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Abstract : In order to improve the control performance of the intelligent vehicle, by using front and rear wheel
active steering technology, in this paper, we study the cooperative control for lane changing and following
control of intelligent networked cars. Assuming that the lateral positions of the vehicle in a lane changing
transition satisfy five order polynomial constraints, and the longitudinal positions and status information of the
vehicle to be followed is obtained by means of inter-vehicle communication. Based on the desired longitudinal
and lateral vehicle states, the reference yaw angle for lane changing was generated. Based on the dynamical
model of the front and rear wheel steering vehicle, the longitudinal error model of vehicle following and lateral
error model of trajectory tracking for lane changing are established. By applying terminal sliding mode
technology, the cooperative tracking control law for lane changing and vehicle following was designed. Based on
Lyapunov function method, the stability of the control system was obtained. Expected control performance for
vehicle following and trajectory tracking for lane changing is verified by the simulation, the asymptotic
convergence of longitudinal and lateral position error and yaw angle error is guaranteed.
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I. Introduction

Intelligent vehicle is a comprehensive system integrating the functions of environment perception,
planning decision-making and multi-class assistant driving[1]. It is a typical high-tech complex with the
technology of computer, modern sensing, information fusion, communication, artificial intelligence and
automatic control etc. In recent years, with the development of network communication technology, the
intelligent network connected vehicle has gradually become one of the research hotspots in the field of vehicle
engineering. Many developed countries have incorporated it into their own intelligent transportation systems
[2,3].

Research on intelligent vehicle automatic control mainly includes longitudinal control and lateral
control. The vehicle following belongs to the longitudinal control of the vehicle, the purpose of which is to
automatically adjust the speed of the controlled vehicle to keep the distance from the preceding vehicle within a
set range[4-6]. Since stability is a basic requirement of the control system, the design of the controller in the
system needs to be based on the stability analysis of the system. In particular, when the vehicle runs in a platoon,
the control law is designed not only to ensure that the motion of each vehicle is stable but also to ensure the
group stability of the vehicle platoon. The vehicle lane change belongs to the research field of lateral control for
intelligent vehicle, which refers to the process of controlling vehicles from one lane into another lane along the
desired trajectory[7-11]. There are many methods for planning the lane change desired trajectory, such as
assuming that the vehicle position meets an arc, a sine function, or a polynomial constraint [12]. Because the
moving state of the vehicle is also influenced by the longitudinal motion of the front and rear vehicles during the
lane change process, when the lane change trajectory tracking control is carried out, the longitudinal and lateral
motion state information of the vehicle should be comprehensively considered, and the trajectory tracking error
model should be established in the global coordinate system, and the lane change control law should be designed
to ensure the stability of the tracking error. Ref.[13] considered the following behavior of vehicles in the process
of the lane change and designed the longitudinal and lateral coupling control laws for vehicle lane change.
However, for convenience, the research work is based on the vehicle coordinate system, ignoring the correlation
between the longitudinal and lateral tracking errors. In addition, a vehicle dynamic model based on front wheel
steering is adopted. According to the research result of ref.[14], when the trajectory tracking control is performed
on the front wheel steering vehicle, it is not guaranteed that the position tracking error and the yaw angle error
simultaneously tend to 0. In Ref. [15], the four-wheel steering dynamic model is used to study the vehicle lane
change tracking control, which can simultaneously ensure the asymptotic stability of the position tracking error
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and the yaw angle error. However, it is assumed that the longitudinal speed is fixed and does not take into
account the real-time variation of vehicle longitudinal speed during a lane changing behavior. Refs.[16] and [17]
studied the longitudinal control law of vehicle speed during the lane change process according to the longitudinal
motion requirements of vehicles. The kinematics model is adopted in this paper, but the dynamic behavior of
vehicle motion is not considered. Based on the four-wheel steering vehicle model, ref.[18] studied the lateral
control for lane keeping of vehicle without considering the longitudinal following control of the vehicle. Ref.[19]
proposed an platoon control algorithm with varying desiring inter-vehicle space, but does not involve the vehicle
lateral control.

Based on the global coordinate system, this paper continues to study the cooperative control of vehicle
following and lane change trajectory tracking based on the above researches. According to the lateral motion
constraint of the vehicle during the lane change process, the lane changing trajectory based on the five-order
multinomial is designed, and the longitudinal positions and status information of the vehicle to be followed is
obtained by means of inter-vehicle communication. The dynamic models of longitudinal tracking error for
vehicle following and the lateral tracking error for lane change are established according to the relationship
between the global coordinate system and the vehicle coordinate system. Based on the front and rear wheel active
steering dynamics model, the terminal sliding mode control law is designed to ensure the asymptotic stability of
the longitudinal and lateral position tracking error and the yaw angle error. The research results are verified by
the simulation.

Il. Tracking Error Model

2.1 Tracking error definition

Assuming that there are two lanes in the road, lane 1 and lane 2, and the distance between lanes is d. The
global orthogonal coordinate system is established with a point on lane 1 as the origin, in which the X axis
coincides with the center line of lane 1. The direction of travel of the vehicle is positive; the Y axis is
perpendicular to the X axis, and the direction from the lane 1 to the lane 2 is positive. The guided vehicle in a
motorcade is Mg, and M; is that the i following vehicle in the platoon, i = 1,2, ---, n, in which n is the number of
the following vehicles. It is assumed that the displacement, velocity and acceleration information of the guided
vehicle can be transmitted to each following vehicle behind it, and the displacement, velocity and acceleration
information of the previous vehicle can be transmitted to the next vehicle.

The vehicle spacing error between M; and M;; is defined as:
i) = X - X;_, ) + L; 1)
Where L; denotes the expected distance between the i vehicle and the i-1 vehicle.

The vehicle spacing error between My and M; is defined as:

Ei,o(t) = Xl(t) - Xo(t) + ZLJ (2)
j=1

Then from the above equations (1) and (2), we define the longitudinal tracking error of the vehicle M;as
follows.

ex () = &1 (1) + ng;o(t) 3)
Where #>0, is a fixed parameters. The desired lane change trajectory should be tracked along the Y axis when the

vehicle M; needs to change lanes during the following process. The lateral tracking error of the vehicle M; is
defined as

eiY (t) = Yi (t) - Yid (t) (4)
Where Yi4(t) denotes the lateral desired displacement of the vehicle M; during the lane change process.

According to ref.[20], the expectation changing trajectory model based on the five-order multinomial
can be expressed as

Yig() = ast® + agt’ + apt® + at® + oyt + a (5)
where ¢, is the undetermined coefficient, k = 0,1, ---,5. Let
A = [ag, 0y, gy 0y, 045 051"
So, along this trajectory, the desired velocity and acceleration can be calculated as follows.
{Yid () = Bast* + dayt? + 35t + 205t + o ©)
Yig () = 2005t + 12a,t* + 6ast® + 2a,

At the beginning and end time of lane change, the displacements of vehicle along the direction of Y axis
are Yq(ton)=0 and Yq(tosr)=d, in which the start time is represented by t,, and the finish time is t The position and

DOI: 10.9790/1676-1304031221 www.iosrjournals.org 13| Page



Cooperative Control for Longitudinal Following and Lateral Lane Changing of Intelligent Cars

the expected speed and acceleration of the vehicle at the beginning and end time are substituted into equations (1)
and (2), By solving the linear equations:

[0, Yig (ton) , Yig (ton) > d, Yig (to ), Yig (tr ) I = TA 0
We get the undetermined coefficient a, of trajectory model (5), where
tgn tgn tgn tgﬂ ton 1

5t 43 3t2 2t 1 0O
208, 122, 6t, 2 0 O
e torr  tor o tor 1
Stor Ao 3t 2t 1O
|20t 12ty 6ty 2 0 O]
The direction of vehicle longitudinal velocity should be consistent with the tangential direction of lane

changing trajectory, so the desired yaw angle iy of the vehicle M; should be equal to the angle between the
direction of the trajectory and the direction of the lane, we have:

Yy

(1) = atan 14—~ 8

Vid X © (8)
We define the yaw angle tracking error as following:

&, (0 = y; () — g (O )

Where y; is the yaw angle of the controlled vehicle.

2.2 Error dynamic model

In the body coordinate system, assume that the longitudinal displacement of the vehicle is x, the lateral
displacement of the vehicle is y, and the angle between the longitudinal axis of the vehicle and the X axis of the
global coordinate system is v, as shown in figure 1, we have:

v, = Xsiny
vy = Xcosy
vy = Ysiny
vy = ycosy

Where = denotes longitudinal velocity and ¥ denotes lateral velocity.

(10)

A

o

Fig.1: Position relationship between body coordinate systern and global coordinate system

From Fig.1, the speed along the axis of the vehicle in the global coordinate system can be expressed as:
Xj = X. CF’S Vi~ y, siny; (11)
Y; = X; siny; + Y; cosy;
From the above equations (1) and (2), we get:

&io () = % cosy; — ¥y siny; — X, ® (12)
g0 = % cosy; — ¥ siny; — X, () (13)
Then from the above equations (3), (4) and (9), we get

éil// = l/)i - wid

€x = Xj cosy; — Y siny; — Xiq(t) (14)
+ 7l% cosy; — ¥; sin Wi - Xo(t)]

€y = X siny; + Vj cosy; — Yig
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Considering the equation (11), the acceleration along the axis can be expressed

Vi = % siny; + §; cosy; + Wy
Where
Wi = ~X; siny; — Yy cosy; (16)
Wiy = Xy cosy; — Yy siny (17)
From the equation (14), we have:

&y = Vi — Vig

€x = A+ ) [% cosy; — ¥ siny; + wy, | (18)

- X.i—l - on

éiY = XI Sil’ll//i + yl COSl//i + Wi2 _Yid

I11. Control System Design
3.1 Vehicle dynamics model
The vehicle dynamics model adopted in this paper stems from the ideal model proposed by Ackermann,
without considering the influence of road slope and roll motion. From Automotive theory, a longitudinal and
lateral dynamics model is given by
% = 5—;_(5 — mgfp + MV — CiaX) (19)

iA

2(C.. +C 2(C..l.. —C. |
= ( if : |r) yi_[)-(i+ ( ifhif : ir |r)]l/-/i
m.X; mx
2C
L2ty L (20)
m m
. 2ACi li +Cili) . 2ACi L —Ciliy)
Vi = — 5 i~ - Yi
Iiin Iiin
2C; .l 2C |
s, - S5 (21)

li, li,
Where m; is the total mass of vehicle M;, ¢ is the correction coefficient of rotating mass, I;, is the total inertia
about vertical axis of vehicle M;, F; is the driving or braking force on the wheel, fz is rolling resistance
coefficient, C;s is an air resistance coefficient, l;; and |;, are the distance of front and rear axle from center of
gravity of vehicle, respectively, Ci; and C;, are the front and rear tire cornering stiffness, respectively, d; and &;,
are the front and rear wheel steering angle.

Let
R ok
Yoom 9
1
& = 5 (22)
C.
a, = -4
om;
b 2(Cif + Cir)
e —
o 2Ciliy - Gl
b, = =% - Mm%
1%
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2C; I + Ci,lip)

C: =
11 Iiz)'(i (24)
L XCily -Gl
2 i, %
2C;; 2C:
Uil = ml- 5” + #6ir
i i (25)
2C; . 1. 2C: |
Di2 = Ak} 5” - trir 5”

i, li,
The equations (19)-(21) can be rewritten as

% = a Vi + ap X+ u;

Vi = by + by + vy (26)

Wi = CiWi + CipYi + vy,

3.2 Tracking control law
Applying sliding mode technology, we design the switch function as

. Ko/l
Six = €ix + piulix + oineix

. Kio/1;

Siy = €y + pistiy + (pi2eiY2; ’ (27)
3 kia/l;

Sit// = eit// + pi3ei(// + (oii%eil//g ’

Where p;;>0,;;>0,k;; and I;; are positive odd number, I;>kj;, j=1,2,3.
Calculating the derivative of equation (27), from equation (15), we obtain

Six = (1 + 7’]) [XI COSWi - yl Sin WI + Wi1]

. . ki N
= Xip =Xy + pi8ix + Me&l/l'l léix
i1

SiY = XI Sinwi + yl COS Y + Wi2 _Yid

Ko (28)
+ Pigkiy + Pz iz e\i;'Z/I'z IéiY
i2
: . . . (Dk Ks /l5—1 .
Si, = Vi~ Vig * Pis&, + —Ilg = eYS/B &,
i3

Let S,y =0,Sy, =0,S, = 0,then from the above equations (27) and (28), we get
X cosy; — Yy siny; — Ay =0

Xi siny; + §jcosy; — A, =0 (29)
yi — Ay =0

Where
Ay = Wy + (Xioy + nXq ~ Pir€ix

iKip K /-
- A e e, ) /)
il

o . ] ki Ko /1, -1
Ajy = Wiy + Yig ~ pioly —'IZ = eiYZ/z €iy (30)
P
. . ¢k Kiy /lis—1 .
Ais = Vig ~ Pistiy, ~ %eiws/ T,

13

From the equation (29), we get
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Xi = Ajj cosy; + Ay, siny;

Vi = Ay siny; = Ay, cosy (1)
Vi = A

From the vehicle dynamics model (26), we get the equivalent control law as

Uigge = Aij COSY; + Ay siny; = &, Vi — a,%
Vitequ = Ajy siny; = Ay, cosy; — by — by, (32)
Digequ = Ai3 B Ci1‘/./i - Cizyi
T
Let Ulequ = [uiequ’ Ditequ? vi2equ:| '
Adopt the form of approaching law as
Si = S (33)
4i1
Where S; = [S;, Siy» SiW]T VA= Ao , the positive definite switching function parameter
i3
matrix.
Design the total control law as
Ui = Uiequ + UiN (34)

Where U; = [u;, v;,, v;,]", Uy denotes the sliding mode feedback control, and Uy = [uy, v;y, ooy 1"
From equations (26), (28), (32), (33) and (34), we obtain
Uiy = NS (35)
Then according to the equations (22) and (25), we get control law as
F, = omu; + m;gfg

dif = <bi120i2 - bi22”i1)/<bi12bi21 |11b|zz) (36)
i = <bi11’)i2 - bi21”i1>/<bi11bi22 |1zb|21>
Where
biy = 2CJ, by, = ZCJ: by, = M1 bigy = _—ZCirIir '
m; m; | |

iz
3.3 System stability

Define a Lyapunov function as V; = %(Si, + S§< + Sﬁ) , calculating the derivative of equation (22),
from equations (18), (19), (20) and (36), we obtain

Vi = SW + SixSix + SiySiy = —(insii, + %i,Six + 4sSi) <0 (37)

Only when S;,, Six and S;y are zero, we have V;=0, so Six—0, Siy—0, S;,—0 as t—oo. That shows the
sliding mode is asymptotically reachable.

According to the switching function equation (27), from S; = 0, we have

A 1 Il

€y T Pilfix Tt ¢ € |X1/1 =0
1 I|

eIY + PisCiy T 9is€ |YZ/ t=0 (38)
e I|

elw + pISeIW + ¢|se|y/z/ P =0

Assume that the time when the system reaches the sliding mode is T;, and &;(T;)#0, the time for &;(T;) to

e=0is 7, where T, = [T}, Tiy» 77,17, ¢ = leig. ey &, 1" % =[5y 5y 73,10
Because p;;>0, y;;>0, ki,- and I are positive odd numbers, I;>kj;, j=1,2,3. Solving differential equation (38),

we get
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(U, —ki)/K
I Lot Pi8ix Tix )™ Ok

T'X = 1
| = ke ?iy /
<I| _k| ) k,
Ty = li 1 Pz poeiy (Tyy )12 K/l -
(Iiz - ki2)pi2 (oiz
Ii3 n ?i3 + pSeiyj(Til//)<Ii3_ki3)/ki3
. =
Yol - Kis)pis s

From equation (39), the system (18) reaches the equilibrium point within a finite time along the sliding
mode, it shows that the convergence speed of the system is fast.
According to equation (3), from ejx=0, e;.1, x=0, we get

&,io1 () + 7g;4() = 0 (40)
&i-1,i—2(t) + ngi () = 0 (41)

By the equations (40) and (41), the vehicle spacing error of the adjacent vehicles of the platoon is
satisfied as follows.

(1 + 7]) gi,ifl(t) - 8i*l,i*2(t) = O (42)
Because #> 0, further has

1
ETRIONS T+1 |1 ® < g O | (43)

Equation (43) shows that when the speed of the guided vehicle changes, the spacing error of adjacent
vehicles of the platoon will not increase one after another.

IV. Simulation results
Suppose the platoon consists of five vehicles, one guiding vehicle and four following vehicles. In
simulation, correction coefficient of rotating mass 6=1.1, the air resistance coefficient fz=0.02, and the moment of
inertia Cx=0.4, other parameters of the following vehicle are selected as Table 1.

Table 1- Parameters of Vehicle

Parm m I, I I, (off C,
SIN (kg) (kgm’)  (m) (m) (kNirad) ~ (kN/rad)

1 2100 3150 1.33 1.26 70 80

2 1800 3050 1.30 1.20 58 68

3 1850 2920 1.20 1.30 65 75

4 1900 3120 1.30 1.40 75 85

In simulation, assume that the expected vehicle spacing, Li=12m, i=1,2,3,4, the initial vehicle spacing
error:e1(0)=1m, &(0)=0.75m, &3(0)=0.5m, 4(0)=0.25m, the initial longitudinal velocity:Vyy(0)=20m/s,
Vy1(0)=19.5m/s, Vyxo(0)=19m/s, Vx3(0)=18.5m/s, Vy4(0)=18m/s, initial longitudinal displacement: Xy(0)=80m,
X1(0)=69m, X,(0)=57.75m, X3(0)=46.25m, X,(0)=34.5m.

The acceleration of the guiding vehicle is as follows.

0 t<4
—0.25( — 4) 4<t<7
- 0.75 7<t<10
a, =10.25(t —10) —0.75 10 <t < 16 (44)
0.75 16<t<19
0.2519 —t) +0.75 19 <t < 22
0 22 <t <30

Assume that the lane centerline spacing d=3m, the vehicle M5 changes lane during the following process,
the start time of changing lane t,,=10s, the end time t,=13.5s. In the global coordinate system, the desired state

of the vehicle at the beginning time: Y4 (10) = 0.1 m/s,Y4(10) = 0. 01 m/s?, the desired state of the vehicle at
the end time: ;4 (13.5) = 0, Y4 (13.5) = 0. From equation (7), we get
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A = [0.0321,-0. 2796,0. 64750,0. 1,0]"
Therefore, the desired lane change trajectory along the Y axis can be expressed as
Y = 0.0321t° - 0.2796t" + 0.6475> + 0. 1t

At the start time of vehicle M changes lane, assume the initial value of position errors along the Y axis is
0.5 m, and the initial value of yaw angle error is 0.2 rad.

Simulation results of vehicle following and trajectory tracking for lane changing are given in Figures 2
to 4. Figure 2 (a), (b), (c) and (d) show the acceleration, velocity, displacement and inter-vehicle spacing error of
the guiding vehicle and four following vehicles along the X axis, respectively. Figure 3 (a), (b) and (c) show the
actual and expected values of the speed, displacement and tracking error of the vehicle along the Y axis during
the lane change process of the vehicle Ms. Figure 4(a), (b) and (c) respectively show the yaw rate, yaw angle
actual value, expected value and tracking error of the vehicle M3 when changing lanes. From the figures, the
positon tracking error along the X axis and the Y axis, and the yaw angle error can tend to zero simultaneously
with the control method proposed in this paper, it indicates that the control system has asymptotic stability.

3 21
© -
£ @
5 £
= 2
5 3
8 S
<
i 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time/s . . Time/s .
(a) Acceleration along X axis (b) Velocity along x axis
1 T T T T
6001
e 5001 E
2 400t 5
g 5
g ™ g
2 200f §
O ook @
0 i L
0 5 10 15 20 25 30
Timels Time/s
(c) Displacement along X axis (d) Inter-vehicle spacing error along X axis
Fig.2: Movement state of the vehicle along X axis
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Fig. 3: Movement state of vehicle M3 along Y axis
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Fig.4: Yaw state of the vehicle

V. Conclusion

In this paper, we study the longitudinal and lateral coordinated control for vehicle following and lane
change of vehicle in a platoon. The trajectory model for lane changing is based on odd-order multinomial. The
control law is designed by sliding mode variable structure method. We use Lyapunov function to analyze the
stability of the control system. Due to the dynamic model of the front and rear wheels is used, the control law
designed in this paper can ensure that the position and yaw angle error asymptotically approaches zero and the
longitudinal speed is not assumed to be constant. The vehicle maintains following the preceding vehicle in the
longitudinal direction while achieving the lane change behavior in the lateral direction, compared with the
existing trajectory tracking control method for lane change, the control law is more general.
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