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Abstract In this paper, we study the problem of modeling and controlling leader-follower formation of mobile robots. First, a
novel kinematics model for leader-follower robot formation is formulated based on the relative motion states between the robots
and the local motion of the follower robot. Using this model, the relative centripetal and Coriolis accelerations between robots are
computed directly by measuring the relative and local motion sensors, and utilized to linearize the nonlinear system equations. A
formation controller, consisting of a feedback linearization part and a sliding mode compensator, is designed to stabilize the overall
system including the internal dynamics. The control gains are determined by solving a robustness inequality and assumed to satisfy
a cooperative protocol that guarantees the stability of the zero dynamics of the formation system. The proposed controller generates
the commanded acceleration for the follower robot and makes the formation control system robust to the effect of unmeasured
acceleration of the leader robot. Furthermore, a robust adaptive controller is developed to deal with parametric uncertainty in the
system. Simulation and experimental results have demonstrated the effectiveness of the proposed control method.
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1 Introduction

Over the last decade or so, various control techniques
have been applied to the formation control design of mobile
robots, such as the leader-follower abpplroach[“‘l]7 virtual
leader approach[s'ﬁ], behavior-based approaLchWNIO]7 and
bio-inspiration approach[HNM]. The leader-follower forma-
tion control of mobile robots, one of the main approaches
in this field, has been studied by many researchers. In a
robot formation with leader-follower configuration, one or
more robots are selected as leaders, and these are respon-
sible for guiding the formation, and the rest of robots are
controlled to follow the leaders and named follower robots.
The control objective is to make the follower robots track
the leaders with some prescribed offsets.

Desai et al.['™~3] presented a feedback linearization con-
trol method for the formation of nonholonomic mobile
robots using the leader-follower approach. In [1~3], the
absolute velocity of the leader robot in the local coordi-
nates of the follower robot is treated as a necessary exoge-
nous input for the formation tracking controller. However,
the absolute velocities of the leader cannot be measured di-
rectly by a local sensor carried by the follower robot. Vidal
et all 15]proposed a formation control approach for non-
holonomic mobile robots using motion segmentation and
visual servoing techniques. In [4,15], the problem of dis-
tributed formation control in the configuration space was
translated into separate visual servoing tasks in the im-
age plane of a central-panoramic camera. The motion of
the leader robot needed by the tracking controller was esti-
mated by the follower robot through comparing the optical
flows of two pixels, are corresponding to a point on the
leader and the other to a static point in the environment.

Chiem and Cerveral'®! presented a vision-based robot
formation approach using the properties of Bézier curves.
The global linear velocity of the leader robot was assumed
to be constant and known to the follower robot, and only
the angular velocity of the follower robot needs to be com-
puted using the curvature of Bézier curves between the two
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robots. In [17], a dual-mode model predictive controller
was proposed for the leader-follower robot formation. The
formation controller was designed based on the kinemat-
ics model and the feedback linearization controller given in
[1~3]. In [18], a sliding mode controller was designed for
the leader-follower robot formation based on the kinematics
model given in [2]. The formation control law in this paper
requires the absolute velocity and the absolute acceleration
of the leader robot, and as it is well konwn, in practive, it
is difficult to measure or estimate in practice the absolute
acceleration of the leader robot.

Very recently, in [19], a leader-follower formation con-
troller was proposed utilizing only the relative positions
between robots, in which the derivatives of the relative po-
sitions were estimated using a high-gain observer. A high-
gain discontinuous auxiliary control term was added to the
control law to stabilize the resulting second order error dy-
namics in a globally uniformly ultimately bounded manner.
The control gains of the discontinuous term were deter-
mined by the magnitude of the absolute acceleration of the
leader robot and its derivative.

In leader-follower formation control, the most widely
used control technique is feedback linearization based on
the kinematics model of the system. In this study, we focus
on the problem of leader-follower robot formation control
with relative motion sensors and develop a control method
that does not require a global positioning system or abso-
lute motion sensors.

The first part of this paper presents a second order kine-
matics model for leader-follower robot formation, which is
derived in terms of the relative motion states between the
robots and the local motion of the follower robot. The for-
mulation of the proposed model is inspired by the first order
kinematics model presented in [1~ 3], where the model is
described in terms of absolute motion states of the robots.
Based on the proposed kinematics model, feedback lin-
earization is implemented to achieve the objective of forma-
tion control with relative motion states. However, there is a
difficulty in the implementation of feedback linearization.
The difficulty is related to the existence of unstable zero
dynamics[zo]. In practice, the feedback linearization can-
not be used if the zero dynamics is unstable. In this study,
a stability condition for the zero dynamics of leader-follower
robot formation system is derived through constraining the
motion of the leader robot and the formation configuration.
The stability condition can also be treated as the coopera-
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tive protocol of formation control between robots.

As discussed later in the paper, the internal dynamics of
leader-follower robot formation system is only locally sta-
ble. When the internal state is in an unstable region, the
formation system suffers an increasing perturbation from
internal dynamics. To suppress such a perturbation, a ro-
bustness inequality is introduced to design the feedback
gain. Under the proposed control scheme, the formation
tracking error approaches zero even when the internal state
is in an unstable region. On the other hand, the conver-
gence of tracking error also forces the internal state to enter
the stable region of the internal dynamics. Furthermore, a
sliding mode controller is integrated to the feedback lin-
earization controller to compensate for the uncertainty as-
sociated with the unknown absolute acceleration of leader
robot. The Lyapunov method is used to stabilize the over-
all system.

In the proposed approach, the commanded acceleration
for the follower robot is determined by the control law.
However, it is normally not practical for a mobile robot to
track an acceleration signal. Instead, in implementation,
the acceleration inputs that are determined by the control
law are translated into velocity variations by multiplying
them with the control period. Hence, the reference veloc-
ities for the follower robot, as commonly used in current
control methods, can be obtained by adding the velocity
variation to the current velocity.

As a further improvement of the proposed robust for-
mation controller, a robust adaptive control scheme is also
developed based on the work in [21, 22]. The controller con-
sists of an adaptive control part that serves to deal with
parametric uncertainty and a robust control part to com-
pensate for the uncertainty associated with the absolute
acceleration of the leader robot.

This paper is organized as follows. In Section 2, the
proposed formation kinematics model is derived. The pro-
posed control schemes and robust adaptive control scheme
for leader-follower robot formation system are presented
in Sections 3 and 4, respectively. Simulations and experi-
mental results are used to illustrate the effectiveness of the
proposed control methods in Section 5 and 6, respectively.
Finally, conclusions are drawn in Section 7.

2 Formation model formulation

In this section, we formulate the kinematics model of the
leader and follower robots in formation. The goal of the
formation control is to make the follower robot track the
leader robot with desired relative distance and bearing be-
tween the robots. As indicated in Fig. 1, the follower robot
R follows the leader robot R; with a relative distance l12
and a relative bearing (12 between the two robots, and a
relative motion sensor is mounted at point C' on the follower
robot Rs.

The kinematics equations of the robots are given by the

following equations
—dsin6; v;
dcosb; ) ( Wi ) @)

Tei \ _ [ cosb;
yci - sin 91

92‘ = W;

where (zc;  yei) are the coordinates of the center of mass
P. in the world coordinates system, and 6; is the heading
angle of the robot. As shown in the Fig. 1, v, and W; are
the linear and angular velocities of the robot R;, and their
scalar representation are given by v; and w;, fori =1, 2,
respectively. P, is the intersection of the axis of symmetry

with the driving wheel axis; d is the distance from the center
of mass to point P,; h is the distance from the reference
point C' to point P,. The velocity of point C' in the local
coordinates of robot Rs is given by Va = [vs hwg]T. Set
012 = 01 — 05, Then, 012 is the relative orientation between
Ry and R, and 6,, = ™ — @12 — 012 is the relative bearing
between velocity vs and line l12.

Fig.1 Two robots using leader-follower controller

2.1 Model formulation of the
robots system

leader-follower

Similar to [1~3], the kinematics of the leader and fol-
lower robots in formation can be described by

l12 V1 _ (%]
M(l1270112)( o1a ) _N(l12791270112)( w0 ) = ( o )

(2)

where the matrices M and N are defined as

M= —cos O, —l128in 0,
T\ (sinfy,)/h  —(li2cosby,)/h

N— ( _—005912

l12 sin 91}2
(sin 912)/h

(liz cos0yy) /R

In (2), the formation motion states have been projected
to the local frame of the follower robot R2. By solving (2),
the absolute velocity of the leader robot can be presented
by the formation motion states and the absolute velocity
of the follower robot

viu(E)(2)]=(n)  w

Differentiating (2) and incorporating (3) yields
U2 ) = M ?.12 ) +C l.12 ) — 012 o ) +
w2 P12 P12 —v2/h

—li2¢12 01
M ( i e+ () g

where the matrix C and the vector § are defined as

C = ( .01,2 sin 0y,
(

—9U2l12 cos 0y, — ilg sin 6,
0y, cosOy,)/h

(9v2l12 sin @, — l12 cos 0vy)/h
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Then, the formation tracking errors are represented by
5:< (51 ):M( —U]COS(,O12 ) " T
02 (v1sinpi12)/li2 — W q=(li2— 15, P12 — <Pl1i2) , @ =(l12 — it P12 — ¢¢112)
yvhere f12 = w1 — wy and év2 =—p12 — 012 have been used The zero dynamics of the leader-follower robots system can
in (4). be obtained by constraining all the tracking errors to zero

Denoting the state variables by ¢ = (l12 Lplg)T and ¢ =
(ilg <,b12)T, and the input of the robot formation system
byw = (92 @2)", we can rewrite model (4) in the following
form

u = M(‘Ia 912)q+ C(q7‘I7 €1270.12)‘..I+

G(Q?d70127é127v27w2) +6(i)17w17q74) (5)

where the function G(g,q, 612, 612, v2, wz) is defined as

. hws —l1212
G = 912( —va/h >+M( iva /s >W2 (6)

(5) represents the input—output relation for the leader-
follower robot formation system, where the outputs are the
relative distance and the relative bearing and the relative
velocities between robots. The inputs of the system are the
absolute accelerations of the follower robot in local coordi-
nates. The relative motion states ¢ and ¢ and 612 in (5)
can be measured by the relative motion sensors fixed on
the follower robot.

The second order kinematics model (5) forms a nonlin-
ear and multivariable system, which allows us to do more
rigorous analysis of the performance of control system, and
to design robust nonlinear control laws that guarantees the
global stability and tracking of more complex trajectories
than those for the one order kinematics model.

Remark 1. Using model (5), the relative centripetal
and Coriolis accelerations given by Cq + G in (5) can be
computed directly in the light of outputs of the relative
motion sensors and the local motion sensor fixed on the fol-
lower robot. Furthermore, these relative accelerations can
be utilized to linearize the nonlinear leader-follower forma-
tion system, as discussed later.

Remark 2. The last term § in model (5) represents the
effect of the absolute acceleration of leader robot, which
is difficult to accurately measure or estimate due to the
limitation of the motion sensors and treated as model un-
certainty of the system.

2.2 Formulation of internal dynamics

[20]

Using (3), the internal dynamics*™ of the leader-follower

robot formation system is given by
b2 = wi—uws

= 7%[811’1 012 — (i12 sin 0y, — p12l12 o8 Oy, )] +
wi(l+ 1172 cos 6,,)

= —Apsin (912 — Ozo) —+ w1 — %(l.lz sin9v2 —
¢12112 CoS 91}2) (7)

where the amplitude Ap and the phase oo are defined
(ka)®> 4 (kg)* and ap = arctan (kp/ka) for
kA = (’01 — w1112 Sintpm)/h and kJB = wll12 COs Lp12/h, re-
spectively.
T . ; . T
Let q; = (l‘liQ gocllQ) and ¢, = (lfg go‘liz) be the de-
sired relative formation motion states between two robots.

as Ag =

and assuming i%, and %5 to be zero. Physically, this means
that the robots in formation are both keeping desired rela-
tive positions and moving at a constant linear velocity and
angular velocity in the plane.

The zero dynamics[zo] is given by

912 = —AQO Sin (912 — Oé()) + w1 (8)

To make system (8) to have a stable equilibrium in the
region |012 — ao| < /2, the following condition should be
satisfied

Agy > wr (9)

for any wi and vi. If wy = 0, the stable equilibrium of
system (8) is located at the origin. If condition (9) is not
satisfied, the sign of 612 will remain positive or negative
when the robots are in the desired formation configuration.
In this case, the value of 612 will increase or decrease con-
tinuously all the time, which means that the zero dynamics
is unstable.

Condition (9) ensures the stability of the zero dynamics
by limiting the range of the leader ’s motion and the class of
the desired formation configuration. Once condition (9) is
satisfied, the relative angular velocity will converge to zero
when the tracking errors converge to zero. In the case where
condition (9) is not established, the solutions of (7) imply
a continuous relative rotation motion between robots, and
the relative angular velocity of the motion is periodically
varying.

Assumption 1. For the velocity (v1 wl)T of the leader
robot, the following condition holds

Agy > w1

in the region H (q t})TH < @, where Q is strictly positive.

Assumption 1 can be viewed as a cooperation protocol
between the leader and the follower robot, which provides
a stability margin for the zero dynamics.

2.3 Reformulation of internal dynamics

Under Assumption 1, the internal dynamics is reformu-
lated in terms of tracking errors in this section. Through
reformulation, we derive a bound for the time derivative of
the square of the internal tracking error. This result will
be used to prove the stability of the closed-loop system in
the following section.

When the formation system is in steady state, the inter-
nal dynamics is given by

5 . 1 a . d jd
Bo = —Agsin By + w1 — E(lm sin 0y, — $1al12 cosby,) (10)
where [y is the solution of the stable internal dynamics.
Make the following state transformation

012 = 012 — o — fo
and set the function

F(0~127(§)= [—sint%2 llgcosﬂv?]f] (11)

S =
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Subtract (7) from (10). Then the internal dynamics of sys-
tem (2) can be rewritten as

f1o = — Ay [sin (6 + Bo) — sin Bo] + T'(612,q) (12)

Lemma 1. If the states l12 and 612 are bounded by
HluH < L and H912H < © , where L and © are positive
constants, the internal state in (12) satisfies the following
inequality

Bra012 < —pa|fua])” + | || s2] + p2 @ 10zl (13)
where pg = 244 /3 min{cos (8o + 0.5612)} for |Bo+0.5012| <
0.5m, p1 =1/h, and p2 = L/h.

Proof. Lemma 1 can be directly proved as follows. In-
ternal dynamics (12) can be rewritten as

512 =— Ay [sin (9~12 + ﬁo) — sin 60] + F(élg,(}) =

6 6 S
2A cos (Bo + f) sin %2 + (612, §) (14)

Multiplying (14) by 612, we get
5 5 _ 02, ; . b1 | - 5 &
012012 = —2A9 COSs (50 —+ 7)012 Sin 7 —+ 0121_‘(912, q) (15)

where 612 sin (0.5012) > 0 and ‘sin0.56'~12| > ’512‘/3 for
}512’ S 0.571'7 and

5121“(512,51) = %512 [ — sin 01,2 s l12 CcOs 01,2];]
17 L L~ 3
< g l10r2(lllan ]| + 7 (162l |
Then, the following inequality holds
~ L ~ 1~ - L~ *
Ou2012 < —pol| iz + 5 1Br2] || + 51822l g2 ]| (16)

for pg = 2A¢/3min{cos (Bo + 0.5012)} and ‘912| < 0.57.
Thus, Lemma 1 is proved. O
Lemma 1 shows that the internal dynamics becomes sta-
ble when the perturbation F(@lg,f]) vanishes at the origin.
The stability can also be seen from (14). If the tracking
error (q (})T converges so that the following inequality is
satisfied,
94 012
0 cos (Bo + 7)

> ’F(ém,é)’ (17)

then the internal tracking error 512 approaches zero. An
effective method to stabilize internal dynamics (14) is to
force the tracking error (g Q)T approach origin sufficiently
fast to satisfy (17) for system (5), which will be discussed
in the following section.

3 Robust formation control

In this section, a robust controller is designed to stabi-
lize the system in the presence of modeling uncertainty.
The objective is to develop a control law to determine
u = (92 @) for the leader-follower formation system
such that the follower robot tracks the leader {pbot with a
given formation configuration g, = (Ify %, .

The proposed control scheme consists of a nominal part
designed based on the nominal model of the system with-
out the perturbation of modeling uncertainty and a sliding

mode robust compensator to stabilize the overall system in
the presence of uncertainty. The overall control is defined
as

u = Mgq, + Cq+ G — Mnsgn(s) (18)
—_——— — —
uQ ul

where uo is the nominal control, and w; is a sliding mode
compensator. Their design is described in the following.
The new reference acceleration vector q,. is formed by shift-
ing the desired acceleration ¢, according to the position

error q and velocity error q.

d, =4y —N2q — Mg (19)

where A; = diag (Ai1 Ai2) for ¢ = 1,2 are symmetric pos-
itive definite matrices. Thus, the reference trajectory is
expressed in terms of the tracking errors. The component
of the constant vector 1 satisfy n; > [|[M~"8|], + noi, where
nos is a strictly positive constant.

The nominal control ug in (18) leads to a linear closed-
loop equation of the nominal system

a=—-Nq— Mg (20)

and control law (18) results in the actual closed-loop system
of (5) in the form of

d=d, —nsgn(s) — M '§ (21)

Define the tracking errors as z; = [‘L‘ él]T fori =1,2 and

015 = (012 — o) — Bo where 3y is the stable solution of zero
dynamics (8) under Assumption 1. Then, the closed-loop
equation can be written as

HERIEE
msgn(s) Z+ M~
| [nsen(s) + M4,

(22a)

2 é . é ~ 5
612 = —2kg cos (ﬁo +4 ﬂ) sin (%) 4+ F(le,q)

: (22b)

where

0 1 ;
Ai_( —Ain A2 )’ v=12

Let P; be the symmetric positive definite solution of the
following Lyapunov equation
ATP + PA = —Q;, i=1,2 (23)

where Q1 and Q2 are symmetric positive definite matrices.
Let Amin(Q:) denote the smallest eigenvalue of the matrix
Qi. The stability of the resultant closed-loop (22) can be
proved using the Lyapunov theory.

Theorem 1. If Assumption 1 holds, closed-loop system
(22) under control law (18) is asymptotically stable at the
origin with the variable s; in (18) selected as

8; = [z P, i=1,2 (24)
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where [z} Pj], denotes the second element of the vector
ziTPi, and A1 and Ag are designed such that the follow-
ing inequality holds

2)\min (Qz) Po

Proof. Consider the composite Lyapunov function can-
didate

—p2>0, i=1,2 (25)

Zz Pizi + % 00 (26)

Differentiating (26) with time along the solutions of (22),
substituting z; P; with s; from (24), and using inequality
(13), we have

V(t) = (2 ?Pzzz JFZ;FPZ'&) + 6'~Tn§ =

N | =
<
HMM

1

{ - %z;FQZZZ -

s.
I Mm
I

21 P, [ +d%<

0
nisgn(s:) + (M~16), ] }
=1
2 - 2
> pillzilllGrall = > moslsil =
i=1 i=1

Zzl (2] 1|622]]] - { 0.5Amin(Q:)  —0.5p; } |

Dlz* = polldsz]* +

—0.5p; 0.5p0

IR

From the last equation of (27), we have V(¢) < 0 provided
that Amin(Qi)pO — pf >0 for 1 = 1,2, and (Z1 zZ2 012) 7é
0. Thus, Theorem 1 is proved. (]

The stability of the closed-loop system is guaranteed
through the design of feedback gains in ug, which satisfies
robustness inequality (25) by solving Lyapunov equation
(23). In (27), the perturbation from the internal dynam-
ics is suppressed by decreasing formation tracking errors.
Thus, even the internal dynamics is not in its stable region,
the whole closed-loop system is still stable. The proper se-
lection of the control gains in up makes the whole system
robust to the internal perturbations.

The gain pg in (25) is determined by the configuration
of the formation. As it can be noted, a larger py leads to
a smaller Amin(Q;) , equivalently, a lower gain of the con-
troller. Thus, robustness inequality (25) provides a trade-
off between the feedback gains and the nature of formation
commands that can be tracked. The control chattering in-
troduced by the switching term u; can be treated using a
saturation function such as the one described in [23].

4 Robust adaptive formation control

In Section 3, we made an assumption that the parameter
h of the follower robot is exactly known. However, the
rotation center of a mobile robot in practice is not strictly
on the axis of symmetry as in theory, which is due to the
error of machining and installation of robot wheels. On
the other hand, it is difficult to measure the actual rotation

center when the mobile robot is in motion. In addition, the
calibration error of visual measurement system can also
cause uncertainty in determining the value of h. Thus,
the accurate value of h may be unavailable under certain
situations.

In this section, we take the uncertainty in h into account
and propose an adaptive control method to improve the
control performance. Inspired by [21] and [22], we rewrite
the nominal part of controller (18) in a decomposed form:
an uncertainty free part denoted by unxa and the second
part contains the parameter uncertainty and is written in
a form of vector product described by Yax2Hax1, as shown
in the following equation.

v = M 12 I S P
w2 P12 l12/l12
i12 ) dws
C . -0 =
( 12 ) 12( —v/d )

Una + YoxoHaxi (28)

N

Uno = —(Kz + pr2li2(p12 + 619 — w2)) cos By, —
(@haliz + 112(2¢12 + 012 — w2)) sin O,

Y22 = (lu — p12l12(P12 + 012 + w2)) sin by, + 02912 —
(Phalie + l12(2<,012 + 912 + w2)) cos Oy,

and §, = §; — Ao — Mg

The vector §,. is the same as defined in (19). The vector
H contains the parameters to be estimated by an adaptive
estimation algorithm. In the following, the vector H will
be used to denote the estimation of H, and the estimation
error is presented by the vector H = H — H. Similarly, the
estimation error of the matrix M is given by

M = M-M=

(h —h) 0 0
hh sinfy, —li2cosby, (29)

where M is the estimation of the matrix M. Clearly, if
h = h, we have M = 0. The uncertainty of M is only
assoc1ated with the estimation error of h or, equivalently,
H.

Now, take the uncertainty of H into account and revise
(28) in the form of

@ = Mg, +Cq+G=
una + YoxoHox (30)

where the matrixes C' and G denote the estimations of C
and G, respectively. (30) is the controller for nominal part
of system (2) when the system suffers from the parameter
uncertainty of h.

Based on the above discussion, a robust adaptive con-
troller for the leader-follower robots system can be designed
as

u =

una + YH — Mnsgn(s) (31a)
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: .~ T [21 P1l, H from (31b), we get
H = -T(MY) (31b)
[ng 2] . 2 2 =2
V() < =D 05Mmm(Q)]|zi]|" — pol| 01| +
where I is a symmetric positive definite matrix, and a con- 21’:1 ,
stant 7); is chosen such that the following inequalities hold ~
true > pillzillll6ra]| = > mosls:| -
i=1 i=1
s > [[MTH (Mg + 8)].| + noi, i=1,2 32 2 . . . _
n Il (Mg il =+ mo (32) Z [z?Pi]Q[MleH]Z. +HT'H =

where 7m91 and 7oz are positive constants and t} =gq, —q, i:12
and s; = [Z;FP«L]Q fori=1,2. _Z H|ZH HélZH] | 05Amin(Q:)  —0.5p;

Controller (31) is composed of two parts: the first part P ' —0.5p; 0.5p0
is the output equation of the dynamical controller system,
which has the same structure as control law (18) in Section ‘zz H
3 and provides the control action to the follower robot; [ H9 H } Znol|sz (36)
the second part is the dynamical part, which adaptively 12
estimates the vector H needed by the first part. . .

The resulting closed-loop system using control law (31) From (36), we have V(t) < 0 provided that Amin(Q:)ps —

is given by
[ 21 o A1 0 21 _
L 22 - 0 A2 22

(MY H], + 1 sgn(s:) + [M (Mg + 8)],

0
| (MY H], + 2 sgn(s2) + [M !

(33a)

(M& +4)],

91

z ] ]
012 = —2kg cos (ﬂo + E) — + F(9127 )

5 (33b)
The stability of closed-loop system (33) is proved by the
Lyapunov theory in the following.

Theorem 2. If Assumption 1 holds, the closed-loop
system (33) under controller (31) is asymptotically stable
at the origin, provided that the variable s; in (31a) is set
at s; = [ziTPi}Q fori=1,2, and A; and A, are chosen such
that inequality (25) holds.

Proof. Select the Lyapunov function candidate

2
V(t) = 1(2 2Pz +0'0+H TH) (34)
2 =1
Differentiating (34) with respect to time along the solutions

of system (33), we have

V() =

l\D\»—l

2
Z TP+ 2 Pz +0 0+ H'TH =

2
Z{_ 5%i szz_

i=1

21 P, 0 . _
nisgn(s;) + [M (Mg + )],
[z;rpl]2 ' ~ ~T % * ~
M~'YH+6 6+H'T'H (35)
[Z;FPQ]2

Using inequalities (13) and (25) to (35), and substituting

p? >0 fori=1,2 and (21 22 912)T # 0. Thus, Theo-
rem 2 is proved. O

Under the adaptive control law, the effect from the un-
certainty of parameter h has been compensated. As a re-
sult, the amplitude of switching term in (31a) will increase

due to the term Mq in (32).

5 Simulations

We will now illustrate the effectiveness of the proposed
control schemes by studying the following examples. The
formation configuration is defined as

g, = (% ¢h)" = (400 27/3)"

The actual value of parameter h in the simulations is set
at h = 100mm. The trajectory of the leader robot is de-
fined by an ellipse curve in the first phase, and then the
trajectory is defined by a circle after point A, as depicted
in Fig. 2. The trajectory of the leader robot is smooth with
uniform linear and angular velocities and accelerations ex-
cept for point A.

5500

5000 | E ‘
£ R

4500 P

4000

3500 Trajectory of the leader

Trajectory of the follower

3000

2500 AL

2000

1500 -

1000 | -

\ yi
500 il X (mm)
0 ‘ ' ' - ‘

=2000  —1000 0 1000 2000 3000
Fig.2  The trajectories of the two robots

The control parameters are selected as

A1 =221 =30, A2 = X2 =20, m =15, mn2=0.06

By solving the Lyapunov function A;FPZ- + P;A; = —1I, the
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matrixes P; and P» are given by

0.3592

Pl:P2:< —0.5

—-0.5
0.7750
Then, the sliding variables in (18) are determined as

s1 = [Z’fpﬂz = —0.5(l12 — lllig) + 0.7750 i12
so = [23 P2)y, = —0.5(p12 — pia) + 0.7750 12

Under controller (18), the trajectories of the two robots
are depicted in Fig.2. In the presence of initial formation
tracking errors, the formation states are shown in Fig. 3.
Both the relative distance and the relative bearing converge
to their desired values, and the relative orientation remains
bounded in the whole process. At point A, the motion
mode of the leader robot switches from the ellipse cure
to a circle, and at the same time, the relative orientation
increases to a new steady state to adapt to the new motion
mode of the leader robot.

The corresponding acceleration commands are shown in
Fig. 4. Both of the commanded accelerations approach zero
when the robots converge to the desired configuration. The
peaks appearing on the curves at 45th second are due to
the disturbance from the discontinuous motion of the leader
robot at point A. In implementation, the acceleration in-
puts are translated into velocity variations by multiplying
them with the control period. Hence, the reference veloc-
ities for the follower robot can be obtained by adding the
velocity variations to the current velocity.

Adaptive robust controller (31) is also tested. The con-
trol parameters are chosen as

A11 = >\21 = 30, Alz = )\22 = 20, m = 16, N2 = 0.08

By comparative simulation tests, the gain for the adap-
tive estimator is designed as

I' =diag (1 72) =diag(1l 0.002)

It should be noted that high estimator gain will make
the estimator excessively sensitive to the system tracking
errors. For instance, high value of 72 will introduce control
chattering into the commanded angular acceleration of the
follower robot. )

The initial estimate of parameter h is set at h = 150 mm,
whereas its actual value is 100 mm. To show the effective-
ness of the proposed controller under the parametric un-
certainty in h, here, we make the initial error as large as
50 %. In practice, the initial estimation error may be likely
smaller than 50 %.

Under controller (31), the trajectories of the two robots
are depicted in Fig. 5. To test the proposed approach in a
more rigorous situation, the trajectory of the leader robot
is defined by a more complex curve composed of several
ellipse and circle curves. The distance from the starting
point of the follower robot to the leader robot is also larger
than the corresponding distance in the first test.

The corresponding formation states are shown in Fig. 6.
Both the relative distance and the relative bearing converge
to their desired values, and the parametric uncertainty in
h is effectively compensated by the adaptive controller. In
contrast to Fig.3, more severe oscillation appears in the
internal state curve, but the oscillation has little impact
on the formation tracking errors, as shown in Fig.6. This
shows that the formation system is robust to the perturba-
tion from that the internal dynamics.
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Fig.3 The formation states
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Fig.5 The trajectories of the two robots by using adaptive
controller (31)
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Fig.6 The system states by using adaptive controller (31)

The values of 912 and 9U2 are shown in Fig. 7. After the
initial phase, they have the same amplitudes but with op-
posite signs, and this verifies that ¢12 approaches zero on
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one side since 6,, = —¢12 — 012. The estimation of pa-
rameter vector H = [h1, hg]T is shown in Fig.8. Although
the estimates of h; and hs do not converge to their actual
values, the tracking formation errors still approach zero, as
shown in Fig.6, and an explanation for this phenomenon
can be found in [17]. The output accelerations of the con-
troller (18) are depicted in Fig.9. When the leader robot
moves along the irregular trajectory shown in Fig.5, the
follower robot continually regulates its commanded accel-
erations to track the leader robot with desired formation.
After the initial phase, the commanded linear acceleration
varies approximately with a fixed period to adapt to the
motion of the leader robot.

6 Experiments

Experimental investigation has been conducted using
three nonholonomic mobile robots, as shown in Fig.10. A
vision system transplanted from a robot-soccer platform
is used to measure the relative positions between mobile
robots. The vision system recognizes each robot by the
color marker adhibited on the top of each robot, as shown
in Fig. 10. A virtual vision sensor is fixed on each follower
robot. The virtual sensor translates the relative positions
obtained by the actual vision system into the relative mo-
tion states from the view of the follower robot.
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Fig.7  The derivatives of angular 6,5, and angular 6,, by
using adaptive controller (31)
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The leader robot in the group is controlled by a joystick
and runs an arbitrary trajectory, as shown in Fig.11(a).
Each follower robot in the group is controlled by decentral-
ized leader-follower controller (18) with the desired config-

uration ¢, = (I% <p‘112)T = (40cm 27/3)". Under the
proposed formation controller (18), the trajectories of the
two follower robots, as recorded by the vision system, are
depicted in Fig. 11(a). The corresponding formation states
are shown in Fig. 11(b) and Fig. 11(c). Both of the tracking
errors are limited when the formation is in the steady state.
When the trajectory of the leader robot is not smooth, the
rotation motion of the leader robot varies with high fre-
quency. As a result, the perturbations from the internal
dynamics becomes larger, as shown in Fig.11(d). As de-
picted in Fig.11(b) and Fig.11(c), in this stage, both of
the formation tracking errors remain bounded and are in-
fluenced little by the varying of internal state, showing that
the formation system is robust to the perturbation from the
internal dynamics.

7 Conclusions

In this paper, we have derived a second order kinematics
model for leader-follower formation of mobile robots. Based
on this model, a robust controller is proposed to control the
leader-follower formation using only the relative measure-
ment of the motion states between robots. The proposed
controller does not need global sensor for formation con-
trol, and makes the closed-loop formation system robust
to the perturbations from internal dynamics and the un-
certainty associated with the absolute acceleration of the
leader robot. Furthermore, a robust adaptive controller is
developed, as an upgrading version of the robust controller,
to deal with the parameter uncertainty associated with the
rotation center of the follower robots. Simulation and ex-
perimental results have demonstrated the effectiveness of
the proposed methods.
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