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TAN Yao, MEI Jief
(School of Mechanical Engineering and Automation, Harbin Institute of Technology, Shenzhen Guangdong 518055, China)

Abstract: In this paper, the formation control of mobile robots is studied by using the bearing-only measurements. In
order to achieve large-scale formation and control its scaling, the agents are divided into the leader, the first follower and
the other followers. First of all, motivated by the fact that the relative position information between agents is difficult to
be accurately measured, an estimation algorithm is designed for each agent to obtain the accurate relative position. Then,
based on the relative position information obtained previously, the control law of the first follower is designed to make
the relative position between the first follower and the leader converge to the desired one, which can control the scale of
the entire formation. We then proposed a distributed control law for the other followers to achieve the desired formation.
Finally, the effectiveness of the algorithm is verified by numerical simulation and experiment in ROS.

Key words: bearing-only measurements; formation control; multi-agent systems; mobile robots

Citation: TAN Yao, MEI Jie. Formation control of mobile robots using bearing-only measurements. Control Theory &
Applications, 2021, 38(7): 1043 — 1050

PG 2 DA I BIE T AT 20 9 B R LR SR

1 5%

Ik, BE N TR REROR IR e, 2 ek
P FEIERAEROARAG BBORER 2 IS H . AH EC B RE A,
LR R G TAER IR KM, JF H R A R &
BRI RN VP 2 B TE 2 R R G 7 T B4
T REHF. STk 2R EANEAH IR T 1 I EA
BT 1A 2 8 e AR R G0 B i — B . Wang P14 A
X e 2 R RE AR R GEH — BV IR REHEAT T WEAEL AN
Z R Re AR I R HI ) — A B AU, 2 R e g A S
il 2 A 23 Tz i R AT S, B e AL 9w BA R
T BRI TS,

Wk H 1 2020—10—15; FH HI: 2021-05-26.

T38(5 /% . E-mail: jmei @hit.edu.cn; Tel.: +86 755-86102664.
KL THEZE: AT 5.

BEATR 5 FETAT 0% RIS DA T Eie
RN EREESTE TR TR E RGP R BRI E N
R, HAR IR RERERAE U 8 3, X R A g
TOA 2 1 I fE0 24 A Ay s sl PR ot S B AT 5 1 o7 L AR
J7 ) 1) . Kumar 205352 17 R GRASP B A S T
Tl SR I AT 2 ) s DR 7R - R T BB 3 A B AR T
TRE B PR AR A, JEE T R R AL iR T R
SE 5 I SR ST B B AN R BABA T (1 30 $h &5
P43 6 0 2 Rt AT 2 7 VR ) — AR U EE 0. TSR AE
SCHR (6] Fi H BRBE AT G A 7 V2 R AT 45 1 el 2 Y

[ 5 5 i &R H (2019YFA0706500), [E5R H AR R340 H (62073098, U1913209, U1813220), YT EALHT 701 H (JCYJ20180306171

828190, JCYJ20200109113210134) %% Bl

Supported by the National Key R&D Program of China (2019YFA0706500), the National Natural Science Foundation of China (62073098,
U1913209, U1813220) and the Shenzhen Basic Research Program (JCYJ20180306171828190, JCYJ20200109113210134).



1044 oA R 5 N A

38 3

REVR RGEROFR M EIME— DR SE . SCRR [7) RSO i S0k
JS2FH T BRE AT G A, BeTE AN RE AR
R H 5%, B TAT R RS A & — RS
SEAAT IR G A, E e T S LSh  H AA
VIR ST ), B 5 BalchP %07 N I B 2
BREVE RSB, FFEAT 7T S SERS
bE. Lawton! OLRE 22 47 D3 8 21023 1) "6 AT 45 K 2
AR . R ZE FE AT 2 B R iR RS B AT
LTI A, 2578 e PRI BRIER RE DL S A
Ren!"EE 5]\ S 4547 i 7 IR R BE A g BAIS AT I A3 0x
BATE A I B2 . BT BRI T E R AR D R i) — Lk
PR PR SR TH H1IB0, anoR T B AR R e R 1)
RAEE AR sl S A e 2. 8 Bk AR 7
Hh, BTBETH A I SR T T AR L B (R ) 5
B, Ty SEBR b PR B S LU RO DU R 3RS 2 e TR IR

G

i

A A S B A B B AT JE e DR R R A5 1 ) L, S
1T B 2 T 05 6 AR A5 I 10 G BA 2 1l 9T 2 52 1) ek o
R 22 1 OGTE. FEFE T 5 7 AAE JB 1) e B2 1 B FT
S DA TR ERAE AT A 25 2 B A 1) 1) 07 S A1 24 PR e e
(49, AN =5 R824 e A [R] (1) B B i), 428 1) B0 1) 132
AT B 2R 25 5. Meysam! 31 &5 42 H 3L T4
REAR 1 A BE A B i Bk, 1615 2 2 eIk KRG Ak
=T BN, B 1% vk K R TE B = A T BA .
Adrian!! 1 T —Fp SR S e AR 18] 75 07 15 S
[0 2 A 428 1) 592, B 5 3 O hn S-S it g ¥ 5 B
(Poincare-Bendixson Theorem)iiF: B 7 44 il 523 1) 4=
g M, (HZEEAAUE A T35 3484 B e ik
375 N T SEIL KRR (1) G A 45 1], Zhao! 10146 A
Blysse /N7 AL W P BEAS $2 H —Fhog 42 1 5500, 20 )
X — AR 23 2 AR RN B AR o S AR A DL A A 8 R )
JIF BRI AT dm A FE ], B 2k B L Bk p e e
P, AT e B L N B 7 22 AR i s A 2 | e ik s
BNINIAE et MINIAE 20N A E R e NI G
REVE.

SE G RTTH P TR 85 3, A SCHE R e AL R R 5E
R ) A G T R R s AR a] i 5 A7 A 45 S
AT Im I I BT, FEAE A e i 1 A0 R IS
UERFFL 4518, 5 A 1 Ym BA 2 il 52 A LE, A S s
HTi R fAE B, A BB TR S5 S, 54
SFIFAE SRR 2R 5 S 5 0CHR [14-151AH EE, AL
I 2 R EEE VSR B R S ifa e v, XY
RE AR I 0 A B i, AT S B0 RS 1) g A 425 ). AH
L SCHIR [16], AR SCRT SEIUREARBATE fR) 4 etz .

2 BT RS EA

B A BARSCH B IR LA AR W1 P 2

WL A5 I H A5

21 BIW/AER
AL FTER A R shiLas AR gn U7
I; = v; cos b;,
Z./i =V; Sinei, (1)
éi = Wy,
LA p = [z y] RSB AW NP P05
A2 BT BLABKR, v Fw, 5 WA R B L2 A
B LIRS, 0, R shLEs NIRRT T A5 4
JE AR BR B il B & A, Wi BTN A SCR 36 H bRt
FWHEHIEE v, w, | TSNS ARG AH
FREATE.

A
Y
y N
X,
Yy

Y- T I; N
|
|
|

O X X

K1 Feahblas N
Fig. 1 The model of mobile robot

2.2 NiEER
A0 RS T 4R A 1A B W B . E 22 R e Ak

SR 15 A1 R Wi, ARG = (V. €)
FOR, Y = (1,2, -, n} MBI HOT A S, €30
St f. SO G, §) € EBMERBE i 58 Btk
R g HHCEFRIER g, = HZ? o Jobe,
]
= pj — pi. BT BLAR TSR AT, 5 4 0T 5
—AMIEH (G, p) RN BATE., pFor B eI B A
B T LB BB IE —, 5 T4t A B A
L4203, Leonard!!19V5 \ 3675, 46 41, 41
FOBHEAE T e R Emi m = 2n — 3, 1§
B THE R R — (76 % PR TBCH UL 0 TR
). T 1 B RS = (Hy) € R,
TG A KR A, [H g = — 1, 24 T ALk A
L), [H) g = 1; BT AEILE L, W[H] = 0.
5 UL ke m 2T B e, FRALR I 51
Bop=lp pr oo pa R AN REREALR
g, We = Hp, ith H = H @ 1,0,




57

WREAE: I AL A5 B RIRE SR A g BAF% 1045

K, BT R A A, Gl NG E R

(A B B — IR A B HE
P, =1.— gi;9,;, (2)

Hoh I, e RP2— " 4ER) BALRERE. AXERIL, P,
FERIEER, HXMERS g, FATHIR Ea#E Py, o =
O%AT.
2.3 K EAR

A B Aw: 2T ()RR IR TR
Bl N RS, ML E B IPIRE A AT H2 T,
ASASE 8 e A [ ) 7 6 A 45 2., 2390 DN 56 1 BRIt 25
HARERBEF W H 5k vy w;] T, 115 &8 Re A A]
TS g e AR E (g g5 - g7t HFrfH
B A R FEE R 7] A R ST S0 & 11 3ok AT
o] £, X S RE B ELEE N RGO R E
(I TE AT 54k IZ 5)).
3 s
31 A EAMTHEERI SRR

T RS ER AR B AT B I BT A

&

SRAF A AR L BAS B 724 R AR FR RO, S
HAEREEE ML E Ny = pi — py, IATEIREE
HIRHRAARR 2 F o, P AL BN

ply = Q*puy, 3)
i cosfl; sinfy
HepQ=1| € SO(2). R4 0(1), T
—sinfy cosby
BRI
_ 0 w vycosf, —v
p{f = ! plff + [ : X f] ) (4)
—’U)f 0 (% Slnee,

Horb: 0. =0, — 0p, DRI RGNLE KA CE, T
YN R S S S IR PRV RS e T
B AL

i 0 wf .
psz = |: ] psz +
—Wwy 0
(5)

sk, P R L RBRB 0SB AR
B0 IEAS A, b ], 15 SRR At p] H i,
HRLAR 551,270 8 (0 TEAE BEARRE O ME R AT 43P,
— 0, FTLIER— TR AR BRI, 6t T
1R, Gt WIS T Lig.

SIER 1 EAUN S B E AT R,
VRS Rt Tt R OB LA B, ELAS TR 5 = by
— p R TR,

v; cos B, — vf] _p.gl

v, sin 6,

UE YRR Ly £ QTP MRS

Pip=Piy — QTPgiffﬁlff' (6)
e G M (6) T
P =i — Py = —QTPgif}ﬁ{f- (7
EFEAN T B Lyapunov EREL:
Vi(t) = %ﬁ%- ®)

xp EHGR T, IfREEA @) MIERZ B HE T HIYE R
CIESS
Vi(t) = = (ply) " P,y iy < 0. ©)
FrEAVA (t) < VA(0), AR AR, iy, pipref I,
Elaiﬁ(3)ﬂ%ﬂp{fiﬁ7ﬁ?%. NN BRI A S, H
R(FiEp] A 5. O 5 pdn R

Vi(t) = —(pfy) " Py 0y =

1
(1
,_]

VA ()R B G452
Vi(t) = —2257, (11)

TRA B3, Vi(t) A L, ) HiBarbalat’s 5| 2
51, 24t — oo, AV, (t) — 0, iROFHED], = pl;.
Mifipiy = piy, BSE13EIp — 0. iEEe.

3.2 FRME R ELRTH

TSI G BA AT T AR ME— HL 4 iln] 4%, AR S0k
BB LERBE, id s, FERHITEE
i S A5 L 5 AT 2 A PR — A [ 2 FR AR X oL
&, Wps — pr = agiy, o b &, BHEA L
HEZE 4. 1% BT RS Al — A ERER n) i, 25158
I8 7 R B ) RE UL Jp, = py + ey, J90T T8 G 25
T, 2 gi,=dy do]*, dy, do R, Hdi 4 d3 = 1.
TESE 1 ERBEE AAAR 2 T HERERR ZEN

T, coslp  sinfp 0| |2+ ady —xp
Ye| = | —sinby cosbp 0| |y +ady —yp | >
0. 0 0 1 0, —0n
(12)
R

Te = Ws1Ye — Vs1 + v COS O,
Ye = —Ws T, + vy sinb,, (13)

06 =w; — Wy



1046 w5 MO $38 %
U0 R R F AR LR BB H = OB ORI Jim g, = 0.
[Ufl wfl]T /TE//{%L tli{go Le = 0, tlirgo Ye = 09 tll>r£10 06 = EX
2K, KT B8 R, 55 1R 2 1) 20k 2 M1 £ é(t) = y. sinb,. (20)

Tt A ST QT 2 B oy R . X
H, S LR 5.

SIER 201 QUR— AR EL S (1) - Roo — RAF
FE—NH IR, B eS80 S sean Mg

f(t) = g1(t) + g2(1),

Horft: gy (1) 2 — BUE LI, lim go(t) = 0, AP 4 A7
tle ft)=o0, 1tliﬁm g1(t) = OFKAL.

FEANTH, AW M.

i1 i iR AR 2 A A, H
LRI BUES.

XS VERBE, Bortan M s A

{vf1 = k12, + v, cos 6.,

9 (14)
wp = w; + sin Ee + 209, cos Ee’

Sootr: kSRR R T EHHAL ORI, 2.y
S UBHE TR RCR (2 . s, I R 4hie.

R (RIS T, RO E
BRSO TR B S4B, FL S AN
HEIE B BT o Rl

iE % BRAHRARA3)EE
Te = —k1Ze + Wi1Ye,
Ye = —Wp T, + vy sin b, (15)
; . 0. 0.
0, = —sin 5 20y, COS 5
PR B Lyapunov BB %Y :
1, 1, 0.
Va(t) = 2$e+2ye+2(1—cos 2). (16)
X EAK TS

Vo(t) = w4 e +5in Sl (D
R A5 LRI TS
Va(t) = —kya? — siHQ% <0. (18)

BT LAVa () < Va(0), I Aze, yo & A 5t 19, 1 2
(15) AT 3, , e, 0, HIEH FLIH.
Vo () B S8 F:

Va(t) = =2k xoie — %sin 0.0.. (19)
HT I T 1V (¢) 22 5 519, B YR F) F Barbalat’s 5
H, ﬁf?%'atlim Vz(t) =0, fr U\tlim z. =0, tlim sin%

Eatlim x. =0, tllm sin% = OEI%DtILm o(t) =0.
WESEES S ENIR (GWNTIES
gb(t) = 9. sin 0, + y. cos 0.0, =
$1(t) + ¢a(2), (21)
Hr

0.
¢1(t) = 2vy? cos b, cos o

0, 0. )
d2(t) = (w; + sin 5 + 2vy. cOS 5):133 sin 0.+

. .0
v;sin®0, — vy, cos 6, sin Ee

(22)
A F g, HERH lim , =0, lim Sm% — 0, Ll
lim ¢y = 0. X F oy, HSHOy

. . 0., 1 0.
&1 (t) = —2v520.(sin 0, cos 0} + 3 cos 0, sin 5)4—

0.
4v1y.9. cos 0, cos 5 (23)

FYer Ger 047 I, Wiy () AT T, By (1) 72
—HES, Xﬂatlijg o(t) = 0, R 5| H21 15:
lim ¢, () =0, K yo NN, Fﬁutlirgc ye =0.2T
0., lﬂiﬁ(lS)%ﬂiEtlirgo 6, =0, Fﬁutlirgo 0, =2Km K
9L B Ah, R SR T L, R v —

v, Wy = Wy =
33 ZmBAIEHIE LRI

ASCH, BR T AUTE AN L ER Bl 2 CAAE, 60 3
AR ERBEE, BT A0 E R Re A ) [ 7 A 2
YiE T HEASBAUEAESE, Fir AR 16 3565308 (1) 5 1 203,
A5 45 DA A 2R —, BT R0 408 755 E A00RT0 34 R0 565 1 BR Bl
FE. R R, BRI B B 1.2
B IEA BEREHERE, 0 IR B 2 R B R AR [ 7 7.
?EPg;j i VE 942 i B0 ) B B B 4, e R L AT e
FEANE2.

HHE2 0T H, i—'ITEPg;j gi; MERT BREEE O, BB
i 5B BEAR j 2 18] (5 DR A S R T B g AR . A
R BN HARER B WM L, S RS
FSCHE— R HHEE AT, (RIS, BT 8 B A 1 3 P AT U8
TN FE v, BAR DAL R B2 3. 55 A3
2i R ) S92 5 SRR 1612840, (BRI G AR A% 4t
AR A, A S S Bl IS IEAS B AR R L R T AL,



57

1117 HASCAT 4% ) A AR SR 1 4. (1) R i
shlas N O v tn N Bk

i = vihi,
]? (24)
0; = w;,

HHAh; = [cosb; sin6;]", H4,

hi = W;g9; = wi[— sin Ql COS Ol]T

P,

g 8

B2 —Pye g7 LIRS
Fig. 2 The geometric interpretation of — Py~ 9i;

]l APS IS
vi =hi (3 Pg gij +v0),
JEN: (25)
w; = g;f( Z Pg;fjgij +’UT)'
JEN;

A2 R AL EAS THE I EIE RIS 2.27
P L P B 1R e PR R o B, 0 TR B LA N R
Gei) F AN, 15 LU R g5k,

EIR 2  EENGBNG, p)iEH KRG, Sl
DAL 2 85 H Fiz 3l 78R FH R Bk 8] 1) 5 s
T P55 1R o 3 1) B0 (14) R i A 42 1l 55925(25)
PERT, S5 1BRBE 5000 2 [ LR 4E 0 EE R A G 47
B, A A R I B 77 R 2R, A R G0 0L
LR IS

ik /V"\P = [P1 P2 - pn]Ty h = [hl hy -
ho ). 1, po 43 9 R AT R 2R 1R B 2 A B AE
fuX(25) AN, 715

) 022 0 =T .
p=— H* diag{ P, }g+

[O b [Py}

1 0

. (1, ®v,), (26)

O DhihiT
. 0 0 _
h=— | 2 H" diag{ P, }g+

0 DgigiT

WREAE: I AL A5 B RIRE SR A g BAF% 1047
0O o0
0 D, (1, ®v,), (27)
Horr:
h3h;£ c 0
Dppr==10 "~ 0 [,
0 - hy,ht
g3g§ ces 0
Dy, g = 0 0
o --- gngz

WRGER AN g; I TE LRI RID), jyr Dy v = 1. 3£
¥ Lyapunov PR %{:

Vs(t) = e" diag{ P, }g + %Hh -1, ®v.]> 28)
HSHoN
Va(t) = €' diag{P,; }g + ¢* diag{P;; }g+
(h—1,®v,) h =
g" diag{P,: }Hp+ (h — 1, ® v,)Th.

(29)
o AR LTS
Va(t) =
_ T 0
9T diag{ P, }H | 7 (1n ® v,)—
' 0 Djpr
_ 10 0 _
g% diag{P,;}H | 27 H" diag{P,; }g—
0 Dypr
0 0 |
(h—1a@u,)" | 2 H" diag{P,; }g+
0 DgigiT
0202 O
(h—1l,a@v,)" | (la®v,).  (30)
0 Dgig,iT
23— RN EAR R
. 0 0
Va(t) = —(la@w)" |7 (1n ®v,)—
0 Dgig,;T
= 02><2 0
T .
g dlag{PgZ YH
0 DhihiT
H" diag{P,:}g < 0. (31)
It BAV3(t) < V3(0), Al ke diag{ Py g 7. &

S BiRZES, = p — pt. BA(er)” diag{P,: }g =0,
HAFAE



1048

7om oo 5 MM

38 3

¢" diag{P,- }g — e’ diag{P,: }g =
el diag{P;: }g = (p — p)THT diag{ Py }g,

IATTHEH (|6, || 121 T 1. ARG A AR 42 81220 76 7
ANHEE|6, || R, — v, WAEAEAAZSE MAEFF V(1) = 0

A
02><2 O —
HT diag{P,-}g =0, 32
0  Dpur oy le ¢y
O2z 0 (1, ® v,) = 0. (33)
0 Dgig?
R G2ORAR26) A (33) IS
p=1,® v,. (34)
XU B AT R A P 3 A R B ST A 3 1
.
R GHRARQH MR B2) RS
; 02><2 0 —
h=— HT diag{P,- }g. 35
{0 ; iag{ P, }g.  (35)
IR N BT 5 e AR T FEUSCS 3 — AN AR TR RO, FB4

B AR ] (A O B AN 2508, TSN, gy —
AR, BRARNE, BARGMIIERST, FrLlhi
NE. .JHS HT diag{P,: }g = 0, 45 IEAS B HERE
MR, At g = g%, FER
4 PiEsHT

FEA/INAT v T8I A7 ELSRIG I AT 15 T sl B2
A . S RSN BNLE N BT R RS, FrE
T ZhALAS N IR 3 2 2 A ) 6 Al 5 8 2 o 8 g A5
T ARSCH H RSB N — AN IE FIA TR, 58 G i 18 1
HAR A L T

631 13271"
9 [1 0] ) 23 {2046 1395}
. [ 1643 396
934 = {—2032 673] )
. [ 1643  396]"
945 = [—2031 _673] )
. [631  1327]"
951 = M —1395}
. [ 313 657]"
931 = _—@ _1118}
. 499 1417]"
9u = __ﬁ —1490]
KA ELEs NIRIGALE 73 7N
=120/, p,=1[12]", ps=[3 0]",

=0 3", ps =[1.5 — 3.

BB AT R o, = 0.1 m/s, A New,
= 0 rad/s, IBATAEE MO, = +90°.

AHR T o AT AR 75 B AT IR, A/ NATIERE T
AARFE RGN T, 24t < 190 shf, o = 1; 24t

> 190 sif, & a = 2; HILSZHLH bR A I 4 i i),

Eﬂ HFRIATE tH—ANAK A T mi8IE TUaEs K —A
BKA2 miIE FLIb .

FI3R RSB sbLes A I8 sh gk PA K I T R
(1) B ARBATE. B BT %0, BEAE 48U 7 a2 4k, B
FEENHLER N RS B bR PTE AR 2 R A2 6 B AR 10 5
R AIE IR EIRA, X HAREL T A BV B
TIA Sk — A . i E4 LG H & ah bl
N TR Y SRR 7 467 A -5 30 58 5 7 1 22 1 )i Z2 R8T
%, I H B ESTT BUE H & s AL Es N 14258
53 AT AT () 2 B R . 27 b
Bl o] 1, B Z RSN N RGULE AT v i s i
TEIVER T RERE S A ST )2 BA LK, IXHIGIE A
AT SRR A R

T T T ; T T T
20 Q L
i S ERK &
Ir—
15} | E——r )
- I B3
HY
; 10 - ’ | B
1/
i
5+ Lrl q
B,
0 i B
L L L L L L
-10 -5 0 5 10 15
xX/m

K 3 R IRIS SR R

Fig. 3 The trajectories and final formation

30 T T T T T

|
0 50 100 150 200 250

t/s
B4 HRABRZE S gy — ofll
(i,5)€€
Fig. 4 Total bearing error > |lgi; — g7
(i,5)€€



57

WREAE: I AL A5 B RIRE SR A g BAF%

1049

5 ROSSEZY)LE

ST BOAIE AR S A2 A3 ) B S B
IS F A R AT, 355934 7E Gazebo B85 H 4 BX Turtle-
Bot3AS L2 A HHTIRE. A28 A TR AR H
b7 R A 5 55 3 rho R

T

T T T

L ﬁ:l‘\;_
AN

(P N A
Wk 3
N I’l-
W sl B
1 1 1 1
100 150 200 250
t/s
[ T T
' i
el -
<
=¥
8 -
-3 | | | | |
0 50 100 150 200 250 300
t/s
S HURBEE - RpEEL
| BB 3

5 FRERLGENE . Mg

Fig. 5 Linear velocity and angular velocity of each agent

K] 6 % 7~ 142 7F Gazebo 1/ H. 355 #1254 Turtle-
Bot3 iz sk, v LA B A ), £ TurtleBot3#3)
WLEs N 240 0] DU B EE 19 2w A A 3 HL Be 8 ORFF
ZBANE BRI #4718 30, 73R R 12 75 TurtleBot3 52
B 5 AL A 5 HHER 7 A TR TR 22 AR AL i 28, %R
ZEWER BN, T e G A 223K B8 K AR /2 %N Turtle-
Bot3 123 B AN A IR FE AR AL it 26, IR BT LA P
A B TurtleBot3 [ £ 35 F A1 A T FE U ST i 1)
L FEAA TR T, A S 5 3 AN R A E
Gazebo? 45 i TurtleBot3fRi#E 40.26 m/s. Z5 L4047 AT

G, S SRS S5 RS BUE 0 A R — 2 BT AR SR
HH 20 B\ 1l S AE SEBR I s b B — e BT A T

T T T I . . :
27 e siE |
(1 51 RBEH
irnE—
il | o mBEE2
g BB
z w0 1 |
B /|
o~ g
B,
0r ) |
1 1 . ) 1 1
-10 -5 0 5 0 -
x/m

Kl 6 %/ TurtleBot3izsh LR £ A
Fig. 6 The trajectories and final formation of TurtleBot3

30 T T T T T T

150 200 250 300 350

0 50 100
t/s
7 JiIifARIRE Y
(i,5)€€

Fig. 7 Total bearing error >~ [|gij — g5l
(i.7)e€

lgi; — 955l

1 1
200 250 300

w / (rad-s™)

1 1 1 1
100 150 200 250 300

t/s
o SEURBEH -~ BB
—— PREEE2 PRBE 3

K 8 & ANTurtleBot3ZR ML . FHE

Fig. 8 Linear velocity and angular velocity of TurtleBot3

6 45

AL F BT IS AR LB RS
FY 2 IOA 160 R 3883 85 A A 1) 477 o7 240 SRR T B AR B T
HEZY, [FIR, Ja 2 56 1 R BE 2 5 400 3 1R AR XA
o8 S8R SININIANE o) O A DN 1B S 2% 4
TR B At 50 DA ST AR SR b Ay B AR S TEVE R
I ) B 7 BT BT IO B BEROME D R, AN RS
IEE) B FRBATE I LA 52 B B B TS ). 5@ 5
(B 1 ELAIROS SESEIRIAAIE T S0 0 251

S50k

[1] WANG Qinzhao, CHENG Jinyong, LI Xiaolong. Multi-robots for-
mation control method based on multi-virtual leaders. Journal of A-
cademy of Armored Force Engineering, 2017, 31(5): 49 — 54.
(CERRE, 145, 2. 2T 2 LI 9 2 HLEs A\ 2 BA4% )
Jiid. BRI TR, 2017, 31(5): 49 - 54.)



1050 = of B 5 MO %38 %

[2] CHEN Yangzhou, HUANG Xiaolong, ZHAN Jingyuan. Robust con- [12] LIN Z, BROUCKE M, FRANCIS B. Local control strategies for
sensus of multi-agent systems with uncertain communication topolo- groups of mobile autonomous agents. IEEE Transactions on Auto-
gy. Control Theory & Applications, 2020, 37(8): 1709 — 1716. matic Control, 2004, 49(4): 622 — 629.

(FRIEFE, 30N, AR AR R T 2 HAEARG A~ [13] MEYSAM B, ADRIAN B, PATRIC J. Distributed control of triangu-
B, $RHELS S R, 2020, 37(8): 1709 - 1716.) lar formations with angle-only constraints. Systems & Control Letter-

[3] SUN Yijie, ZHANG Guoliang, ZHANG Shengxiu, et al. Consensus 5, 2010, 59(11): 147 - 154.
analysis for a class of heterogeneous multi-agent systems in fixed and [14] ADRIAN B, MEYSAM B. Bearing-only triangular formation control
switching topology. Control Theory & Applications, 2014, 31(11): on the plane and the sphere. The 18th Mediterranean Conference on
1524 — 1529. Control and Automation, 2010.

(=7, IKE R, SKRERE, 25, — KRB R R RS S [15] ADRIAN B. Distributed bearing-only formation control with four a-
WS T. SRS SR, 2014, 31(11): 1524 - 1529.) gents and a weak control law. The 9th International Conference on

[4] WANG Xiangke, LI Xun, ZHENG Zhiqiang. Research review on for- Control and Automation, 2011.
mation control of multi-agent system. Control and Decision, 2013, [16] ZHAO S, LI Z, DING Z. Bearing-only formation tracking control of
28(11): 4 —16. multi-agent systems. IEEE Transactions on Automatic Control, 2019,
CERERE, 2R, R, 28 B RGeS A G F T FU 278 64(11): 4541 — 4554.

FEHIG YR, 2013, 28(11): 4 - 16) [17] CAO Yu, LIU Shan. Homography-based platooning control of mobile

[5] DESAI J P, OSTROWSKI J, KUMAR V. Controlling formation- robots. Control Theory & Applications, 2019, 36(9): 1382 — 1390.

s of multiple mobile robots. In: IEEE International Conference on BRI, 0y, B B PR R R (88 AL 25 At A BR B 2. 72 1) 2
Robotics and Automation. IEEE, 1998. WSRLA, 2019, 36(9): 1382 - 1390.)

[6] JIZ, WANG Z, LIN H, et al. Interconnection topologies for multi- (18] ZHAO S, ZELAZQ D', Bearing rigidity theory é{ld 1ts applu.:atlons
agent coordination under leader-follower framework. Automatica, f'()r. Cf)ntrol and estimation of network systems: life beyond distance
2009, 45(12): 2857 — 2863. rigidity. IEEE Control Systems, 2019, 39(2): 66 — 83.

[19] LEONARD A, BEN R. The rigidity of graphs, II. Joumal of

[71 WU Yin, LIU Zhongxin, CHEN Zenggiang, et al. A fuzzy method Mamematical Analysis and Applications, 1979, 68(1): 171 — 190.
for leader-follower formation control of multi-robots. Transactions .
on Intelligent Systems, 2015, 10(4): 533 — 540. [20] GOPSIL C, ROYLE G. Algebraic Graph Theory. New York, NY:
(AR, U, VR, 2. — R 3T B 0 BT S BRBET % Springer, 2001,

52 NZmBAIEH. 268 RG24, 2015, 10(4): 533 — 540.) [21] DIXON E, DAWSON M, ZERGEROGLU E, et al. Nonlinear control
of wheeled mobile robots. Lecture Notes in Control and Information

[8] REYNOLDS C. Flocks, herds, and schools: A distributed behavioral Sciences, Upper Saddle Rvier, NJ, USA: Prentice-Hall, 2002.
model. Computer Graphics, 1987, 21(4): 25 — 34. . . . .

[22] KHALIL H K. Nonlinear Systems (Third edition). London: Springer-

[9] BALCH T, ARKIN R. Behavior-based formation control for multi- Verlag, 2001.
robot teams. IEEE Transactions on Robotics and Automation, 1998,

14(6): 926 —939.
[10] LAWTON J, BENARD R, YOUNG B. A decentralized approach to 4"?:23‘ ’%j 4]\:

(11]

formation maneuvers. IEEE Transactions on Robotics and Automa-
tion, 2003, 19(6): 933 — 941.

REN W, BEARD R W. Formation feedback control for multiple s-
pacecraft via virtual structures. IEE Proceedings Control Theory and
Applications, 2004, 151(3): 357 — 368.

HOm

o AE T A, H TR IT 7 15 088 s HL & A g A 32 i,

E-mail: 1471429384 @qq.com;

R, HATHETCT 1R 92 8 Btk R Ge A sGfz il 3L

FEGRBN RAT 2R IR, E-mail: jmei @hit.edu.cn.



