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Formation control for multi-robot system in complex terrain

ZHANG Rui-lei, LI ShengT, CHEN Qing-wei, YANG Chun
(School of Automation, Nanjing University of Science and Technology, Nanjing Jiangsu 210094, China)

Abstract: We study the problem of formation control for multi-robot system in a rugged and undulating terrain environ-
ment. First, the formation model of the multi-robot system in complex terrain environment is analyzed in detail. Second,
the three-dimensional formation model of this system is simplified to a two-dimensional coordinate system via space pro-
jection method; and then, the formation system error is analyzed. The controller is constructed by using Lyapunov theory,
and the driving strategies are designed for the specific terrains. In this way, the multi-robot formation control in complex
terrain environment is realized. Finally, simulation experiments of three kinds of typical complex terrain conditions and

two kinds of nonholonomic mobile robots are given to demonstrate the effectiveness of the proposed method.
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Fig. 1 Multi-robot system and the environment

AL (M P05 T AT P T | P SR AR

T BE U L 3t AR A5 55, 23 531 W B 2(a)-2(d) T . H
R, ZHUa N R GG B I SR 2 SR b - Tt
TEFREE N, B 25 RS TE 00 9 BAA2 i iR 5. A2 52 2%
HIEFRIE N, 22 HLas NGB\ 22 A T BRI SR AR 1)
Wi, IF HIEABEAK, 15 BB SRE AR, Hlds
N B S AR SN (e AR R B, JF - i
P AN, BLES ANAE I Bl R b th DA, 3 S0 R
JE TR, I AT RE LR SRR ] S, DL,
T BESSOMR AT S5 18 WL N T ORUE S AT Bk 22 4,
WIRBEVH A A4 A SR

)

B 92 A o, 4,

P e
(a) “FiHHE

e - e ]

(b) LRI

E7E B 8
(c) BEWF
K2 ML BB

Fig. 2 The environment and formation shape
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Fig. 3 Robot model

AR =S TGN A 4 .

4 =N

Fig. 4 Triangle formation

SUITHLA AT Ry, IRBENLAS ANJER,, Rs, Rz 2 5¢
FSE40 BN, 2 DA Hh 25 B2 N ()38 3)) 27 AR B (). Bl
NRIAL S ypy = (a0, 41, 21, Oéhﬁl,’yl)T, PLes AR,
B‘J’fﬁ%j":’pf = (xf, Yr, 21, O, ,8f7 ’yf)T, ﬁﬂ%’fi%f =
(p, )", 4¥ AR Ry 15 Ry T B ORI S B B R 1
H AL AN TIARRR S B 2 I A o BEE A B RIHLTE
AR AT SR, ARFATR A1 oo RO 8 A1 5555 4t A BA T G 52 il
RN, Kex-y- AR FR T G BA TR I B T A B -y AR
P& T AT 20 M. BRBEAL S A R 55 UL A8 A Ry 1
WA A E v oy P11 K

r_ (7 — xf)2 + (1 — ?Jf)2 1/2
p'=] p) 2 2
(=) + (Y —ys) "+ (21— 2)
¢ =
ERBEALES N Ry FEzoy V-1 AT R

xq = a1 — p' cos(m + Spl)a
Ya =y — p'sin(y + ¢'), 4
Yd = N-

ps 3)

SE U 1E AR e
Te cosyr sinys 0 Tq — X
Ye| = | —sinyrcosv 0| |ya—ue|, (5
Yo 0 0 L [ va—"

Hf: (2a — 26,50 — Yroya — ) N AP R AL bR R
TIERBENLES N RofExoy Pl FA 28R 22, ERFENLAS
N Ry MBS 5 R AR 22 K (e, Yo, Be) . FTHR(5)3K
3, W
Te = wiYe + €08V (V'q cOS Vg — Vs cOSYE) +
sinyp(v'q sinyq — v'¢siny),
Yo = —WiTe — SN Y (V' g cO8 g — v'f cOS ;) +
cos ¢ (v'q sinyq — v's sin ),
Ye = wWa — Wi,
Hrp: o'y = v, = vcos oy, wq = wy, IHE5ERQ)5),
LESHIBIES VS E
To = WiYe — V'¢ + V1 COS e,
Yo = —wiTe + V' sin e, (6)
Ye = wi — wr.
HH UG AT L, AR SORE = 4EH TR T 20148 N RG890 DA nl 2,
AL A ERBEHLES N Az oy ~FIT_E AP ERER 1) 3, Jf:
Mg T HAR oy IR 22 R, 1 kA 18
et Ao, W04 R i o] = 0, lim [3.] = 0,

tlim |7e] = 0.

25 BTN A R R
1 1 1
V= 7$62 + 7(ye + k'y’Ye)Q + 7(1 - COSer)' (7)
2™ T3 y

R (TR S T

V = et (et k) et bie) 412 sin g, =
— o (V' =01 €08 Yo+ Ky Yewr) +v}']1 sin Ye (e +
o)+ =) s (et R o)+ sin ). ®)

Yy
L

Vs = ke + V1 €08 Ve — kyYows,
ko )
k'Y
Hky, ko, ks, by, ko 33920 155 50 B O RN K (B),

AT
V = —k.2.2+ 0/ sin Ye(Ye + ko e)

wr = wy + V1[ky k1 (Ye + kyve) + — sinne),

— V' [kyk1(ye +

ks . 1.
kyve) + ?2 sin Ve [ky (Ye + kyve) + . sinye) =
gl Y

_kx$e2 + /U,l SiIl Ve(ye + kw’)/e) -
U/l[(kl + kZ) Sin /Ve(ye + k"y’)’e) +

ks

gk,

kykkey (ye + kove)” + siny,). (10)



534 O B

5 N H 531 4%

Wk, + ko = 1, 113
: k
V= —kua?— F];vllsjrﬂ% —
keykyko v (e + kyye)® < 0,

F¥v's = vr cos o, v = v cos af CAZ(9), FT1RER
BEALEE N Ro I
ky Cos o k.
Zo V] COS Yo —
COS O COS Qi

Vf =

wr = wy + vlkyk1 (Yo + kyve) + % sin 7] cos ag.
Y
(1)
MHLES ANAL T IFRE P,

Vf = kxZe + V1 COS Ve — kyyewr,

W = W) + ’Ul[kykl (ye + k:fy’)/e) + % Sil'l 76]7 (12)

Y
o ko, kyy by 0N T e, Yo, 1 SEL, U5 K,, Ky,
Foo XA IR I i ZE eSS e, R 42 Sl B o Rl g 1)~ F
FE 25N B, U 2 Bk, Ky, by UM B/ I, 425 361 oy
w2 1/IN, B HIRRAN R, 22 S )i, 4
P 0 T e Z S HLas NN E S Pl A
I, T g BAH N IE S A A TR, 530k

r

r
Ureft = Vr — ZWr, Uright = Ut + swt,

5 2 (13)

ZWf
Urear = Uty Ufront = arctan ) (14)

Ut

L g Pl U igne A PR EC ZEBIH LA N Ao A e FE 455
PR PR, Urear MUgons N F XN SIHLAF NG
TR R AR A ) AR B, DA AT R el

IR I A T Y AL P S SR AR ) b
PREEHLA A TE ORI ER 3RS AT 50, 1 SR8 38 A gk
BRI, 4 T AR UE S A R G804 T I 22 4, SR ER
(1) S 43 i N P15 (a)-5(0) BT 7s. % T BES L TE, Bl
NIB L A GAL B S AR A, 76 B3l R
IR A T B BE R S R AT I, IS (a) R PITR,
T A0 e v 388 047 s B g R R B B S A B
FEFRHAN A, W5 (@) SELFTR, Yok MBI FE X
PAAT Bt 1 s e, FRARAL o A BRI AE LR, X T
U 23 b T2, St AR FH 0 A I o Ul 258 11 0 i,
TEBATE ) R AR it , Wl 5(b) i, duBAFERE NIk
BHTA = MTEGR BN, BEA G BATE B = T A T A,
DAPRAIE G A 2 AT 1L e 2.

(a) k¥
5 BN TRl S
Fig. 5 Formation driving strategy

(b) Uy

4 PiEKUE(Simulation validation)

ARSCIE 3R 5 A ERES, AP ESE SRS )
HLAS A T2 BA A ER IR S L A R, O T4 5
By LS, AR K FIMRDS4(microsoft robotics deve-
loper studio 4)#& £23D{jj B.°1- & 22 iZ AT AL E B
) 5 |5 (phy s X) M58 2% AR 11, RERE RS i AR 4
B IA B S 5, R AR AT DO B 5 AMAT-
LABH ST BF RN 43 Hr. 15 o, Ry A SIS A,
Ry, R3 NERBEHLAR N, HLaS AT LA A S AL
AT LLIE i 1 FHMRDS4H R F AL B8 Sk 3R 1. 15 7111
FEHIARWIT = 50.0 ms.

PiE 1, 3/ Pioneer 3DXAH s AWILATZ 535 A

pl - (0707070707 g)Tv
D2 = (_3)35070707 g)Ta
P3 = (_37 _370)0)07 g)Ty
Ry MR IR 22505370 A
10,- 5" 10,5y
f2_( -Oa_E) ; f3_( 075) ;

PLEE N2 42 e = 0.08 m, I8 S H Nk, =
1.1, ky = 0.6, k, = 3.0. Ry, RoFIR3 %% 56 i 26 Pk G
B, PREFBAEM E 2125030 s G ULk 12 3. 4
FLEFNRLL T2 3 1) 37 5t W 6(a)-6(b) T, & Bt
NIz e(c) s, Ry M2 El6(d) i,
Hu B AL ARAE L AT H Ry (IR A o MR TR # B L, HH
T Fy BT R A 3600, [RGB #s N e s kit —
JE o A BB, {HL A JEE 058 22 1A I B0 e A . Kb 2, 3
G 7 HOO IR BE AL A A2 15 1) 52 . BRBEAL A AR
[ hr B iR 2252 X hpe = /(2 + yo?), LR ZE
A, 67, AL Ry, Ry 56 1 S
BA, I LA N R ZE LR REBAE. b1 T SR BE AL A C A
B BRI 2, R BKNHIVIIRIRZE . S Pl A
LR P o, TR P B, 2 0 B 6D BT R,
TEAZAT BLE G, G BB ZAz Bl N, 5 Bt A\
FAIF], WURZIEIZ BN Ry 3 S 2 LK, R e N
Wl A B AL/ BRBE AL #s AAETSE I L 1 ERER B2
e R ARHE.
Przearh, 3N AR AL G NIRIARAT 270 7k

7'(' T
pr=(0,0,-132,0,0,) ,
ps = (—5,5,-13.2,0,0, g)T,
7"' T
ps = (=5,-5,-13.2,0,0,5) ,
Ry M R AN 2243 530 A
. T . T
f2 = (407 _Z) 3 f3 = (40, Z) 5
WIS NBRIEE] = 1.3 m, SHles IS8k, = 1.2,



5% 4 ]

SRSV A7 S 2R YNCT I IIRES 535

ky = 0.4, k, = 6.0. Ry, RoHIR3 5656 = ff1 T4 A,
SRIGDRFFBE BB A L. AR FE =SB BAE b3
U 3 5 4n B 7() M7 (b) Fr, & Hlas ARz s
AU ()R, Ry S WE7() 7R, Ro, Ry AT
BRI R ZE W E T() TR, Sl A 5
JEE 4 o oo R I 8 A o) 45 7 50 23 ) n PR 7 () B
. ARSI, BB 7(a)=7(d) i) 4, M ERES L )7 2L
SEH 1S5, MBS ROR, S ALE L3B0RT T 33 1) S L
BRIEN, BAT U 3 LA R e, b 3 s 4 BA 15 22
BRI R i PR AAERTAT IR b tH I 3
FRAESEING, FRBENLES NI Af R R 2232 B TR PR BG
SRR, F 2 BAAK SR REE CRAFEATEAT B BRBEHL S
NAE VLRI F IR ERRS 2 T BEIE AR .

(a) HZizz) (b) BRLIEE)
200 yi —
< 100F---"1 s
& 0_—11: :’/.”—: 7
& 100 Ly 1A
: ﬁ Ls Y W
LY =200 { '
Z < Im 0 50 100 150
t/s
(c) ZmPABLZ (d) %3&

(f) FHHEA
Bl 6 PO (RIS A5 L

Fig. 6 Formation simulation in gentle undulating
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