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Automatic guided vehicle in the factory has an important role to advance the flexible manu-
facturing system. In this paper, we propose a novel object-transportation control algorithm of
cooperative AGV systems to apply decentralized control to multiple AGV systems. Each AGV
system is under nonholonomic constraints and conveys a common object-transportation in a
horizontal plain. Moreover it is shown that cooperative robot systems ensure stability and the
velocities of augmented systems convergence to a scaled multiple of each desired velocity field
for cooperative AGV systems. Finally, the application of proposed virtual passivity-based de-
centralized control algorithm via system augmentation is applied to trace a circle. Finally, the
simulation and experimental results for the object-transportation by two AGV systems illu-
strates the validity of the proposed virtual-passivity decentralized control algorithm.
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1. Introduction

Automatic guided vehicle (AGV) systems are
used in many environments such as factories,
ports, hospitals, farms, etc., yet there are still sig-
nificant difficulties in measuring vehicle attitude
and position. A wheeled mobile robot named
AGYV is an important element to convey work in
the present flexible material handling system of
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factory automation and robots with the various
kinds of payloads are developed. Therefore, we
take a great interest in the cooperative object-
transportation system by multiple vehicles. Mul-
tiple AGV systems with small payloads collec-
tively transport a large/or heavy palletized load.
Such the object-transportation can contribute
much to the future logistics system in the fac-
tory (Hashimoto et al., 1995).

The traditional manipulation task of a me-
chanical system is traditionally specified by
means of a desired timed trajectory in the work-
space. The control objective is to track this tra-
jectory at every instant of time. In many contour
following applications, the actual timing in the
desired trajectory is unimportant compared to the

coordination and synchronization requirement
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between the various degrees of freedom (Park et
al., 2002).

From the above considerations, a control meth-
odology known as passive velocity field control
(PVFC) was recently proposed in some papers
for fully actuated mechanical systems (Li and
Horowitz, 2001a ; 2001b). The methodology en-
coded tasks using time invariant desired velocity
fields instead of the more traditional method. The
formulation of PVFC scheme has two distinct
features as follows :

(1) The task is encoded desired behavior of the
mechanical system is specified in terms of velocity
fields defined on the configuration manifold of
the system.

(2) The mechanical system under closed-loop
control appears to be an energetically passive
system to its physical environments.

Note that the mechanical system is not required
to be at a particular position at each time. Instead,
the velocity field guides the robot to approach the
contour in a well behaved manner. However, the
PVFC scheme applied to a single manipulator
could not extend to multiple robot systems.

Multiple robotic systems in coordination can
execute various tasks which could not be done by
a single manipulator such as the handling of a
heavy object, etc. Moreover, many control algo-
rithms have been proposed for the coordinated
motion control of multiple robot systems. Espe-
cially, the cooperative control problem for multi-
ple AGV systems under the dynamical interac-
tions each other have been actively discussed in
the area of robot manipulator and multi-fingered
robot hand. In recent years, there has also been a
growing interest in the area of mobile robots and
vehicles (Kosuge and Oosume, 1996).

The typical control algorithms for multiple
AGYV systems may be i) centralized control algo-
rithm and ii) decentralized control algorithm.
Moreover, several decentralized control schemes
have been proposed in order to overcome the
problems of centralized control scheme, in which
each robot system is controlled by its own con-
troller without explicit communication among
multiple systems.

In this paper, we propose a novel object-trans-
portation control algorithm of cooperative AGV
systems to apply decentralized control to multiple
AGYV systems. The considered AGV systems are
composed of 3-wheeled mobile robot systems
whose subsystems are under nonholonomic con-
straints and which conveys a common object—
transportation in a horizontal plain. Moreover it
is shown that cooperative robot systems ensure
stability and the velocities of augmented systems
convergence to a scaled multiple of each desired
velocity field for cooperative AGV systems. Fi-
nally, the application of proposed virtual passi-
vity-based decentralized control algorithm via
system augmentation is applied to trace a circle.
Finally, the simulation and experimental results
for the object-transportation by two AGV sys-
tems illustrates the validity of the proposed virtu-
al-passivity decentralized control algorithm.

2. Cooperative AGV Systems

This section shows the kinematics of a 3-
wheeled mobile robot (WMR) like the ones that
are usually used in industrial environment. The
WMR is a wheeled vehicle which is capable of
an autonomous motion without external human
driver because it is equipped with motors dri-
ven by an embarked computer for its motion
(D’Andrea-Novel et al., 1991 ; Campion et al.,
1996) .

2.1 A 3-wheeled mobile robot

In this paper, we consider a 3-WMR with two
conventional fixed wheels on the same axle and
one conventional off-centered orientable wheel
as shown in Fig. 1. The two conventional fixed
wheels (D and @) have a fixed orientation while
the orientation of wheel @ is varying.

According to these descriptions, the geometry
of the wheels is completely described by the fol-
lowing class ; {7, [, di, @i, Bin ¢:; i=1, 2, 3}, the
motion of 3-WMR is then completely described
by the following vector of the configuration coor-
dinates :

Q<l‘):<9€yt9,3¢1 o ¢3>T <1)
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Fig. 1 Configuration of a 3-WMR

The constraint component of this velocity in
the plane of the wheel and the component or-
thogonal to the wheel are defined by the follow-
ing conditions; i) along the wheel plane, ii)
orthogonal to the wheel plane. With these nota-
tions, the kinematical constraints can be calcu-
lated as follows :

(1) The pure rolling condition: The compo-
nent of the velocity of the contact point of the
wheel with the ground in the plane of the wheel is
zero.

(2) The non-slipping condition : The compo-
nent of the velocity of the contact point to be
orthogonal to the plane of the wheel is zero.

The equation of the posture kinematic model is
also described by the compact form as follows :

&L(t)=—2xsin O+y cos 0
& =06

Using the Lagrangian formalism for the dynamic
equations of a 3-WMR (D’Andrea-Novel, 1991),
the dynamic equation can be written and we

(2)

can represent the following equivalent dynamical
state space model :

H(B o) +f (B, ) =G(B) mn (3)

It is easily shown that these constraints are non-
holonomic constraints for the system since two
vector fields which satisfy the conditions are not
involutive (Slotine and Li, 1991).

2.2 Cooperative 3-wheeled mobile robots
In this paper, we consider a case where two

i d

e ¥ !

Fig. 2 The configuration of cooperative 3-WMRs

mobile robots convey a rod for simplicity, how-
ever, the similar discussion can be applied for
cases where more mobile robots is carrying a
general planer rigid object. In this section, we
consider the configuration of cooperative 3-
WMRs as shown in Fig. 2. In considered robot
systems, an object denoted by a rod is connected
to each mobile robot by a free joint without
friction and the length of an object is 2L
(Yamakita et al., 1998).

If we assume that mass and inertia of an object
are m and [,, and a position of the mass center
and rotational angle of an object from O—1 in
counterclockwise direction are (x¢, v.) and ¢,
then we have free dynamic equations of an object

as follows :
Mok o=0, I,$=0 (4)
where
m 0
Mo=( 0 D). x0= (e 307 (5)
0 m

On the other hand, since the dynamic equation for
two 3-WMRs can be described by the previous
section which described the modeling of 3-WMR,
an augmented dynamic equation is represented as

follows :
(™5 e ) o )+ G )

(6)
(6" ()
for simplicity,

H*(B)9@) +F* (8, 7)) =G"(But) ()
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where % (#) = (tm1 Tn2) ", 7(8):=(p1 727 to p
()=(& &7 and 7.(¢)=(& &) 7 for each 3-
WMR, and () ER, (i=1, 2, 3, 4) is also
defined in the previous section, i.e., each subscript
number indicates a number of mobile robot ex-
cept for {;. As &; disappear alone in the following,
we note that there should be no confusion.

On the other hand, using the dynamic equa-
tions of an object and each WMR, the whole
dynamic system without constraint introduced by
passive joints can be represented as follows :

H*(B) 0wz 0 7(2) F*(8, ) G*
O Mo O||&o()|+] 0 |=| 0 |ult) (8)
Oixs Oixz o)\ &(2) 0 0

This equation is also rewritten by

From the kinematic constraints by the passive
joints, the holonomic constraints between the
generalized coordinates are defined by

(fl>:<x1*hsin €1>:<xc*L cos go) (10)
V2 yi+h cos 6 ye+ L sin ¢

(fz>:<xz—h sin 62>:<xc+L cos go) (11)
Vo ya+h cos O ye—L sin ¢

Then, using the differential of Eqgs. (10)-(11) and

the definition of 7;(¢), we can represent the ma-
trix form as follows :

() (0

]1 02><2 Zl<t> 02><1
2 2Xx1 . .

ToJo|| 7 |2 ) e Juitw=0 (12)
0 ] Xo O2x1
2%2 2 ¢ 0
=Ju
where

_ [ —sin 8 —hcos 6 .
]i_< cos 0: —hsin ¢9i>’ (i=1,2),

fa: <*[2><2 *[sz) T

(13)

Jo=(—Lsing —Lcos¢ Lsing Lcosp)” (14)
Xw:(7]1 72 Xo (b)T (15>

Therefore the actual dynamic equation for whole
systems in Eq. (9) can be represented as follows :

where AER* is a constraint force vector and it is
also defined by

A= (/11 /12) T ] A1: </1m1 /1m2) T and /12: </1m3 Am4> T (17)

If we define the constraint force as above equa-
tions, Eqgs. (16)-(17), the actual dynamic equa-
tion of whole system can be decomposed into the
following equations using Eq. (16)

Hi(ﬁz’) 7}(t> +fi<,8i, 771‘) :Gi(ﬁz’) Z‘mi_]iT/lz'

(1=1, 2) (18)

MojC.a:_]oTA (19)
Lp=—Jz (20)

2.3 Minor loop compensation

Since we assume that the constraint forces, A;
(=1, 2) in Eq. (17) are observed by each force
sensor in our control method, then we can define
a local control input, 7, (7=1, 2) given by

tni=G7 (Hwi+ fi+JIA) — G HJ T As

(=1, 2) (21)

where v;(7=1, 2) is new input and it will also
be describe in the next. If we inject new control
input v; into cooperative 3-wheeled mobile robot
systems, then we can define the closed loop system
substituting Eq. (19) into Eq. (20)

7:(8) =vi(8) =JI A (=1, 2) (22)

Recomposing Eq. (19), Eq. (20) and Eq. (22),
the actual dynamic equation of whole system is
described by the matrix form and this equation is
described simply as follows :

Muiw=Guwv(t) —JiA (23)
where
L2 L2 02x2
M= B2 w |G Oz 00 Bl (5
Lo 01x4
v="(1 2 021 0) 7 (25)

We note that the minor loop compensation is not
necessary for the design of passive velocity field
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control, but the computation for the passive ve-
locity field control would become very complex.

Since the motions of x, and ¢ should be con-
trolled in our control problem and the direct
control input for ¢ does not exist, the distributed
control method proposed in our previous research
(Yamakita et al., 2000 ; Suh et al., 2004) can not
be applied for this paper directly. The dynamic
equation is transformed by a coordinate trans-
formation and input change in advance so that the
dynamic system of ¢ disappear in the equation.
Therefore the control input for ¢ is realized as
an internal force for the motion of x,.

Let’s define X; as follows :

xi=Jm:(t) (=1, 2) (26)

Then, using the new coordinate %; in Eq. (26),
the actual dynamic equation of 3-WMRs given
by Eq. (23) can be rewritten by the following
equations

Jii—Ji g =v—J A (i=1,2)  (27)

Therefore the actual dynamic equation of whole
system given by Eq. (19), Eq. (20), and Eq. (27)
can be represented by matrix form as follows :

Jit X *]flj1ff1f1
It X n — ]3] ]2 %
Mo Xo 0O2x1
L\ § 0
U1 ]1T Am1 <28>

_ U2 | 0O2x2 O2xz2 | | Am2
0251 o J& || Ams
0 JE Ama

To represent the actual dynamic equation of
whole system newly, we first define the matrix [,
as follows :

Jir

= T

Jw:= <29>

12><2

At this time, pre-multiplying a matrix defined
by Eq. (29) in Eq. (28), we can describe new
dynamic equation of whole system as follows :
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Ji %1 —JTTI T
T N =J: " J7
M, o 0
L)L 0
]I_TUI boxa Am (30)
|0 _ bz || Am2
1o —bye  —hxa||Ams
0 Jo Ana

Moreover, using the generalized coordinates in
Eq. (12), we can also derived by

JeXw=0 (31)

where Xw= (%1 X2 %o ¢)T. Furthermore if we
define new input v;(#) in Eq. (21) as follows:

vi(8) =T vi—T J %) + T =T A

(i=1.2) (32)

Then the dynamic equation of whole system, Eq.
(28), which is represented by new coordinate x;
(=1, 2), is simply described by

bya 9'_6'1 41 Ly Amt
bya .ﬁfz _ V2| bz || A2 (33)

M, Xo 02x1 =Ly =Ly /lms

L 0 Jo Ant

where v;(7=1, 2) is an actual control input.
Finally, the dynamic equations in Egs. (31) and
(33) can be represented as follows :

Mw.??w:<vl V2 02x1 0)7‘_107'/1 (34)

Using the generalized coordinate to Eqgs. (10)-
(11) and the differentiation of these equations,
we can derive the following equations from the
relationship between the position of mass center
Xo=(x¢ y) T and new coordinate &; (=1, 2) as

follows :
Te —sin 6, —h cos €1><§1> (*Lsingo),
= . 36
(3%) ( cosh —hsinb/\& * —Lcos ¢ » (30)
P = (B %) ],
Xe —sin 6 —h cos 62)(@3) <Lsin¢>,
= 3
(3%) (cosﬁz —hsin &/ \ & * L cos ¢ » (37)
=hp=h 1= (Oaxz Lx2) Jo

Furthermore, substituting the differentiations of
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Egs. (36)-(37) into Eq. (34), we can also de-
scribe as follows :

Xo— (szz 02><2> (]¢¢+j¢¢¢) :Z)1_/11 (38>
Ko (Ozxz Lxa) (Jop+J oppe) =v2—¢  (39)

3. Decentralized PVFC Algorithm

In order to design the decentralized PVFC,
we assume that @ is measurable for each sub-
system in this paper, which is a crucial step to
derive the decentralized PVFC since @ is deter-
mined based on both 4 and A, and both signals
can not be used for each subsystem in the de-
centralized formulation. However since it is diffi-
cult to measure the signal in practice, we will esti-
mate the signal from the angle and angular ve-
locity using observer, respectively. Furthermore,
the decentralized PVFC scheme in this paper is
shown in Fig. 3.

3.1 Augmented mechanical system

If the actual control input is defined as
n=uv{— <12><2 02><2) (]<p¢+j¢¢> (40>
0= 05— (Ozx2 ox2) (Jop+ ] o) (41)

Then we can rewrite Eq. (38) and Eq. (39) as
follows :

Xo=vi—A (i=1, 2) (42)

Adding the dynamic equation of x, in Eq. (33)
and Eq. (42), we can describe the motion equa-
tion of an object as follows :

L

Fig. 3 Schematic diagram of decentralized PVFC
algorithm

(IZX2+M0+-[2><Z) jC.o:U{‘i‘Ué (43)

In Eq. (43), it can be seen that the dynamic equa-
tion of mass center x, is the same as that of
connected three masses Lxz, Mo, and Lxs, and the
separated masses are controlled by »i and v3,
respectively.

Therefore we can apply a decentralized PVFC
proposed in our previous researches to design
v; (=1, 2) (Yamakita, 1998 and 2000).

First of all, the procedure in order to apply an
individual PVFC algorithm can be designed that
the motion equation in Eq. (43) is separated as
the following virtual dynamic equation

<12><2+ .01Mo> 56.02111, (44)
(Iz><z+PzMo) xo:UZ, (45)

for simplicity,

Mik.=vi (i=1,2) (46)
where 0;(7=1, 2) ig load sharing coefficient and
it is satisfied with gpiZI.

Moreover, the dynamics of virtual flywheel is
defined as follows :

Mpwi rwi=vrw: (i=1, 2) (47)

where v (=1, 2) is the coupling control input
to the flywheel, which will be defined later on.
Thus, the dynamics of the augmented system are
composed as follows :

Vi) i e
<0 Mfwz‘ jC.fwz' B Vswi e M‘UX‘“_U‘” (48)

(i=1,2)

where X o= (%0 %sw:) T is the velocity of the
augmented system, vg; is the augmented control

input.

3.2 Generation of augmented desired veloci-
ty field
For the augmented mechanical system, an aug-
mented desired velocity field Vg, is needed. It is
defined so that the following condition is satisfied
(Yamakita et al., 2000) :

Condition 1: The augmented desired velocity
field Va; satisfies :
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Conservation of kinetic energy : The total kine-
tic energy of the augmented system H evaluated
at the desired velocity field is constant, i.e., the
following condition is satisfied for all Xg; :

2

_,ai:ZI%Xgi _iziXai:Ei >0 (49>

where E; is a positive constant.

Consistency : The component of the augmented
velocity field that corresponds to the original
dynamic equation of motion system should be the
same as the specified desired velocity field, i.e.,
Va: is of the form :

V= ( Vi Vn+1) T (50>

In this condition 1, it implies that Vi can de
defined by first specifying E; and then by de-
termining the desired velocity field for the virtual
inertia Vy41 in Eq. (50) using

Ven=y 3o (E—Lvinvi) 0

Notice that £;(7=1, 2) should be selected to be
large enough so that Eq. (51) has a real solution.
It should now be apparent that the virtual inertia
acts as a reservoir of kinetic energy.

3.3 Coupling control law

As expressed by an original PVFC algorithm,
the coupling control law for augmented system is
given by

V=Gt yiRa:) Xa: (i=1, 2) (52)

where
— 1 [ — .
Gai:T (Aangi_ Qaz’Agi)
2F;
(53)
skew symmetric
Eai = Qaipgi - Fai@gi
skew symmetric
pai == M?ziXai
(54)

Qui=M2; Vas and Api=Mu; Vo

where Pgi, Qai, and Ag:(i=1, 2) are the momen-
tums of the augmented system, the desired mo-

mentums of the augmented system, and the mo-
mentums of associated with the covariant deriva-
tive of the desired velocity field with respect to
the actual robot velocities, respectively. And 7;
(=1, 2) is a control gain, not necessary positive,
which determines the convergence rate and the
sense in which the desired velocity field will be
followed.

For any a;EN, the local coordinate represent-
ation of the augmented a-velocity error e is
defined by

eai:Xai*a/iVai (55)

Thus, using Eqs. (53)-(55) and some algebra, we
can obtain the error dynamics for the augmented
system in Eq. (48) as follows :

M:ziéaz’:c(zieai+ YiEaiXai (56)

Theorem 1: Consider the feedback system for
decentralized PVFC as shown in Fig. 5 where the
motion equation is given by Eq. (46), and the
individual PVFC control law consists of the vir-
tual dynamic augmentation Eq. (47) and cou-
pling control law Eqs. (52)-(54). Furthermore if
the control input about control internal force is
defined by

o=k (1) (57)

and an actual control input about given system
v; is also defined by

Vi=00+ Uk (58)

vghere vi; is desired internal force and satisfies
;v}izo. Then the passivity and convergence pro-
perties of decentralized PVFC are summarized as
follows :

(1) The augmented feedback system in Eq.
(48) is passive with respect to the supply rate
defined by :

s(F, ) =<F, x>=F"% (59)

where and X are input and output, respectively.

(2) For the augmented a;~velocity error e in
Eq. (55), the velocity of an object X4 is a
Lyapunov stable solution in the absence of envir-
onment forces.
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Proof of (1) : The derivation of kinetic energy
defined by Eq. (49) satisfies

%H;izé(;{gi _ZziXai+LX£iM;liXﬂi>

2

<xoMxo+x/szfszfwz)+ szMXaz (60)

_“w =|

=i 21)1 + ZXfsz)fwz ZXaﬂ)m

=1

Therefore, upon integration of Eq. (60), we can
obtain

/ i

t)dt=Hy(t) —H(0)
=0>—H,(0)

(61)

Since H7(0) >0, the system is passive with re-
spect to the supply rate in Eq. (59).

Proof of (2) : Given aER, let’s define the positive
definite storage function W, as follows :

_ 12 _
W« =—l§e§i i Cai (62>
Differentiating Eq. (62), utilizing Eq. (56) and

the fact that M7;+2Gh; is skew symmetric, we
obtain

d l 2 177 177 - 7 -
%*7;{ (diMaieai +eq Moot eL{iMaieai>
=0
12 7:{ Va :zi Vai'ng‘M:ziXai_ ( Va 7:11'Xai> 2} (63>
=2E; =20 =& Va XaiD

2 _ .
=—§di7i<4H:ziEi—<< Vas, Xai>>%zi) <0

Since W, is a positive definite function of a;-ve-
locity error eq;, we know that the augmented ;-
velocity error velocity error e,,=0 is Lyapunov
stable of the error dynamics using Barlalet’s
lemma (Slotine and Li, 1991).

4. Numerical Simulation

This section illustrates the performance of the
proposed control algorithm for cooperative 3-
WMRs using numerical simulations. The consi-
dered dynamic models will use the similar ones
for the constructed experimental system.

Since the desired velocity field is defined such
that if a point moves along the desired velocity,
the point convergences to a circle whose center
and radius are the origin and 1[m] at a constant
speed in an anti-clockwise direction. For the
control of angle of an object ¢, desired angle
and angular velocity ¢4 and ¢q are defined as
follows :

9_5c=3_5'cd (64)

Ye=Yca

pa=—tan” <yc> Pa= gz‘ Pa

where X.q and y.q are the desired velocity spec-
ified by a desired velocity field in decentralized
PVFC as shown in Fig. 4, respectively. A control
input v, is determined by

Vo=—Ko(pa— @) —Kp(pa— ) (65)

and v; was set to 0. The control is used for both
robots and load sharing parameters o; is set to
0.5 since we assumed that each mobile robot has
the same capability. For the observation of @, we
will use a minimal order observation which is
designed based on triple integrator model where
the pole of the observer was chosen to —50. The
various system parameters and the initial states
used in numerical simulations are defined as
follows :

E;=5000[Nm], L=0.2[m]
K,=Kr=40, y=1.0
(%2, y2) = (1.0, 1.0)

b= G=r/2, p=—17

(x1, yl)

Moreover, in Egs. (91)-(92) for the proposed
control algorithm, they conclude @ which actu-
ally is impossible to measure. Therefore we need
to use the estimate value of . Assume that

®=0 and the observer can be represented by

Gopinath’s design method as follows :
§= —Kabé’—Kgb @

. (66)
=+ Kov®

where K, is observer gain. When we are include
the external force (10, 0) [N] to system from #=
15[sec] to +=20[sec], the simulation results for
considered system are shown in Figs. 4~7, re-
spectively.
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Fig. 7 Kinetic energy of augmented system
5. Experimental Results

The constructed experimental system consists of
two Nomad Scouts and an object to be a wooden
plate as shown in Fig. 8. Moreover the concrete
structure of experimental system for cooperative
3-WMRs is shown in Fig. 9.

In the experiment, the control period is set to
2[m-sec] and the constraint force A; is also mea-
sured through a filter whose transfer function is
10/ (s+1) for each subsystem. The position and
the orientation of robots are estimated by dead
reckoning, and the dynamic parameters of the
robot are identified off-line. The desired velocity
field is defined such that if a point moves along
the desired velocity. Then, the point convergences

to a circle whose center and radius are the origin

Fig. 8 Cooperative 3-WMR Systems
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Fig. 10 Trajectories for cooperative 3-WMRs and
an object

and 1[m] at a constant speed in a anticlockwise
direction. For the observation of @, we used a
minimal order observer which is designed based
on triple integrator model where the pole of ob-
server is chosen to —50. Moreover in the experi-
ment, the derived methods for considered robots
are controlled by inputs regarded as signals for
the rotational direction motors and PWM waves.

The desired trajectories and actual trajecto-
ries for cooperative 3-WMRs and an object are
shown in Fig. 10, respectively. In this figure, it
can be seen that the center of an object follows
the desired trajectory through some tracking
error exists due to uncertainties of parameters and
effects of the dead reckoning. In Fig. 11, the
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Fig. 11 Tracking angle of an angle and desired angle

of an object
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Fig. 12 Virtual energy for each augmented AGV
system

tracking performance of angles for the desired
signals is shown. It also shows good tracking
performance. Finally, the changes of virtual ener-
gy are plotted in Fig. 12. It is seen from the figure
that each virtual energy decreases slightly due to
energy loss caused by incomplete cancellation of
friction effects.

6. Conclusions

In this paper, we propose a new object-trans-
portation control methodology for cooperative
3-WMRs convey a rigid object, and the propos-
ed decentralized control algorithm is analyzed
using an original PVFC algorithm. Especially,
the closed-loop input/output systems for multiple
robotic systems are passive with the environment
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force as inputs, the system velocities as outputs,
and the environment mechanical powers as sup-
ply rates as if it is similar to an original PVFC.
The closed-loop systems for cooperative mobile
robots are very effective in tracking a multiple of
each desired velocity field and in counteracting
the detrimental effect of environment disturbances
when the disturbances are in the directions of the
desired momentums of multiple robotic systems.
Also, the performance will improve when the
multiple robot systems are moving at high speed.

Moreover, the application of decentralized
PVFC algorithm to tracing a circle as well as
simulation and experimental results is presented
in order to show effectiveness for the extended
PVEFC algorithm proposed in this paper.
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