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ABSTRACT

Inthis paper, formation control of multiple nonholonomic mobilerobotsis
studied using the leader-follower approach at dynamic level. The
controllers are proposed firstly at kinematic level, then the results are
extended to design dynamic controller using uncertain dynamic model of
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the system. Simulation results prove the effectiveness of the proposed

algorithm. © 2013 Trade Sciencelnc. - INDIA

INTRODUCTION

Inour daily life, therearemany casesinwhichthe
single robot couldn’t afford, for example, search,
roundup, rescue, etc. Formation control of multi-mo-
bile robots becomes an effective solution*3. It could
sgnificantly improvetheefficiency of completing atask
of therobot system; itisalso animportant issuein the
field of mobilerobotics research which has been ap-
plied moreand morewidely. Formation control of mul-
tiplerobotsisreferred to control multiplerobotstoform
up and movein specified geometrical shapes, and at
the sametimeadapt to environmental constraints. It d-
lows robots having amore accurate and efficient ac-
cessto the environment, improving work efficiency,
strengthening their capability of resisting outsideinva
sion, benefiting the cooperation among robots, and so
on.

Various approaches have been presented inthelit-
eraturefor theformation control of multiplerobotg*.
Behaviour-based formation control problemisstudied

in, By behaviour-based approach, each robot iscon-
sidered to have severa behaviours, such asgoal seek-
ing, formati on keeping and obstacleavoidance. Thefi-
nal action of each robot isgenerated by weighting cer-
tainimportanceof each behaviour. Though thismethod
hasanadvantagefor itspardldismdigributivity, it’shard
to guarantee astable formation control.

Artificid potentid fidld methodisproposedin®. The
robot isconsidered to moveinavirtua forcefield, in
whichthetarget attractsit whilethe obstacleinthe en-
vironment repel stherobot, and asaresult of thecom-
posite force, the robot movesin the direction of the
minimum potentia energy. Thismethod iseasy for red-
timecontrol, but thereareloca extremum and the po-
tentia field functionissomewnhat difficult todesign.

Inthe leader-follower approach®”, one of thero-
botsisdesignated astheleader, with thefollowing be-
ing followers. Thefollower robotsneed to maintaina
desired separation and bearing with respect to the
|eader. When the motion of theleader isknown, the
desired positions of thefollowers can be achieved by
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local control law on each follower. What’smore, in-
spired by thetrgectory tracking of asnglenonholonomic
robot®, we could treat theformation control asan ex-
tension of trgjectory tracking problem.

Ascanbeseenfromtheliterature, most of the con-
trollersfor theformation control problem of multi-ro-
botswere proposed at kinematic level. The problems
are manageablewith aconstrained robot if the exact
robot dynamic model isavailablefor controller design.
Inreal applications, however, perfect cancellation of
therobot dynamicsisamost impossible. Inthis paper,
formationa control problemisstudied a dynamicleve.
Firstly, the controllers are designed using kinematic
model of the system, then theresultsare extended to
dynamic controllersusing uncertain syslem’sdynamic
modd.

SYSTEM MODELING

In thissection, the kinematic modd isdiscussed for
theleader-foll ower based formation control of multiple
mobilerobots. For smplicity, ateam composed of two
robotsistakeninto considerationfirstly.
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Figurel: Aleader-follower formation of two robots
Let therebealeader L for follower F. Thenfor the
follower, thedesired positionisdefined asfollows:
Lx = _(XL - XF)COS(QL)_(YL _Yp)sn(aw)
L, = (X, ~ X,)sin(6,) ~ (Y, ~Y,) cos(6,) )
inwhich r,and v, arethefollower’srelative positions
along x and y directions respectively;

(x_.Yp)and (xg,vg) arethegloba positionsof theleader
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andthefollower separately; o, and o aretheir orienta-
tionangles; 1and ¢ arethefollower’srelative separa-
tion and bearing with respect to the leader. And our
purposeisto control 1 14,0 - ¢4 , inWhich subscript
‘d’ denotesdesired.

Sincewehave
L. = Ly cos(gy)
Lys = Lgsin(4q) 2

Thenwecould get

L, =L, cos(p,)- L, ¢,sin(¢,)

C : €)
L,=L,sin(ep,)+L, ¢, cos(g,)

Define
Xe Lxd — Lx

e =|Ye|=|Llyd — Ly o)
9e 9|: —9|_

then from (1), wecan get

L, =L, w, +v, cos(8,) -V,

: : ©)
L, =-Lw +v_sin(é,)

If thedesired distance L, between theleader and
follower keegps congtant, then we can get:

X, W, Y, — Vg cos(6,) + f,
3‘(6 =| =W X, — Vg sin(g,) + f, ©)
0, W, — W,

Inwhich,

f =-L,o,sn(p,)-wL,sin(p,)+V,

7
f,=L,p,co8(p,)+wW.L,cos(p,) 0

NONLINEAR KINEMATIC
CONTROLLER

In the leader-follower formation contral, if the
leader’s position and thefollower’srel ative distance
and angle with respect to the leader are known, we
could calculatethefollower’s position through these
informetion.

Control law for theleader robot
In this subsection, the control law for the leader
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robot isstudied. Aswe know, since the motion of the
leader robot isnot affected by itsfollowers, thekine-
matics of the leader robot can be analysed indepen-
dently. Moreover, theleader’strgjectory tracking state
could haveagreat effect onthefollowers, soweshould
pay attention to the design of theleader’scontrol law.
In this paper, the control law!® adopted for the leader
robot is:

[VL } _ {VR cos(0| ) + KirXLe } g
WL | |WR*Ki2VRYLe *+ kizVRSIN(01¢) 8)

Inwhich, theposition error of theleader isdefined

asfollows
XLe | |cos(fL) sin(fL) 0| |xr—X_

&L =|YLe |=|-Sin(@L)cos(0L) O|=|YR-YyL )
Oe| |0 0 1| |ogr-6L

andthederivativesof (9) is:

XLe
‘ T | WLYLe —VL +VRCOS(O1¢)
€L =|YLe |=| ~WLXLe +VRSIN(OLe)

(10)

: WR — WL
OLe

Proof: Congder thefollowing Lyapunov function
as

1-cos(0e) "
ki2 (12)

It’sclear that v > 0andv =oonlywhene, =o.
Differentiating (11), we can get

1
\% :E(XEe + YEe) +

V =XLe XLet YLe Yiet Esn(gLe) O1e
1
=XLe (WL YLe —VL + VR COS(0Le)) + YLe (WL XLe + VR SIN(OL¢))

1 .
+k—S'n(9|_e) (WR —w )
i2

=—XLe(VR COS(OLe) + Ki1XLe) + VRXLe COS(0Le) + VRY e SIN(OLe)

1 . 1 . .
+ k_sm(eLe)WR *k_s'n(gLe)(WR +Kj2VRYLe + KigVR SIN(fL¢))
i2 i2

ki .
= —ki1x§ _kl_SVR sin(fLe) <0
i2

Clearly, theerror syssemisasymptotically stable,
and ¢ —»08St >« .

Control law for thefollower robots

According to the papert¥, the design of the
control law for thefollower can be separated for two
gtudions.

1) whenw, =0, thecontrol for thefollower can be
desgnedas.

el

Thiscontroller can guarantee y. ande, asymptoti-
cally convergeto desired states, and x. isproved
to be bounded.

2) whenw, -0, just asexplainedin paper'”, theuse
of sgn-function,

koxe + YelkfWi ™ — ke (W) - kikpwi!]

+f - (wih) fo - kowitfy —wil £y (12)

wi - kzfe

-1 x>0
1 x=0

control law, may cause somechattering, In order
to solvethisproblem, without using sign function,
anew controller isproposed to guaranteethe
stability of the system(*t,

Cong der thefollowing Lyapunov function

namely SIgn(x) = { whendesigningthe

V = In(cosh(xe)) + In(cosh(ye)) +%9§ (13)
Differentiating (13), wehave

V = tanh(x,) X, + tanh(y,) Y.+ % 9,
=V, [tanh(x,) cos(8,) + tanh(y,) in(6,)] + W, 6, + f,, tanh(x,) + f,, tanh(y,)

Using back-stepping method, if

{v,: } B {cl[tanh( Xe) c03(0¢) — tanh( ye) sin(Oe)] + &

WE — Cp0g — C3.0¢.tanh 2(ye) (14)
inwhich
_ fy tanh(xe) + fo tanh(ye)
¢= & + tanh( xg) cos(8) + tanh( ye) Sin(e) (15)

if tanh(x,)cos(@.) + tanh(y,)sin(g,) = 0

if tanh(x_)cos(6,)+ tanh(y,)sin(8,) =0 16)
17
(18)

{
5
éo

L4904 sin(py) + v,
f,, = Ly@, cOS(9,)
Thenit canbeobtained :

f11 =

V = —¢; tanh? (xe) 052 (0g) — €202 — tanh? (ye)[c302 — ¢ Sin?(6e)] (19)
— ¢Ttanh(xe) cos(fe) + tanh(ye) Sin(Be)] +[ 11 tanh(xe) + 2o tanh(ye)]

Substitute the above control law (14) into (19),
wecouldget , _,.

Inassigning thecontrol lawsinnext section, these
variablesV ,W ,V_,W_arethedesired velocitiesto
makethekinematic model stable, whichwill be
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presented as v, and W, respectively.

CONTROLLERDESIGN
UNDER DYNAMIC MODEL

The dynamic equationsof themobilerobot can
be described asfollows:

M (q) o+ C(q) 4+ G(q) = B(q)z + 37 (q) 4

T
Inwhich, 7 = { 1} .
7'-2

1
T, = E(z’1 +7,)

(20)

Assuming L , whereRistheradius
T

a — E(Tl - Tz)
of whedsand L isthedistance of rear wheels.Inthis
section, thefollowing control laws' are used to pre-

paretracking of the desired vel ocities proposed inthe
third part:

[Q } ~ mv, + k, (v, - v)
Za Lw,+k,(w, — w)
Wherem and | arethe massand inertia of robot
respectively.

Here, mand | areassumed to beknown. Infact,
not only the measurementsof these parametershave
uncertainties, but aso they changeinalargeareain

most applications. So, the control laws should be
writteninthisform:

{r} rﬁv'd+ K, (v, — V)
Ta fw,+ k. (w, —w)

Define™_g, X _4 wecouldhave
m m

(21)

(22)

v= 61\./d+ 0,(v, —V)
Thereferencemode for velocity error is

\'/e+Tve =0
Assumingv, =v, -v,, e=v-v,_,inwhichVv_isthe
velocity of thereference mode.

DefineV = & + (6, ~1)* + — (0, 1)’
Y

1 2

Then, it’sderivate can beobtained as

V = —Te? + (6, - Dfev .+~ 92
y, dt

1

1]+

1 do,
(0, -T)lev, —ev+—?]

2

Then, to make; negativedefinite, wecan define

B e

at Y1€Vy

de . (23
T:=_devd_v)

Similarly, wecan get

B o yew

at Y3E€Wy

de (24
74=_74e(wd_w)

dt

SIMULATION

Inthissection, to verify the proposed plan, wewill
carry out two experiments. First, wesimulate ateam of
3 mobilerobotstravelling inaline, and then wewill
simulateateam of 3mobilerobotsmovinginatriangu-
lar formation. Under thecontrol dgorithmbasedon 1 -,
themotiontrgectoriesareasfollows:

Figure 2 showsthe casewhentheleader goesadong
astraight lineat aconst linear velocity Spx/sand an
angular velocity Opx/s, theinitia position of theleader
1S (400, 300); the other two robots keep aconst rela-
tivedistanceand anglefrom theleader respectively, as

400

— (|iant ]
360 Cliant? ]
Server

360+

30t .

320+

300 4

WK

280 s

260 + 1

240 -1

220 —

200 o z s - :
400 440 00 2480 00 a0 700

wipix
Figure2: 3robotsmovinginaline
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shownin(25):
|1=lOO (001:71'/2;
I, =100 , ¢, = 37 /2; (25)

Figure 3 showsthe casewhen theleader goesaong
astraight line at aconst linear vel ocity 5px/sand an
angular vel ocity Opx/s, theinitia position of theleader
is (400, 300); the other two robots keep aconst rela-
tivedistanceand anglefrom theleader respectively, as
shownin(26):

A0

m— [jarit]
450 - Client2 [

— opyard
A00 -

H0E

30 -

280+

ipix

iy

150

100 ¢

a0

1 1 1 1 1
l?DD 200 300 A00 500 500 700
EhiES

Figure3: Triangular formation of 3robots

I, = 300 /2, ¢4 = 37 /4;
I, =300 ~/2, ¢, = -37 /4;

Initialy, thetwofollowersareat (100, 0) and (700,
0). Inour experiment, thelinear and angular velocity
arerefreshed 0.5ms.

Aswecan seefromtheaboves mulaionresults, the
followerscould keep a adesired separation and bearing
from the leader; the proposed plan could achievethe
desired formation, and thewholesystemisstable.

(26)

CONCLUSION

From the above, we can see that the leader-fol-
lower based formation control of multiplemobilero-
botsat dynamic model isfeasible. All system Statesare
proven to be stable. The simulation results show the
effectiveness of the proposed control strategy.
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