2007 IEEE International Conference on
Robotics and Automation
Roma, Italy, 10-14 April 2007

ThB9.2

Controlling Swarms of Mobile Robots for Switching between Formations
Using Synchronization Concept

Dong Sun and Can Wang

Department of Manufacturing Engineering and Engineering Management
City University of Hong Kong, Hong Kong

Tel: (852) 2788-8405 Fax: (852) 2788-8423
Email: {medsun, cwang?2}@cityu.edu.hk

Abstract — This paper presents a synchronous control
approach to swarms of mobile robots in switching between
formations. According to the desired formation, a
synchronization control goal is derived, based on which the
position synchronization error is defined as differential position
errors between very pair of two neighboring robots. A
decentralized trajectory tracking controller is then developed
with feedback of both position and synchronization errors,
formed with a combination of feedforward and feedback
controls. It is proven that this tracking controller can
asymptotically converge both position and synchronization
errors to zero. Simulations are performed on a group of twenty
fully-actuated mobile robots in a switching task between
different ellipse curves. The simulation results demonstrate the
effectiveness of the proposed synchronous control design for the
formation control.
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1. INTRODUCTION

Study on coordination of multiple mobile robots has
received increasing attentions in recent years. In this paper,
we discuss the fundamental issues underlying trajectory
controls of swam of robots while maintaining desired
formations that may be time-varying.

There are three conventional approaches to coordination of
multiple mobile robots reported in the literature:
behavior-based method [1-5]; virtual structure techniques
[6-9]; and leader-following strategy [10-14]. In
behavior-based control, several desired behaviors are
prescribed for each agent, and the final control is derived
from a weighting of the relative importance of each behavior.
The advantage of this strategy is that the group dynamics
contain formation feedback by coupling the weightings of the
actions. The disadvantage is that it is difficult to describe the
dynamics of the group and to guarantee the stability of the
whole system [11]. In the virtual structure approach, the
entire formation is treated as a single entity. Desired motion
is assigned to the virtual structure which traces out
trajectories for each member of the formation to follow. The
advantage is that the method is easy to prescribe formation
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strategy and has stability guarantees for the robots. The
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disadvantage is that the controller is not in decentralized
architecture and may encounter difficulty in some
applications. In the leader-following strategy, some robots
are designed as leaders, while others are designed as
followers. The advantage of this strategy is that it is easy to
control multiple robots in a desired formation using only two
controllers and it is suitable for describing the formation of
robots. The disadvantage lies in the difficulty to consider the
ability gap of a robot [11].

In this paper, we propose to use a synchronization control
strategy to address multirobot coordination, utilizing the
concept of cross-coupled approach [15]. The basic idea is to
let a team of mobile robots track desired trajectories while
using cross-coupled controls to synchronize motions
amongst the robots so that a certain kinematics relationship
can be maintained for a desired formation. The
cross-coupling technology [16] provides advantages and
opportunities to design such a synchronized controller. Over
the past decade, the cross-coupling concept has been widely
used in multi-axis motions and other applications such as
reducing contour error of CNC machines [17-20]. Recently,
the cross-coupling concept was incorporated into adaptive
control architecture to solve position synchronization of
multiple axes [21]. The cross-coupling technology has been
used in robotics, such as controls of mobile robots [22] and
robot manipulators [23]. The solutions for contour tracking
problem can be found in [24-25]. To avoid usage of modeling,
a model free variable-gain cross-coupling controller was
introduced for a general class of contours [26]. The effort to
examine the stability and robustness of the cross-coupled
control system was reported in [27]. Applications of the
synchronization approach to addressing formation control
problem have not been reported yet in the literature.

The advantages of using the synchronization control idea
for the formation control are threefold. First, the
synchronization control goal is determined according to the
desired formation, and then divided into a number of
sub-goals for each individual robot without discrimination.
By this way, the formation strategy can be well prescribed
and the ability of each robot is not limited. Second, a
synchronization controller that guarantees asymptotic
stability of both position tracking and synchronization errors
can be designed in a decentralized architecture [21]. Third,
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the controller can be greatly simplified by synchronizing the
motion of each robot with its two neighbors only [23,2]. In
other words, each robot control only requires the information
of two nearby robots but not all other ones.

This paper has the following two contributions.

First, we successfully transform the two simultaneous
actions of trajectory tracking and formation to be a motion
synchronization task. A synchronization equation is
determined according to the desired formation, based on
which a synchronization control goal can be derived. In a
similar manner to [21], we drive each robot to approach its
target position while synchronizing its motion with its two
neighbors. To evaluate the synchronization control effect for
the formation, the concept of the synchronization error is
introduced, which is defined for each robot as the
combination of the position errors of two nearby robots with
coupling parameters.

Second, we develop a decentralized cross-coupled
controller to stabilize multi-robot motions while
synchronizing positions of the robots for the desired
formation. After definition of a coupled position error by
combining the position error and the integration of the
synchronization errors, a simple tracking controller is
constructed with feedforward and feedback controls, with
information request of two neighboring robots only. It is
proven that the proposed controller can guarantee asymptotic
convergence to zero of both position and synchronization
errors. Simulations are performed on swam of robots in
switching between different ellipse curves, to demonstrate
the effectiveness of the proposed approach.

The proposed synchronization control approach is more
suitable to the tasks of maintenance of formation shape when
group robots move as a whole, and switching between
formations.

II. FORMATION VIA SYNCHRONIZATION

Consider the control problem of guiding and positioning a
group of n planar and fully actuated robots along the
boundary (curve) of a two-dimensional compact set. The
dynamics of the robot i is given by:

q;=u; (i=1~n) (1
where ¢, = [xi, Vi ]T is a2x1 vector containing coordinates
in x-y plane, and u; denotes the control input of the robot i.

Introduce a time-varying desired shape, S(q) , where

qz[qlT q”T ]T denotes the configuration of the swam of
robots. The boundary of S(q) is parameterized by a two
dimensional planar curve, dS(q)=0 . Consider a task of

switching between different formations S(q). Assume that
each robot is assigned by a target positions qid , and all target

positions are located in the curve 9S(q®) =0 . The goal is to
determine the appropriate control inputs for dynamic (1) such
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that the »n robots converge to these target positions while
maintaining the formation shape S(q) .

Define the position error of each robot as ¢, =¢* —g, .
The goal of the robot position control is to drive ¢; = 0.
Meanwhile, the robots need to achieve the goal of the
formation control, namely 3¢q;,dS(g;)=0. This formation
control problem can be solved by using the synchronization
control concept. The basic idea is to regulate motions of the
robots when they approach the target positions qid , so that all
robots maintain in the required boundary curve dS(q)=0.

Define f(g,;---q,) as a function of synchronization that
all robots are required to satisfy simultaneously. This
function is determined based on the formation control goal
subject to the constraint dS(q) =0. It actually represents a
new task-dependent requirement in kinematics. An example
is given below to show how such a synchronization function
is derived from 9S(q)=0.

Example: Consider that n robots are required to maintain
in an ellipse curve during the motion. The coordinate g, of

robot i is subject to the following equation:

x| _|cose; al_ 414
BS(%)-‘L‘—LJ_{ sinqoi}{b}_Ai{b} @

where a and b denote the longest and the shortest radices of

bsing;
sma,) . and

the ellipse, respectively, ¢; =arctan
acosq;

o; = arctan{&} denotes the angle of the robot location on

X

the ellipse. Assume that the robots are not placed in the
longest or the shortest axis of the ellipse so that the inverse of
A; exists. For the desired formation, all robots need to

satisfy  the  following  synchronization  function
simultaneously:
_ _ _ a
f(qlwq,,):Al‘ql=Azlqz=~'=Anlqn=M- "
From the above example, it is seen that the

synchronization function can be generally represented in the
form:

J(Gq,)ie1q1 =629, =-=¢,q, €)
where ¢; denotes the coupling coefficient of the robot i and
is assumed to be nonzero. (That ¢; equals zero means the

robot has no formation requirement and thus needs not the

formation control.) Note that ¢, is either constant or

time-varying. Since eq. (3) holds at all desired coordinates

d
q; , we have

d d d d
i aD:eq! =c,q8 ==c,qj . (4)
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Then, the following synchronization goal can be derived by
combining (3) and (4):
clep =8y =1 =cye, ®)

Eq. (5) actually represents the formation control goal
implicitly. Further, the synchronization goal (4) can be
divided into n sub-goals such as c;e; =c;, e, , with a
boundary condition that when i=n, i+/=1.

We then introduce the concept of position synchronization
errors, which are defined as a subset of all possible pairs of
two neighboring robots in the following way:

1766~ 66

&) =€) — (364

(6)

&, =Cp€, —C1€
where €; denotes the synchronization error of the robot i.
Obviously, if the synchronization error & =0 for all

i=1~n, the synchronization goal (5) can be achieved
automatically. The synchronization error represents the
degree of coordination amongst the actuated robots in the
formation, and is not equivalent to the conventional tracking
error. Employment of the synchronization error provides
each robot with motion information both from itself and from
the other robots. Hence, the motions of all robots are well
coordinated.

Now the control problem is to drive n robots converge to
each target position so that e; =0, while achieving the
formation control goal (5) by regulating the synchronization
errors in (6) to zero. The next objective is to design a
controller that guarantees asymptotic convergence to zero of
both the position error e; and the synchronization error &; .
In a similar manner to [21], the robot i can be designed to
approach its target position qid while synchronizing its
motion with its two neighboring robots. By this way, the
control of each robot does not require the information of all
robots except for two neighbors, and hence the
implementation is greatly simplified.

The above development shows how to make a formulation
to pose the formation control problem as a synchronization
control problem. The synchronization errors are defined
based on the formation control goal dS(q) =0, and thereby
represent the formation errors implicitly. The approach is
extensible to an arbitrary formation shape if it can be
constrained by (3).

III. SYNCHRONIZATION CONTROL DESIGN
Define a coupled position error as
t
E; =cie; + B, (& — &1 )aw (7)
where [ isa positive constant, and w is a variable from time

zero to ¢. The synchronization error ¢; in (7) is subject to the
boundary condition that when i=1/, i-/=n. Note that the
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coupled position error E; of the robot i contains the

information of two neighboring robot i-/ and i+, which can
be seen from eq. (7) and the definition of &, in (6).

Differentiating E; with respect to time yields
E;=ée e +fle - (8)
To construct an asymptotically stable tracking controller to
drive E; -0 and Ei — 0, we utilize [28] to introduce a
command vector u; that leads to combined position and

velocity errors. Unlike [28], here there exists a time-varying
coupling parameter ¢; in addition to e; in (7). Hence, we
may define the command vector u; as follows:
u; =cigf +éie + Ple, —€,,)+ AE, )
where A is a diagonal positive gain matrix. Definition of u;,
in (9) leads to the following position/velocity vectors:
n=up =g =c6 + e+ ﬂ(‘gi —& )+ AE
=E, +AE,

Now the control objective is to design the torque input 7;

i

(10)

to restrict 7; to lie on the sliding surface [28], so that the

coupled errors E, and E, tend to zero. For easy

implementation, the torque control input is ideally designed
in a decentralized architecture, and each robot control only
considers the synchronization between this robot and its two
neighbors but not all others. Further, adding the
synchronization control would not affect the stability of the
whole system.

We finally design the controller as follows:

T=c (=) + K el el Ko (6 -£,) (1)
where K,; and K, are positive feedback control gains. The
last term in (11) is used to compensate for the effect of
introducing the cross-coupling control on the overall system
dynamics, which is required by the stability analysis.

It appears that parameters £ in (7) and K, in (11) will
dominate the control of the synchronization error. £ plays a
major role to reduce the synchronization error, while K,

ensures the stability of the system when adding the
cross-coupling control with S on the overall system
dynamics.

Substituting (11) into the robot dynamics (1) yields the
closed-loop dynamics:

i+ Ker'r el K (g,—€.,)=0 (12)

Theorem 1 The proposed tracking controller (10) leads to
asymptotic stability of the system, namely, e, =0 and

&; =0 as time ¢t — oo, under the condition that the control

gain K, is large enough to satisfy 4. (K, )> A, (c'; 'e, ),

where A, () and A, () denote the minimum and

maximum eigenvalues of the matrices.
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Proof: Define a Lyapunov function candidate as

V= Z{ (c r)Tcilri+%€iTK€€i}+

| r (13)
E(I(I) ;(51‘ —€iq )de AﬂKg(I(I) ;1(‘91‘ —€iq )de
Differentiating V' with respect to time yields
V= i[(cflri)rcfl’;i + (Cflri)Tc.;l’? +€iTKséi:|
o ) (14)
+ 2(51‘ —&,1) ABK, o gl(gi — & Hw
Multiplying both sides of (12) by (c'r, | yields
(e et +lertn ) Kol 417K (e, €,)=0 (19)

Substituting (15) into (14) yields

p=-8[en ) e, —etekitn |- £k -enn)

€ )dW
(16)

+ égiTKséi + é(“:i — & )TAﬂKsI(I);l(gi -

From (7)~(10), we have

& 1) i(”i _ri+1)TKs€i

i=l
n | & +ﬂ(2€i —&i _5i+1)+A5i +]"
= g
ABJ, (26, — &y — &4y Jw o

n 'T n T n
= lei K, + lei AK,&; + Zl(gi
1= 1= =

erK (e, -

i=1

1+1) ﬂK Z( 1+1)

+ ;1(51‘ — & )TAﬂng(’)gl(gi —&in )dW

(17
Substituting (17) into (16) and utilizing the condition of
Theorem 1, we have

V S_i[(cflri )T (//"min (Kr)_//"max (é;ICi )y;lrij| -

el APK € - (e e K, Sles —€) (1)
SO
Therefore, r, -0 and & —0 as time t—o . The

synchronization goal (5) is achieved. From (10), we further
have E; = 0.

We now prove e¢;=0 when E;=0 and & =0 .
Combining all equations in (7) from i to n, we have

ce +cye, +-+c,e, =0 (19)
Substituting (5) into (19) yields
cle =cye, =---=c,e, =0.

Since ¢; is not zero, e; =0 . Therefore, the system is

asymptotically stable. ]
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IV. SIMULATIONS

Simulations were performed in Matlab to verify
effectiveness of the proposed synchronization control
approach for formation. Fig. 1 illustrates twenty
fully-actuated mobile robots standing on an ellipse curve.
The robots, denoted by little squares, are required to move as
a whole to approach the final desired ellipse curve denoted by
dashed line in Fig. 1. During the switch of formations, the
robots must maintain a set of ellipse curves with the given
time-varying longest and shortest radices. In particular, each
robot tracks its individual desired trajectory that is
determined according to the desired formation and the index

of each robot represented by the angle ¢; =arctan{£} .
X

Meanwhile, all robots must maintain the desired ellipse
formation (that is time-varying) during the tracking.

100

80 target shape &
<&
g
60
o < initial shape
r S
40 2/&/4 }_\Q\éﬂ
\\
20 el 2ot s
SR o
= OF {
i \ <& Robot 1 —% z/
-20 E‘\\\ <
B o Robot 1
-40 \6_\#»\.1 e
o initial positions
60 (o3 i of robot 1-20
80 pog < target positions
of robot 1-20
100 i | i i i
-100  -80 -60 -40 20 0 20 40 60 80 100
X(m)

Fig. 1. The desired ellipse formation

Define that the longest and the shortest radices of the
ellipse change in the following way:

a=ay—(a, —ay)(1—e™)
b=by+(b, —by)(1—e™)

where a, and a, denote the initial and the final desired

(20)

longest radices of the ellipse, b, and b, denote the initial

and the final desired shortest radices of the ellipse. The
equation of ellipse curve has been given in (2). The coupling
parameters are thereby defined as

e cos @, !
c.=A. =
b sin @,

For comparison purpose, two control algorithms have been
applied in the simulations. One is the proposed synchronous
control. The other one is the non-synchronous control by
setting ¢; =1, f=0,and K, =0. Since ¢; has significant
effect to the position error e; as seen in (8), a very large

value of ¢; may affect the comparison of the two algorithms.
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To overcome this problem, we multiplied a scale value of 0.1
to ¢; in the simulations.

Trajectory of a robot Final shape

Time (s)

.

S
100 100 Y (m)

Fig. 2. Robot trajectories and switching between formations.
The control gains were chosen as follows: A =20,
K, =1, K, =100 , and S=0.5 When using the

non-synchronous control, =0 and K, =0. The sampling

&£

period was set to 0.005sec. Fig. 2 illustrates trajectories of all
robots, where switching between the initial to final
formations is clearly shown. Figs. 3 and 4 illustrate the
position errors of all twenty robots under the proposed
synchronous control and the non-synchronous control,
respectively. It is seen that all position errors converge to
zero successfully, and the errors of the synchronous control
appear to be smaller than those of the non-synchronous
control. These results indicate that the proposed
synchronization control can completes the robot trajectory
tracking task successfully, with even better motion
performance than the non-synchronous control. Figs. 5 and 6
illustrate the synchronization errors with the two control
algorithms. Note that these synchronization errors actually
represent the formation errors. Apparently, the
synchronization errors under the synchronous control are
much smaller than those under the non-synchronous control.
Table 1 gives a detailed comparison of the synchronization
errors of each individual robot under the two control
algorithms. Smaller synchronization error implies better
formation.

Table 1: The maximum synchronization errors (m)

Robots non-synchronous synchronous
control control
Robot 1 1.164 0.011
Robot 2 1.223 0.315
Robot 3 0.530 0.244
Robot 4 0.446 0.119
Robot 5 1.060 0.039
Robot 6 1.223 0.001
Robot 7 1.012 0.043
Robot 8 0.428 0.122
Robot 9 0.587 0.251
Robot 10 1.210 0.307
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Robot 11 1.182 0.011
Robot 12 1.219 0.310
Robot 13 0.522 0.245
Robot 14 0.440 0.120
Robot 15 1.055 0.039
Robot 16 1.242 0.001
Robot 17 1.013 0.042
Robot 18 0.440 0.123
Robot 19 0.573 0.249
Robot 20 1.210 0.305
[\

Position error (M)

A5 L L L L L L L L i
0 10 20 30 40 50 60 70 80 90 100

Time (sec)
Fig. 3. Position errors with the synchronous control

o

Postion error (m )

25 L L L L L L L L i
0 10 20 30 40 50 60 70 80 90 100

Time (sec)

Fig. 4. Position errors with the non-synchronous control

IV. CONCLUSIONS

In this paper, a synchronous control approach is developed
for switching between formations of swarms of robots. A
position synchronization error is defined as differential
position error between every pair of two neighboring robots.
A decentralized trajectory tracking controller is then
developed with feedback of both position and
synchronization errors, formed with a combination of
feedforward and feedback control. It is proven that the
developed controller guarantees asymptotic convergence to
zero of both position and synchronization errors. The
simulation results demonstrate the effectiveness of the
proposed synchronous control strategy for the formation
control. Future work will be an extension of this
synchronization control approach to real group of mobile
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robots with considerations of robot/environment uncertainty
and vision/sensing systems.

04

0.3

=)

SYNC error (m )

=

02

-0.3

0.4 L L L L L L L L L i
0 10 20 30 40 50 60 70 80 90 100

Time (sec)
Fig. 5. Synchronization errors with the synchronous control

1.5

SYNC error (m)

15 L i
0 10 20 30 40 50 60 70 80 90 100

Time (sec)

Fig. 6. Synchronization errors without the non-synchronous control
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