ATLANTIS
PRESS

Journal of Robotics, Networking and Artificial Life, Vol. 4, No. 1 (June 2017) 10-13

Leader-follower Formation Control of Mobile Robots with Sliding Mode

Wenhao Zheng, Yingmin Jia
The Seventh Research Division and the Center for Information and Control,
School of Automation Science and Electrical Engineering,
Beihang University (BUAA), 37 Xueyuan Road, Haidian District,
Beijing 100191, China
E-mail: zhengwenhaol52@]163.com, ymjia@buaa.edu.cn
www.buaa.edu.cn

Abstract

This paper considers the formation control of nonholonomic mobile robots. The formation problem is converted to
the error model based on the leader-follower structure. A sliding mode controller, which is proved to be globally
finite-time stable by Lyapunov stability theory, is presented in this study. In addition, a continuous reaching law is
designed to reduce the chattering which caused by the computation time delays and limitations of control.
Simulation results verify the feasibility and effectiveness of the control strategy.
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1. Introduction

Formation control of differential-drive mobile robots
have been widely researched in recent years. The
mobile robots are supposed to maintain the desired
geometric configuration in lots of different situations
including personnel rescue, logistics transportation,
military affairs and environmental exploration. Various
formation control strategies have been proposed, such as
feedback linearization', backstepping®, sliding-mode
control® and sorts of intelligent control method. In Ref.3,
the kinematic model and the dynamic model were both
considered, then a sliding mode controller was proposed
to deal with model uncertainties and disturbances,
furthermore, the voltage inputs of driving motors were
taken as control inputs, which are more realistic than the
velocity. Basic controller based on backstepping method
was presented in Ref.4, a bioinspired neurodynamics
based approach was further developed to solve the
impractical velocity jumps problem. In Ref5, a
controller with time-varying parameters which were

designed to limited control inputs, was presented by
Lyapunov theory, and geometric analysis contributed to
the designment of optimal feedback functions which
made the controller more effective.

This paper mainly focuses on the formation control
of nonholonomic mobile robots with sliding mode. The
formation problem is proposed with leader-follower
setup, which is used to deduce the error model. Then, a
simple sliding mode surface is chose to design control
law. And a continuous reaching law is presented to
reduce the chattering. Moreover, the formation error
model is proved to be globally finite-time stable.
Comparing with existing results, this paper primarily
contributes to the novel solution of the formation
control with sliding mode.

The structure of the rest paper is organized as
follows. The section 2 introduces leader-follower
system and the formation error model. In the section 3,
the sliding mode controller is designed with a

continuous reaching law. Simulation results are
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presented to show the validity of the control law in the
section 4. In the end, the section 5 summarizes the
whole paper and draws the conclusion.

2. Problem Statement

2.1. Kinematic model of nonholonomic mobile
robot

In this paper, the differential-drive mobile robot is
considered as the research object, which is subject to
nonholonomic constraint (1).

As shown in figure 1, let v, and v, be the
velocities of the left and right driving wheel. The
control inputs are usually taken as the linear speed v
and the rotational angular velocity ¢ . The relation

Fig. 1. The configuration of a two-wheeled mobile robot.

between control inputs and driving wheels can be
expressed as (2). In practical systems, control inputs of
mobile robots are bounded.

ycos@—xsind =0 (1)
v=W,+v,)/2, o=, —Vv,)/2p (2)
x=vcos6, y=vsinh, O=w 3)

where (x,y) are the robot position and @ is the robot
orientation. Moreover, the kinematic of the mobile robot
can be expressed as equation (3).

2.2. Leader-follower system

In the figure 2, leader-follower formation structure is
presented in Cartesian coordinates. The nonholonomic
mobile robot R, is treated as the leader. The center of
the leader C,(x,,y,,6,) describes the position and the
orientation of the leader in the world frame. And (v,,®,)
are control inputs. The follower is the robot R, . The
center of the robot C,(x,,y,,0,) and inputs (v,,®,)
have the analogous definitions like the leader. Assume

that the distance between the point O, (x,,,y,,,0,) and
C, isd . The relation can be presented as (4)

X, =x, +dcosO,

4 (4)
Yoy =¥, +dsin0,
Differentiating the above equations leads to
X, =v,co80, —dw, sin0,
%)

Y, =V, sin ¢9f + da)f cos 9/

The desired geometric shape can be denoted by

Wl

Fig. 2. Leader-follower formation structure

coordinate representation. The expected position of the
follower should be expressed as (x,,y,) in the
coordinate system of the leader. And the real position
C,(x.,y,) in world frame can be deduced as equation

(6).
[ch:[xI}{C?SQ, —sin&,](de ©)
V. » sing, cosf, )\ y,
(x,,y,) are considered as constants, and differentiating
both side of (6) will refer to

X cosf, —sind \(v,—y,w, %)
¥, B sing, cos6, X,

We can define the formation errors as the Eq. (8).

x,|_| cos 0, sind, \(x,-x, ®)
r) \sind, cost) Ly,
Moreover, the angular difference between the leader
and the follower is remarked as (9).

B=6-0,. f=o-o, ©)
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Combining the equations from (4) to (7) and
differentiating both sides of (&), formation error model
can be expressed as

X, ==V, +@,y,+ (- y,0)c08 f—x,0 sin S

y,=-(d+x,)o,+(,-y,0)sinf+x,0 cosf

The destination of control law design is to find the
appropriate control inputs (vf,a)f) to meet the desired
outcome:

limx, >0, limy, >0, |f|<a(c>0) (11)

t—o

3. Sliding-Mode Controller Design

3.1. Sliding surface design

The most significant process of sliding mode control is
to choose the suitable sliding surface. Here, we design
the sliding surface which ensures that the formation
error will converge to zero when the system trajectory
lies on the sliding surface (12).

s, x,cos f+y,sinf
T LJ - {—xe sinff+y, cosﬁ}
LetV =0.5s"s , thus we can deduce V' = 0.5(s} +53)
=0.5(x] +y?) from equation (12), which indicates that
if s, >0,s,>0,the x, >0, y, - 0will hold. Hence,
when the sliding surface converges to zero, the
geometric shapes of the robot formation will be

established.
Differentiating the formula (12) will conclude (13)

(12)

§,==v,cos f-dw,sin f+v,—y,0, +5,0,

(13)

S, =v,sinf—dw, cos f+x,0, 5,0,

Furthermore, the formation controller can be simply
written as:

v, = (v = y,0,)c08 f-x,0,8in f + y,0, -5, cos f+5,sin f

14)

o, =[(v, - y,m)sin B +x,0,c0s S~ x,0, - § sin f -, cosﬁ]/d(

3.2. Controller design with the reaching law

In this paper, a continuous reaching law is adopted to
make each state reaching the sliding surface. Comparing
with the switching function of general reaching law, a
saturation function is taken in order to reduce the
chattering which caused by the computation time delays

and limitations of control. The reaching law is as follow:

§=—es—kf(s) (15)

Here, f(s) is given as (16) and sgn(s) is a sign function.

Besides, ¢ = (&,,¢,)", k=(k,k,)", a=(a,a,)", p>0
and¢,, &,, k, k, >0, 0<a,,a, <1.

fl_(s):{ls,-l’sgn(si) ifls|<o 16)

s lls] ifls]>e

Thus, we can get the sliding mode controller (17)
from equation (12), (14) and (15).
v, = - y,0)c08 f—x,0 8+ y,0 +

(&8, Tk fi(x))cos B—(&,5, +k, f,(x))sin B

1 .
/ =E[(vl —-y,0,)sin B +x,0,c08 f—x,0,+

(&5, +k fi(x))sin B+ (&,5, +k, f,(x)) cos ]

an

[

Theorem 1. Consider the formation error system (10).
Using the control law (17), the sliding surface (12) will
converge to zero in finite timeT,, and x, >0, y, >0
ast=T. .

Proof. Choose the Lyapunov function as V,=s’/2
(i=1,2). It is easy to refer to

Vi =S58, = _gisiz —k. f.(s)s; (18)
Casel: if]s,| < ¢ , the equation (18) will be converted to
V,==2eV, = 2" gy« Define V =V,(0) atr=0.
By solving differential equation, we can deduce formula

1-a; ;-1 k a;-1 I-¢;

I/IT = _2T —+ (Z’T £+ V,T (0))6—(1—11,)51 (19)
& &

LetV, =0 ; the reaching time can be expressed as

a;-1 I-a;
L2
In( 2

" (-gq, ot
(-a)e 27k

) (20

Therefore, s,(i =1,2) will converge to zero at t=1 =
max(7,) (i=1,2)andx, >0, y, >0 ast=T,.

Case 2: if|s,| > ¢, the equation (18) can be presented as
the formula (21).

V,==2es] —k|s,|¢" <0 3

Consequently, there must be a 7, which makes s, — ¢.

Thus, formation error model will be globally finite time
stable. O



ATLANTIS
PRESS

Journal of Robotics, Networking and Artificial Life, Vol. 4, No. 1 (June 2017) 10-13

Theorem 2. Consider the equation (9) with the control
law (17). B will be bounded, if the velocity of the
0 <v, <const, |ﬁ0|<ﬁatt:0 and  the
boundedness of the angular velocity w, hold.

leader

Proof. Combining the formula (9) with the control law,
we can obtain the equation (22).

L =—(v,sinf)/d+¢(t)

#(1) = o, —%[—yda), sin S+ x,w,cos f—x,0,+ (22)

(&8, +k f,(s)))cos B +(&,5, +k, f,(s,)™ )sin B]

The nominal system can be given as = —(v;sin )/ d
atg =0. Select the Lyapunov function as ¥, =1-cos .
So we can get Vﬁ =—(v,sin” B)/d <0 and V, is non-
increasing. | ﬂ0| <z att =0, there must exist a positive
constant 6 which meets £, €[-7+5,7 0] . Then, V,
€[0,2-6),() e[-x+5,7—5] and V), < (v, / d)oV, .
Besides, V, = 2sin®(3/2) , it is easy to obtain2’ / z*
<V, < B> /2 at f e(—n,x). Thus, the nominal system
is exponentially stable using the Lyapunov method.
Obviously, @,,x,,s,,s,,sin § and cos S are bounded,
which can be used to deduce the conclusion that ¢(z) is
bounded. Therefore, in the system (21), £ is bounded
by using the stability theory of perturbed systems. O

4. Simulation Results

Fig. 3. Formation process and formation errors.

Sliding Surface Control Inputs

A,
wf and wf

t(s) 1)
Fig. 4. The sliding surface and inputs of followers.

Three robots are expected to keep a triangle formation
and the expected formation shapes are designed as x,;,, =

x,, =—lm, y,, =0.5m, y,, =—0.5m . The movement of
the leader robot is set as the circular motion with
v,=1lm/s, @, =n/12rad /s, and the initial poses of
three robots are (0, 0, w/2), (-3, =2, 0) and (2.5, -3,

—n/2). Moreover, Controller (16) is used with
§=&, =3,

k=k, =7, a,=a,=1/3, p=5,d, =d, =0.25m. The
control inputs are limited as

v, S3m/s,a)f <rm/2radl/s.
The formation error is denoted as £ = (/x> + »?,. The
simulation results are presented in Fig.3 and Fig.4.

5. Conclusion

In this paper, the formation control problem of the
nonholonomic mobile robot has been solved. A
controller with sliding mode is proposed using a
continuous reaching law. The simulation results show
that the control law can guarantee great formation
performance and the specified geometrical shapes of
multi-mobile robots will be achieved in finite time.
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