate system and
Vi, v;,2 are the speed components of v,, along the x-axis and the y-axis.

Via | cosf —sin0] | Vx2 3)
v; 5 " | sinf cos@ 0
The other vehicle speed is converted into the speed in the host vehicle coordinate

through (3) and we assume it’s unchanged in the prediction horizon. Then we can
get the other vehicle’s motion equation in the host vehicle coordinate system.

; )

{xz(k+l) =x(k)+v (k)T
valk+1) = ya(k) +v (k)T

The host vehicle’s motion equation is as follow.
{xl(k+1) le(k)—FVVl(k)T (5)
yi(k+1) =y (k)

where T is the sampling period, vy; is the speed of the host vehicle. As the speed of
the other vehicle at k + 1 is relevant to a(k+ 1) and f(k+ 1), we can calculate
these two angles at any time from Fig. 1.
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—arccmM
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According to (4)—(6), the distance at 0 <i <7, (T, is the prediction horizon)
between the center of mass of the two vehicles is:
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AS(k+ 1) = /10 (k4 1) — 3k D + [0 (k1) — ok +)P (7)

We compare the distance between the vehicles AS(k + i) with the safe distance
Saer- If AS(k+1) > Sqer (0 <i<T,), there is no collision in the prediction horizon,
or the collision will occur. If these two vehicles do not collide in the prediction
horizon, there is no need to control the speed of the host vehicle. If two vehicles
will collide in the prediction horizon, the longitudinal speed of the host vehicle need
to be adjusted to avoid the coming collision.

3 Receding Horizon Control Algorithm

If two vehicles are predicted to have a collision according to the method given in
Sect. 2, the host vehicle speed should be adjusted for collision avoidance. This
section discusses the purpose of adjusting the longitudinal speed of the host vehicle
based on the receding horizon control strategy to realize the collision avoidance.
Since there is a speed item of the host vehicle to be adjusted in (5), it is necessary to
predict the speed of the host vehicle. In this regard, considering the following
longitudinal dynamic equation of the host vehicle.

. T
mVx:E_Faem_Fr_Fx (8)
where, m is the mass of the host vehicle, T is the total torque of the host vehicle, R
is the wheel radius, vy is the longitudinal velocity of the center of mass. F,, is the
host vehicle’s air resistance and F, is the host vehicle’s rolling resistance. We can
get:

T pCdApv

Vy = — — [fro +fR1 +fR2(

. g ©)

100

The sampling interval is AT = 0.05 s. The torque T is the control quantity and
the longitudinal velocity of the host vehicle vy is the state quantity. Then, we have:
u =T, v = vy. We Taylor expand formula (9) at point v, (k) and collate to get:

4y PCaARX" | frig Afrag(x")’ ATu(k)

Wk 1) = {1 [(C0EE  JuE | HOsE ) ATy + 20
pCaAr(x')* | 3frag(x™)’ _

2m T007 frog)AT

(10)
+(

We define: Av(k) = v(k) —v(k — 1), Au(k) = u(k) — u(k — 1). Then (10) can
be written in the form of the following incremental model.
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Av(k+1) = AAv(k) + BAu(k) (11)
where, A = | — [(£Arx y fug 4 Yisb))AT] g AT
Based on formula (11), the host vehicle speed prediction model can be obtained.
AV(k+ 1|k) = S, (k)Av(k) + S, (k)AU (k) (12)
where,
AV(k+1k) = [Av(k+1]k)  Av(k+2]k) --- Av(k+plk)]"
AUGK) = [Au(k) Au(k+1) - Au(k+p—1)]"
A B 0 - 0
A? AB B -0
Sy(k) = s Sulk) =
AP AP-lB AP2B ... B

Figure 2 is the illustration of the collision avoidance between two vehicles. In
the figure, A is the position of the collision between two vehicles at k + p when the
host vehicle is traveling at the original speed. The point B is the expected position
of the host vehicle collision with the other vehicle at time k + p by the use of the
control method in this paper.

The safety distance of collision avoidance between two vehicles at k + p (i.e.,
the distance between A and B) is s*(k + p). According to (12), by adjusting the
speed of the host vehicle to avoid the collision can be described as the following
problem.

The optimization problem 1:

Fig. 2 The illustration of the
collision avoidance between
the two vehicles
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Find min
Au(k),Au(k+1)---Au(k +p—1)
P P
with T =" [[Av(k+i)[5+ Z||Au(k+i)||§ (13

i=0 0

P
+ LY " Av(k+i)AT — 5" (k+p)
i=0

S.t.
AV(k+ 1]k) = 8, (k)Av(K) + S, (k)AU(K) (14)
Attgyin (k4 1) < Au(l + 1) < Aty (k + 1) (15)
ttmin (k1) < (k4 1) < e (K + 7) (16)

The objective function J of the optimization problem 1 consists of three terms:
the first term is weighting term of the speed change; the second term is weighting
term of the driving torque change, and the third term is weighting term of the error
between the host vehicle actual position and desired position at k + p, it is used to
constrain the error of the actual position and the desired position. In order to get the
optimal solution of problem 1, the problem is written as follow.

minJ = AV(k+ 1K) QAV(k+ 1&) + AUT (()RAU(K) + Ly[s” (k +p)]*

+ AT, AV (k+ 1|k)L,AV (k + 1]k)" ATL — 2[AV (k + 1k)" ATL + Av(k)AT - 57|

(17)
We can get the next formula from (17).
. Equivalent ~ T T
ml}nJ = J =AU (k)HAU(k) +2F" AU(k) (18)

m

where. J H =R+ STOS, +STAT!L,AT,,S
* | F = —L,s*STAT!

m

“ AT, =[AT - AT],,.

Obviously, the optimization problem described by (18) can obtain the optimal
solution by QP algorithm. For the sake of clarity, the vehicle lateral collision
avoidance control method is summarized as follows.

Step 1 We measure the relative position and angle of the other vehicle through
the host vehicle’s radar and we get the heading angle of two vehicles
through the GPS.
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Step 2 At the moment of k, through the V2V to obtain the other vehicle’s speed
and heading angle, we converse the positions, speeds and relative angles
to the host vehicle’s coordinate system.

Step 3 The trajectory prediction model of the vehicles in the host vehicle
coordinate is established at k, and we determine whether the two vehi-
cles may crash based on it.

Step 4 For the case of possible collision, we use the receding horizon control
algorithm to control the host vehicle. According to the principle of
receding optimization, we get the driving torque sequence at time k by
solving the optimization problem 1: AU(k) = [Au(k) Au(k+1)
-~ Au(k+p — 1)]". We use Au(k) to control the host vehicle so that the
collision between the vehicles can be avoided. Repeat the above process,
by optimizing the control of each moment to achieve the collision avoid-
ance between the host vehicle and other vehicles.

4 Simulation Results and Analysis

Host vehicle parameters and simulation parameters used in the simulation experi-
ment are shown in Table 1.

The internal time of the drawing cars in the following figures are 0.5 s.

Simulation condition 1: the other vehicle speed is constant.

This simulation condition is used to examine the feasibility and effectiveness of
the host vehicle collision avoidance algorithm when the vehicle speed is kept
constant. The initial speed of the host vehicle is 17 m/s and the initial speed of the
other vehicle is 16 m/s. The time of the prediction is 3 s, and the internal time is
0.05 s. Then we can get the length of the prediction horizon 7,,=60. It is known that
the initial distance between two vehicles is 80 m, and the angle of two vehicles’
heading direction is a(k) = 45°, f(k) = 47° (Fig. 1). According to formula (1), the

Table 1 Host vehicle and Variable Numerical value (dimension)
simulation parameters
m 1550 (kg)
R 0.310 (m)
p 1.25 (kg/m’)
Cq 04 (-)
Ag 1.586 (m?)
g 9.8 (m/s?)
fro 0.01
fr1 0.03
fro 0.035
AT 0.05 (s)
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coordinate of the other vehicle in the coordinate system of the host vehicle can be
shown as:

[ (k),y2(k)] = [56.57, —56.57]

The simulation supposes that the safe distance between the two vehicles
is Sger = 30 m, and the relative distance to avoid the collision between them is
s*(k + p) = 15 m. According to the collision avoidance algorithm in the Sect. 2 of
this paper, if the host vehicle is not controlled, the distance between two vehicles is
1.15 m at 3.5 s as shown in Fig. 3a and the other vehicle is in the collision risk area
(which is shown in red). Figure 3b shows that the two vehicle trajectories got
through the receding horizon control method given in the third section. The figure
shows that the adjustment of the longitudinal speed of the host vehicle by the
receding horizon control algorithm can make the other vehicle avoid being in the
collision area of the host vehicle to realize the collision avoidance.

Figure 4 shows how the host vehicle speed changes with time. From Fig. 4, we
can know that the host vehicle speed rapidly reduces to 8 m/s in the initial 3 s,
when the other vehicle is in the collision risk area. After 3.5 s, the other vehicle
drives away from the collision risk area, and the host vehicle speed begins to
gradually return to 17 m/s until about 10 s. Figure 5 shows how the host vehicle
acceleration changes with time. In the deceleration process, the maximum accel-
eration is about —0.6 g. 2.5 s later, the acceleration begins to gradually increase and
3.5 s later, it returns to a positive value. After the other vehicle drives away from
the collision risk area, the host vehicle begins to speed up.

Simulation condition 2: the other vehicle speed changes.

The simulation condition 2 is used to test the feasibility and effectiveness of the
algorithm in this paper in the case that the vehicle speed changes. It is supposed that
Seerand s* (k + p) are the same as the simulation condition 1. And the initial speed,
relative position and other parameters of the host vehicle and the other vehicle are

(a) (b)
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£ Aot
- S 1)
e 40 £ \40 [
X 30 Sy
X
20 20

$
10 LP 10 ?
oj Oj
0 10 -20 - 50 -60 - 0 10 20 -30 -40 -50 -60 -70

Y(m) Y-control(m)

Fig. 3 a The host vehicle is not in control. b The host vehicle is in control
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also the same as the condition 1. It is supposed that the other vehicle speed changes
as shown in Fig. 6: from O to 1.5 s, vx, = 16 m/s; from 1.5 to 4.5 s the speed
decelerates; at the time of 4.5 s, the speed reduces to 0; from 6 to 9 s, the other
vehicle accelerates until the speed increases to 16 m/s at 9 s.

The collision avoidance algorithm in the Sect. 2 of this paper shows: if the host
vehicle is not controlled, the distance between the two vehicles is 11.57 m at 3.5 s
and it is in the collision risk area (which is shown in red). Figure 7b shows that the
adjustment of the longitudinal speed of the host vehicle by the receding horizon
control algorithm can make the other vehicle avoid being in the collision area of the
host vehicle to realize the collision avoidance.

Figure 8 shows how the host vehicle speed changes with time. It shows that the
host vehicle speed in the initial 4 s quickly reduces to about 2 m/s. 4 s later, the
other vehicle drives away from the collision area and the host vehicle speed
increases gradually. Figure 9 shows how the host vehicle acceleration changes with
time. In the process of host vehicle speed reduction, the maximum acceleration is
about —0.8 g. 3.5 s later, the acceleration began to gradually increase. 4 s later, it
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Fig. 7 a The host vehicle is not in control. b The host vehicle is in control
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returns to a positive value. After the other vehicle drives away from the collision
area, the host vehicle begins to speed up.

5 Conclusion

In this paper, the collision recognition algorithm and the receding horizon opti-
mization algorithm make the other vehicle always be outside the collision risk area
of the host vehicle. After judging there is no collision risk of two vehicles, the host
vehicle returns to the normal speed, while ensuring the safety of vehicles and their
driving performance at the same time. The simulation results show that when the
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other vehicle is in the collision risk area, the host vehicle speed decreases to avoid
the collision between the two vehicles according to the receding horizon strategy.
When the other vehicle drive away from the collision risk area, the host vehicle
speed increases incrementally and eventually returns to normal.
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