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ABSTRACT: This paper studies the autonomous vehicle leader following and collision avoidance
problem. In this paper, like as a real vehicle, geometric dimensions, mass, and moment of inertia are
considered for the vehicle; steering-wheel and driving-wheel torques are the two control inputs. The
nonlinear dynamics equation of the vehicle is derived. At first, an algorithm is proposed for changing the
direction of the vehicle to follow the leader, then the suitable path for multiple obstacle avoidance and
leader following is proposed, and then a nonlinear model predictive controller (MPC) is used to follow
the reference trajectory. The desired trajectory is designed according to the elastic band method which
is a powerful method for obstacle avoidance and leader following. The performances of the closed-loop
system are illustrated through simulations. During the simulation, the vehicle first changes its direction
and then follows the leader without colliding with obstacles. Although the vehicle is inertial and non-
holonomic in behavior, the simulations show that the two path planning methods with MPC scheme
work well. For future works, the authors aim to solve the problem with moving obstacles.
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1- Introduction

In recent years control of autonomous vehicles has gained
extra attention [1, 2]. Leader following is an important task in
robot control. To prevent the vehicle from colliding with an
obstacle, a collision avoidance algorithm must be proposed.

Currently, because of the high potential of MPC, it is used
in the automotive industry. A survey of MPC development
in automotive applications was carried out [3]. In [4], a new
trajectory planning based on an elastic band is proposed,
which is combined with driving intention for vehicle obstacle
avoidance. In [5, 6] methods have been proposed to pass two-
wheeled robots through obstacles, but four-wheeled vehicles
are far more difficult to control than two-wheeled robots.
The issue of autonomous vehicles passing a single obstacle
has been discussed a lot (as in [7, 8]), but investigating
the movement of autonomous vehicles through several
obstacles requires more research. limited data about multiple
obstacle avoidance and leader following is available in the
literature. But in this paper, the issue of following a leader
in a two-dimensional environment that requires more general
maneuvers by the vehicle is investigated.

The most important contributions of this paper are:

*Two algorithms will be proposed, depending on the
environmental conditions, the vehicle will use these two
algorithms so that it can even move backward if necessary.

*Corresponding author’s email: hamed.koohi@guilan.ac.ir

*In addition to path planning, a new trajectory planning
technique will be proposed.

*The goal is to reduce the number of optimization decision
variables in the trajectory planning to make optimization
easier.

*The proposed trajectory planning and control methods
are flexible against the number of obstacles.

2- Control problem statement

The autonomous vehicle is shown in Figure 1, and its
mass and moment of inertia are considered. By determining
state variables:

xl :xc"XZ :xc’XS :yc’x4 :yc’

: (1
X;=0,x,=0,x, =v,x, =D.
the state space equations are [1]
X=f(X,1)
r r 2
X=[x1 X, e xs] ,1'=[T1 rz]
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Fig. 1. Optimal trajectory for leader following and
obstacle avoidance.

where, @ is the body yaw angle, @ is the steering angle,
Vv is the front wheel speed, F is robot driving force, and
control inputs are chosen as ) =7, and F| =7,.

In Figure 1, a leader is shown with a position x,, ), to
be followed by a vehicle despite some obstacles. The desired
trajectory is shown as small points. x,, ¥, shows the position
of each point on the trajectory. The desired trajectory will be
achieved by an optimization problem.

First, p =|d,, d,, ... .d, is defined as decision variables
in the optlmlzatlon problem The aim is to find the best
vector D for leader following and obstacle avoidance. The
proposed cost function that should be minimized to give the
optimal trajectory is

n,
Ty =22,

i=l j=1

+w, ((xd,l -

+le _qu)z

XC,I) +(yd,1 _yc,l)z) (3)

+W3 <(xd,nd _')CL)2 +(yd,nd _yL)z)

where the penalty function Ji,j is for obstacle collision
avoidance. Finally, the following optimization problem gives
us the optimal trajectory

D mln JT raj (4)

optimal

Figure 2 shows the robot direction e, relative to the

direction of the leader relative position €, . And we have

y=cos’ (e, €,). ©)

According to the value of y, two special control
algorithms are employed which are described here. Control
logic for y>y,: In this case (e.g.,y,=80"), before
following the leader, the robot’s direction should be placed
in a suitable direction to follow the leader easily. The cost
function to be minimized is as follows
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Fig. 2. The vehicle direction relative to the direction of
the leader’s relative position.

N.

N
L= (2 ) waled 492 [ 2wt it ] (6

i=1 i=l

Control logic for y <y, : In this case, the direction of the
robot is suitable for following the leader. The proposed cost
function for this case is as follows

I (= v

2 . ™
(7,0 0723 )+ 2o+

i=l

=

where, V, . is the desired velocity vector obtained from
the trajectory plannlng

Finally, the following optimization problem must be
solved to obtain optimal control inputs:

T =1’I]iIlJC (8)

optimal
Subject to

X(i +1) = £(X(0), 7)dt + X(i)

CD| <D .. ©)

|Tl| < Tl,max > T2| < T2,max7

where, 7 o and 7 are the maximum torques and
. »max, Z,max‘
@ _ is the maximum steering angle.

max

3- Results and Discussion

In this section, a leader with initial position [0 0] and
velocity [3,0]m/s are considered. In Figure 3, the trajectory
of the autonomous vehicle, which is moving among the three
obstacles, is shown. The vehicle tracks the virtual leader by
using the proposed trajectory planning and NMPC scheme. In
the beginning, the first control logic is activated to change the
direction of the vehicle in a suitable direction. After changing
the vehicle direction, the second control law is activated for
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Fig. 3. The trajectory of the autonomous vehicle mov-
ing among the multiple obstacles.

leader following and obstacle avoidance.

4- Conclusions

In addition to the dynamics model, steering limitation,
actuator saturation, and nonholonomic constraints make the
control problem difficult. For changing the direction of the
robot to follow the leader, an MPC-based control algorithm
is proposed. The simulation results show that the direction-
changing algorithm can be used in practice. A new trajectory
planning method is proposed for leader following and to make
sure that the collision is avoided. The proposed method first
used trajectory planning and then used an MPC controller to
follow the reference trajectory. Although physical constraints
such as actuator saturation exist, the closed-loop system has
suitable performance, and leader following with obstacle
avoidance is well done.
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Fig. 1. Autonomous vehicle (right) and simplified two-wheeled vehicle (left).
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Fig. 2. An autonomous vehicle following a leader and passing through obstacles.
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Fig. 3. Optimal trajectory for leader following and obstacle avoidance.
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Fig. 4. Autonomous vehicle direction relative to the direction of leader’s relative position.
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Table 1. Vehicle and controller parameters used in the simulations.
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Fig. 5. The trajectory of the autonomous vehicle moving among the multiple obstacles.
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Fig. 6. The time response of the vehicle body angle and steering angle.
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Fig. 8. The vehicle’s front wheel and steering wheel torques.
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Fig. 9. The trajectory of the autonomous vehicle moving among the multiple obstacles.
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Fig. 10. The time response of the vehicle body angle and steering angle.
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Fig. 11. The vehicle’s front wheel and steering wheel torques.

e (2 gy (slaje Jl (S 238 o oguime dllis ul (59l
Sl pusio ey &S Conl pl (LS el by 4 Cund (golgiddi o)
e ilodiag pia)s ol b 45 0351 08 e 2k 5> (sl
>hb bt 4 balales x> 51 (L8 cla by > g o8 il
b e 3105 Jloin] gl lS o yiapee 45 Conol 0 03litan] pano
3l Jygwgé.lb'u ]olsuu» v @.m).«ob S uJB Cowl @’Iy:
O 3l LT b 0ys3 s gl g @l olgsds dlas oy 5l g prne

iles g Ll

1EVYY

Lo ol 2 9 Oloy glisS W S5 cg93 o pu VY S
ilo3ges 63y90 1 |y s 3 @Sl (S 5ud 3908 48 A o Lt
90393 45 3l o9y sl S (8 sladgy ol 5
W 85 Sl 028 oy w98 93 gy nl ) (g 48 (o0 S8
9039 U 390 odlatul w2)o50l 9 cul JI (ol 9005 (S 6 &
ogMe )5 pl 0 A8 CS g b Cas 4 > Slgh Gyg s Gygo 0

sloaiz ) o Cal 35 plosl 35T plo s (o Lo S

1 Path
2 Trajectory



VEAY B VFED doio VF+Y Lo Y o)loss

00 0553 ¢3S yool Sl guoiee 25

1 T T T
0.5 i
=
< M
s
0.5 B
1 I I I I I
0 2 4 6 8 10 12 14
10*
2F T T T T T T
—_— 07
=3
~
L |
4 I I | I I I
0 2 4 6 8 10 12 14

Time (Second)

999 Sol> E52 9 Oloyd 5l ygludS Y JSS

Fig. 12. The vehicle’s front wheel and steering wheel torques.
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