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Decentralized flocking of multi-robot systems with
connectivity maintenance
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Abstract: Connectivity maintenance of flocking is vital for stability and fast state convergence of the entire multirobot
system. To this end, the problem of flocking of multiple nonholonomic wheeled mobile robots with connectivity main-
tenance on directed communication graphs is investigated, provided that the initial network is strongly connected but not
balanced. First, a new class of smooth and bounded artificial potential fields is developed to satisfy the requirements of con-
nectivity maintenance, collision avoidance and distance stabilization, simultaneously. Furthermore, by combining potential-
based gradient control techniques and the consensus seeking control schemes, we propose a set of smooth and bounded
control protocols for leaderless flocking or flocking with local leader-follower with connectivity maintenance. Those con-
trol protocols not only avoids the chattering and saturation caused by the discontinuous/nonsmooth and unbounded flocking
algorithms, but also extend the traditional connectivity-preserving flocking algorithms for both the individual motion model
and the network topology types. Finally, nontrivial simulations and experiments are performed to validate the effectiveness
of the proposed smooth and bounded control strategies.
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A1(Z(0)) > 2fmax ]V, (23)
ﬁ:EP: == k‘Q+2PH,H = diag{hl,h2,~- ,hN}
MITER SRR QORIERTT, B MERRENLE AT
SEBL S ATUE B2 N T RS RN ) f MR D, &R
GE RS T AMALAR KRG, P18 AR AT LR 4
Rl
iE BT e LIRS Lyapunov B3
U=60"Po+ 3" Po. (24)
FALF B LPERA, XU (6)7E[ty_1, tp) LR TR
U=
20" P(—kLO — diag{(V:,V;) }|LO| — HO)+
20" P(—kLv — diag{(V,.V;)  }|£o| — Ho) <

i

— 0" (kQ+2PH)0+2 fumas 611 PII||£]]]| £6]| -
0" (kQ + 2PH)® + 2 fma|[B[[[| P LI £2]| <

— (M(E) = 2fmaxN) (101 + [[8]]%), (25)
FHor:
(Vﬂf/l)u 0
diag{(V,. Vi) } = : : : ;
0 o (VFNVN)H
(thl)L S 0
diag{(V,, Vi), } = : : : :
0 (VFNVN)J_
EH TR P H AXFREIEE, 5[ B2F=X(23) AT %0
Ut) <0, Vt € [trer,te), E=1,2,---.  (26)
IR A
U(te) <U(tp-1) < Unmaxs k=1,2,--- . (27)

BRI, SRALT 2 2 1 H B4, S TAERNZ ¢ €
[th—1, ) FANLES N, o5 BT 40 B LA 7 18] IR A XS
PRSI A IR RIS R, X RE AE L, I I M 45
BT 4RI HEE E RS R R B R, BTG (0)50%E
W, HEO)H B ME 15 % B W fe w15 2R F, B
PAG (1) ¥ SR ZARFI R, B ansES

N={0eR¥™ §cR" #cD,U®,0,7) <
U(0)} (28)

HIERARELE.
D, = {7 € R*'| ||r;]| € [min{V;; ™" (Unax)},
maX{Vijil(UmaX)}]? V(’l,j) € S(t)},
(29)
U LaSalle N AR SR BE, B4 T QIR ERPFTARGS
NIB AW I TR A R THE:

S={oecR® 6cRY, #ecD,|U =0},

WHRAER(25), AT80) = - = Oy = ORI, = - =
9N :O El]/vl = ... =vN :/Ul$[[01 — ... = QN —
LA, = =0y =0,=0,0,=--- =0y =1
= 0. #—, Q. &
[ Z Vil‘?lj 1
JENTU{L} B
Z vfz‘/?j
v =— | JENUL} =0. (30)
S VeV
LieNNU{l} |

I, RGELF P B LTSRS 2 R fe
MG NSRRI E 53w Y V.
JEN;U{l}

A, RET B KLY, REP AP AR5
DUREAE LG e,
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4 fFERISLE (Simulations and experiments)
4.1 NEHSNE N RRBEE S H (Simula-

tion of multi-robot flocking without a leader)

AR I LU 07 S AR AUEAS SR L
YA T A R A5 D RE Y 20 A SRS I8 B % T S0 10
IEFHEAE R, LR EEERAC++E S RS,
PLEs AT ARG T 4087 I MobileSim i H-F 5,
Jit LA 5l F-MatlabH FIEUE T, BHLE NI Z0E
FERNEH ) fAERE PP PR HEAT T PRI 5 18, T IE
HLES N B B ST B M1 A T8 32 P 20 4% 20 % 24 20l
90.6 co/ sF130rad/ s. 47 F 1 AE FH il 2 18 Bl & R
B BAEF I _EiEsh s B anilas A, it
ZIhty = 0s, iR A 450, FHAXB I AK
A5 ¥ 4 AR =Ry =Ry =25m, Ry = Ry =
3m. REHATIEALE. %@F%ﬂﬁﬂ Ie] 1 BN LIE O
AR HIZA

D) FraHLEE NG BN TR HNR =
10 miIE A P, I BARIER GE IR0 15 40 4 A EiE
s

2) FrAHlas NRIATIRTE B K /IE(0, 2] m/ siE
P REALIEHE;

3) FraHLas NIRRT AL (—, 7] radVE I
BEPLIAFE.

BE—25, W37 Frm BN T H R o0 B R SR
e R A PE Bd = 2m, g9 = 6, = 0.2,6; = 0.5. &
38 2k = 15, 43 fa] B 2 HE B AT A8 BV =
V(Rmax - 62), SR H

Hmax <N(N - 1)V(Rmax - 52)+
Ny (P)max & (0)3;(0)+
Ny (P) max 07 (0)6;(0) (31)

AR H e < 748.3, ﬁﬁ%cl = ¢, = 50, M 7] 153 4 4
BRI BT

2
i R, —||r;;
Vil = Ul =2 (s — i)
Hr-HJFM
Y 200

H"“in(HTin—Q)Q |
[Iril| (R, — 2)°
(R — [lril]) + W

(32)

Bl 145 TR GVER T 2T EIES)
PR, B 1(a)%h T WIda 5% eV il {5
M2 Eh. HLES N A B RN, HLas A2 8 )
AR B R A Sk 1 B A SRR R, XU
WEEBRAANTA SN BEMLEERR. BANRS
12 3 1) 8 B B Z1 4 B 1 (b)-1(d) Bz, NH AT LA H,
WILE M 28303 BT B8 (5 BT R s A3 2R KR, B

HRAE S B R G A AR PR N 2 4R IE (S
PR 8% 0 2 H, DRI T X 9% 1) e e 3 1 AN & T8 B R
FH T A ML NEB Bt F2 ih A& R A2 0 LAl 4.
E2(a)-2c) HAEHE T RGN o3 . o3 EE L
it 2 DL ACRH m) f I AL it 26, N el U, R B
B IIHLER N 5 28 Be % ST FE RN B 1) £ I 1 [,
T RIS ST IR A REE 15 21 SEIN.

2
@- PR
& B

(a) VAR (b) t=20s

(c) t=30s (d) t=50s
K1 EFERG)TER TR RS RIRHEZ S

Fig. 1 Simulation of flocking of the multi-robot system
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Fig. 2 Velocities and orientations of the multi-robot system
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IR SRR S AL I AR AP R ML BB 2. NPT LU
H, 3T RS E ARG, HE PP ERK
S KA, A A ER R RREE S S E S
FHEREIIE, RGP LA N B &2 H AL
SEIFRET TCVE T SO A AR, HF B AL AR
NG ] f e R TOVEE . 28 BT AN R 418
RGAEEBVIIREB A 4 4 AF BT A B,
FLA 2l MEORKF DD RE A SR h Sems + 7 B,
T e A HEE P ORKF D RE AN T 347 R ORI A
NI TR R M, AT RIE R SR
K13 EEAE 1) A ([R5, AT A 3 AN R ST LSRR
W IR ERERAT A

(a) t=20's (b) t=30s

£

gy rwf g
&)

(c) t=40s
K 3 JIEEMEAREFHLE] N RAERIREERIZ S T
Fig. 3 Simulation of flocking of the multi-robot system

without connectivity maintenance

42 AEHIHE K RGEREIZF LR (Experi-
ment of multi-robot flocking without a leader)

BROR, A AR RIS ER T 2 Hlés
PN ibiE St ani DRy PR i EPS P Y o)
A5 B IE I A AR A B SAR
45 RS HIVIIRALE T B 2 815 Ph T 4G iR
P LA A EEAE(0, 2] m/ s BEHLIEEL, REEH
KA HIEBAT = 0.5s. LA ANWEGEPRRE
MR, =Ry, =R, =25m,R3 = Rs = 3m, K
PR d = 1m. 3, B RSETIAERBEIIPESEAN
B2 BRI S AR AR, Fhlas N 1B ATl AL
RITCEkIE A5 B BT (5 RACEL.

Blags it THHIRGIER T 2R B aaE AR
GEREARIE LI A R A SR IR 2. FLrh B S AR
B A AL HT SR A B TR SEZ R, W m) AR I
MR LA L O SEERR. Ba@gtt T
RGHREEA-FATEE R . B4(0)F4(c) 7034
RYAEL = 20sH1t = 35 s HRPIRES. RAENRLORES
HE4(d) s, NRATELVE Y, REGHITEE M4
SRIEE MR A RERS I B IREF, P IFLes N & AT LA

BT R BRI S M 18] 23k B A
[ A1 AT [R5, PRI T 38 R G foe 2% P SEBL R (AR
SERERIBINTA.

(c) t=35s (d) t=40's
Bl 4 EHIERG)ER T 2 ARG e g5
Fig. 4 Experiment of flocking of multi-robot system

under control law (5)

4.3 HHEHE N REHEEZ ) E(Simulation
of multi-robot flocking with a leader)

W2, AXE MAEERRCIER T HFE —1
WHE M Z AN RERB RSN LR, 17
B EAE I EIEsh 5 A HLEE N, &AL A B
'f%‘iié’?é&ngl = R5 = 5m, Rg = R3 = R4 = 3m,
HIUEIE AT P 2% v B sl AT . 5L AT
WILRIE BELE[—3, 3] m/ s A BEATLIE X, SATE HLEE A 1)
2 1 B A ) A 4 0 v, = [0.5,0,5] T m/s, 0, =
—m/2rad, HABAA RS H He, = 0.9, 9 = g, = 0.5.
BRIk, B8 Viax = V (Rmax — €2), BEM AR

Umax <N(N - 1)V(Rmax - 62)+

Ny (P) max 67 (0)6,(0). (33)

W6 AT 43 H oo < 1990.7, BE T % $ ey = ¢, =10,
d = 2, WEEFOCIA FHR BT

(Ilri;ll = 2)* (R, = llri;1])

‘/;” 7'i' =
tj 500
[Irs;11([Irss)| = 2)° . (34
[rill(R;—2)°
(R —llri;1) + 2000

IS4 th T RIS S AL R A S 2
{7 ZCEE S, (T ZU D450 5. S (i T REEMIBILA
AR, Horb A5 S5 B HIHLE A K S 58} “L”
Kt LUBRAE. ES(b)FIS(0)5 54 th T 7t = 10 sFt
= 30 I R SE IR A, MR AT LU B 1, 4 F )
FEQ AT, 1945 IR P £ 05 15 SR,
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Fig. 5 Simulation of flocking of the multi-robot system

(c) t=30s

under control law (21)
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Fig. 6 Tracking errors of multi-robot flocking under

control law (21)
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Fig. 7 Bounded control inputs of the multi-robot system

under control law (21)

44 WHIHEKRRREES) LK (Experiment
of multi-robot flocking with a leader)

w5, B84 T RGAHEE L I AR A s Y
ZIH LB 25 51, SER I TR] 4150 s, 26 A HIT = 0.5
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HIBIEARA, PR G IHI IR (S Hh b A TR AP
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Fig. 8 Experiment of flocking of the multi-robot system

under control law (21)
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Fig. 9 Bounded control inputs of the multi-robot system

under control law (21)
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5 %58 (Conclusions)
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