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W B HETEBKATHRBAAUV) EARGREHEH,BET -HETR IS4
FATEGWE AUV Z 5K 58BT3k, F LT TAUV A #4147 E e TAUV 3 |
BHEE, ZFEARSIMENLEREE, I AR P LHBE AUV 3t EH AUV &
B BE, CAZEXTRALES; EAATEY R T EERRE, HRHBTF EEY, T
Fl B Ry R, FEAARERA, B BRI, 28R, LR T T

B, BAE T 5k W R R S

REE HRATHEAAUY), AR, HREHR, RFEH, ATHYg, #E

%

0 35

IR, 2 B 16K T Pl A (autonomous under-
water vehicle, AUV) IMEIEHI B 288 BIGK T HL
BAGRBB TR o %iBATE I (formation con-
trol) & AUV DMEIEHIMEA M, £ AUV 4REAIE
T 7 EE KBRS -BR A T B T AT BT
EOBSEN T RS =MD . RFTARITE
HFEA AR R BA TR 5 1 20— RV EARAT Ry,
EAT RS A L IEshEE™ . R P
BB S48, Sk B A A X, (E R R AT
TR BRSO, MELUHATECE 47 , A REARIEBAE BY
RER, BRGHITEC B AUV RN EF
FER— R BINGH , B AUV ZRIR EAEX)
FLEEE N —R . Bk EE XHRTT Rk
il AUV BiKk iz 3, (HRAGBR IS AR
AFBATE , BRI T KR T R VS, T H B R GE AT
THREIE P, SAE-BREEE T o 3 AR
Tk, BT AUV BRI AWM —4, — 143
i AUV, —NERBE AUV, 8 od B BEH o SR & IR
—E A BEANEE B R L BLBATE AR, RAB M E 5
BRFEE Z AP AL R R, AT RUE A [F] 59 P 4%
NG, BN RBE , YRR E B
Ryyest, AT L K s b oS A8 BA TR DA S8 o B RS A IX 3,

F T BB A BAIE B BB 18 S, 7T DAY
HATEEE 00T , AT SRAIEBATE Bt ok , 3F BB A
T4 5H, HEAAFHE AUV ENLHEAE
HIXCERE , £ AUV B Z 0 —4ME N, AREAR AT
HWARIL S =4 AR, INERER Ge Fif
H B RBR SN MR AT I, B M R i
JRVASERSTHE T R 0 5k s £ J3E S ok R A
SH NGB . ASCE T =K T AT THE
g8, R H T — & T K 2P ¥ il (backstepping con-
trol) V0 A T.354%  artificial potential field )™ %
AUV =48 = K50 A 5 8RR T 86 . %07 B 4R
MERMEERD, BIARSEHISCHBREE AUV
S REHL AUV BB B B, SEBL = 48K T 4 BA SR,
T HEE& A THG R kBB ATE , B R I
"y,

1 %5 Bk 4

AR A A GR B vk, 72 R B iR B
i b, RiEshZ A, RIS AUV 5967
BRER,BIEM AUV WA B R EEREE, fENR
B AUV EBERE & B )5 R AUV #%1tiE3)
YR BATE A, R LR ER B L AUV BT ; B ) i
1% AUV SRBAIEHI I 07 B, BiE R % M E B0k,
B 145 1 Tizsh = mAE I REHERE,

O BFARREEE(51279098) , +¥EHRZE QBT 3R (13510721400) A1 W RS ST E A B (13Z2123) 28,
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1.1 ETHRAERSERNEL AUV it

FIRGH AUV AL 815 BT AUV iR
i, 8B HA B B R B EE NI AUV BT
HTBAERME , NI ERBE AUV R, 4l iR
KA AUV BRER B L AUV Bk, 52 BB B 46 A BUR
Bk AEHld RS2 K 2, RAEH BRI
L —4 AUV (E3EWAS AUV St AUV, BB
AUV) RGLHEAT U, 7205 S B s AR w Y
BIME % AUV RS,

FEL AUV B3 b i AUV (B & 1,
RBRI AUV ALER 9, FIEER V, KIRE,
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X FREEAUV
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1.1.1 B# AUV 2EHb &35

AEBER AUV WA BEEMEEE, A
AUVIIRLBIE B R 0, = (%, ¥, 2. ¥, HP
¥, RO AUV s A, B RBIBEN AUV 1
8 &y, BIHSEHTED .

N, =N, + R(Y,)1 (1)
AH R(p,) AL IR R LI R WSS
B, =

cosp,, -—sing, 0 O

R(y,) = singy,, cosy, O O
0 0 1 0

0 0 01

783 1 = [ dsinacos B, dsinasin 8, dcosa,0]" HE,
SRR T B AUV 548000 AUV WAHRTHALE; 4
R4 AUV Bl AUV WEEES, o A5 L
AUV ZELAMGH -5 T AUV B EL KM, B
R AUV R J7 o] I BE AU AUV 02 5
Ml AUV &Rk /150 BRI AUV 580
AUV R m A AR R — 2, BARBUEE ff Had R P iR
WRMEFBE , AEBEXS K 2,
1.1.2  B#l AUV 1 B &%t
MR EE AUV ®BEE g, IEEREV,, #
RHSEZYLE 9, , HHSIAGHBIE IR R AR
BHSHER n BRSO ERNT
BB AUV i BB A 9, = [ 5 = &1,
EXEL AUV REE,
e =1 -9, (23
W AUV SR BT A0 H e B T B ey
FIALEBiRER e, 50,
FAFBRE TR
r.=e +¢ (33
Ht g = [, b2y s, by 1" HIEIEMEER, .04
=1,2,3,4) FiEH S8, 2 GHEERN TR 6 £
*H
¢ =-Bi(¢) - Kr,
Hrp
B. () = [Atanh(d,/A,) A tanh(d,/A,)
Astanh(ds/A;)  Agtanh(d,/A,) 1",
K = diag[k, ky, ks, k] ,A;, b e K7 REHSH
BO)HFAM)K, B/
¢ =-Bi($) -K(e, + )
JE X B AUV AL B 3o TR
n, = [4, 5, 24 1" = Bi(d) +B(e) (6)
K
B:(p) = [kitanh(p,/k) kytanh(,/k;)
kjtanh(,/k;)  kstanh(d, k) 1"
¢, k(i = 1,2,3,4) RS, SHBEREZE
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b b, B K Hk, BB,
1.1.3  BHAUV BEREXRIT

EATERAR AR R BB RIRR R LR N
7 = R(Y)v, Mo = R (y)n, MM AUV HER
%[7]

V,=lu, v w, r]"

=R (n,) (Bi(&) +B:()) (7)

KBRS HE AR (5) Fsk(7) , BB TR
.

'4’1 = - Atanh(p/A,) -k (x, =%, + ;)
4’2 == Atanh(d,/Ay) -k (y, -y, + )
(i>3 = — Astanh(s/A;) = ki(z, -z, + ¢s)

‘\¢py =— Adanh(dy/Ay) =k (W, =, + &)

(8)
(x, = Atanh(d,/A;) + k tanh( /%, )
y, = Aytanh(,/A,) + kytanh(d,/k,)
|5, = Astanh(s/A,) + Estanh(ds/ks)
“f, = Astanh(d/A,) + kstanh( b, k)

HHE(8) = (9) , 2HE W B B AUV
fE &y, MEEREE ¢, 458K (7) JEIE
AUV HEEERV,,

BRI R, AT IR AUV AL B B
BiEN, FERESHA, (G =1,2,3,4), B4k
BEERATERS, 45 2T AUV AL BF R 9, &
BAES# do B, BA(1) BISEAEBRF Ry, I
BRI 3 2 B 8 AUV 31 36 60 B, B 8 91 46 B 20
$:(0) =0, HRIEK (8) MA(9), F| H MATLAB/
SIMULINK - & #1734 J7 72 B 355, 48 3 JR 1)
AUV W B & n, RAHBHERZR o, 88X (7) 53]
Ml AUV & V,, WAy SE3AUH G AUV £z
BE&En, BIRUAUV WA EE 9, FEEEV,,
KR AUV LB & 9, RBEER V, (ENBFE AUV
WMOMATHESEE R JEI A RBE AUV #1400
R, FEH R R L AUV B3, SCBL I S 4
BAEERIBOR , il AUV SEBIBCRIE Py E3 4 v 24T
S HTEE
1.2 REREH

BRI HAER R G H , FIFSHL AUV L BIF
B, B3 EMN AUV HEFREV, RAEFE 2.0
Sof 5220 B R PR TR SR U, K ERBE AUV SERRBIE »;,
B AUV Bk 9, WIRZR e, MBI AUV HH
BAE V, EFER PR R A o
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(9)

B Oy s R A AR T R S, Y2 L
TIPS A, IR H N =4K T 3R
AUV GBI Z i, SR R R R SO 2 2 T =
IR,

R S 7 7 18 315 sh g BA s
Fu
7 |= R'(n)Ke, +R(e,)V,

Wy

Ly,

[ k(e cosy; + e sing;) + (u,cose, — v,sine, )
k(- e sinys; + e cosyf;) + (u,sine, +v,cose,)

w, + ke,

-, + kwew
(10)
K, k,k, b, BIEH R

2 G BA B I

TR ERE A, AUV 7245 AT 2
oA A RRB R , A SCE BRI R E I T HISR
BAFES . XTFOUM AUV, X8 B R YA, RIE Y
B S R R BE B B2 7 [ SR BUBEREAETIE s T AUV 2R
BA DU 5 B AR R AT LA SE 5 BEAR W X 45, 2R B BATE 1Y
AR, BREE AUV 4B G AUV 89067 B A BE AR
kA 58 AUV Z IR AR B, &AL HL
BATE S5 R (K g, AR B AN T 3587 5 351
EHL AUV OB 5 R

& R A LI A BT D Bt st
WEgEE R APE —# 1 B R g(x,%,,%,) FPLE
Ar(yi,52,73) o BEXZBINDLER NS BIrY B RS 2R
BN

p(r,g) = | r(yi,%,y3) —&(x,%,%3) || (11)
H=4m51 05k

Uur (p(1,8)) =€ llp(r,0) 1™ (12)
Horp m RIEHE HBUEDVE T #4945 Ut &L B
Ko P m =1, 2ERFBHATIAIEXRHELR, E
RALEEATE BAR AR . B m = 2,£ &
WEGRE BIRKEI N

Fui == VU (p(r,8))
= mé | 7(y1,52,¥3) — &(%,%,%3) || m_lnRG
(13)
Hi nge RUBADHIRHBEMNRE,
L BAREs B HEXEE T AR, BiR
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Aj—i g(xl,xz,xg) B‘JZ‘VEE%’ Vc(t), HLER A T(% »Y2 s
y,) BEEER V(1) , BinS5Plds AT EER :

Va(2) = Vo () - V(2) (14)
HES BRG] 8T R

Uue (Vau(2)) =81 V() |7 (15)
BB B AR HE R B T A

Foo == VU, (V,(2))
=n8 || Ve(2) = V() | ""nixg (16)

Hirng REHET V, (1) WBEARE, TR =
2,8 REREG

NS EHR T 51 HEGERET R

Fo,=Fu +F, (17)

BRI B 0(2,,2,2:) , Foo ZHPLERAR
FERY R R R I 28, . &%
B V(e) - Vo (1) PAERBEER 1538, KA/
SHXEERPRIEL, J7inEE T8 A5 ER
Yy AR B T 1), 5 BPAE X BE V() - Vi, (1)
EEE TS R ST BER O 1) 4 &
HI R J7 18]

XESHF I EGREE S BFREK:

= 3 U (pi(r,0)) (18)

Hrp N ZERYNN pi(r,0) = [ r(y1, %2, ¥3)
-0,(z, 5, z) | RBASE  NMERY NES
PR, WA

Ureps(pi(r’o)) =

1 1 2
Tn(pi(r’o) _p(r’g)) 7pi(r70) <P(r,g)
0, pi(r,0) > p(r,g)

(19)
=4 AR | MR R 1 B BE R 43
BT 1N
Freps(pi(r’o)) == VUreps(pi(r’o)) (20)
I 2 33 O BE B 40 BT L A sk I HE IR 0 A

= 2 Faulpi(r,0)) (21)
BES BT EREGR
U PV = ;Urepv(pi(ryo)) (22)

Hip: U, (pi(r,0)) =
{/\Zl | V(t) _Vobsi(t) | Sil’loi,pi(r,o) <p(r’g)

0, pi(r,0) > p(r,g)
(23)

3(22) FRE | R B A B A
MBI 1N
Furs == Vi (pi(70)) (24)

ZFrep =- Z VU, (pi(r,0)) (25)

Hr o, %M%%A %Fﬁ%%%ﬂﬁ)}{“ S5EEF n
BRI, A REBRI

AR SO P R R A A F T IR B T vk o 3
8L GEEER Ay

U(p(r, g)) = aexp(-X) (26)
HEHSHE T, T30, X EELNRX =X,
=Blp(r,e) | ™ X F/FN, X FIRBEKXA X =
X, =vlp(ro) ", EHEREXHA

F=F,+F,

N
== VUan(ryg) - v Zl Ureps(pi(rvo))
= maexp(B | p(r,8) || ™" ) nge
N
+ mzi aexp( =y || p(r,0,) | " Inog

(27)
Hlr, nye RALFAIRE BRI BMORE, nop R4
i EERIR AL A A R B SR IR R R EOT
%, N TSGR R BB ) BB, 5% MBS R A
IR 2 , TE B FURHE Bt 2T A — ki 2o ARYE
TEBRBCARE AR, m Fn BBERT 1, By 22
KT 0 BHELREFFUX > 0,

3 HhmHREEGRE

AXHBEERET HEEFREKTISEAS
HRRELREMNEF —5 AUV, 2P A —3ta
&5 MRS, KP4 4, EEE 1A, fRSHT 4
AN B HEES R, R B, B,

3.1 HBRERGE

BOEGM AUV B BLATHE IR BE 4k : m,, =
(%, ¥m 2n Wnl',2,(8) = 1.3 %sin(0.2%1);
¥u(t) == 1.3%cos(0.2%¢);3z,(¢) = 0.2%¢ +
0.4; 4, (t) =0.5%¢t, FEFEFRE N :3m x3m x
4.5m =235, RESHHREMNT: d =0.5m,

(¢4 43—_/\.1—2 /\.2—1/\.3—4 /\.4—
0.5,k =2,k =1,k =2,k =0.1, BEHEN
[E] K 20s, ¢ P\ O B ZIFF46IE1T, G AUV R HA
BHNn,(0) =[0 -1.3 0.4 0]%,
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it E ARG AR BB AUV R &
MEFRBZIG, ¥ H 8 A B 8l B i 2 B,
PFEFER BN 3m x3m x4. Sm B =431 55, K
AUV Wi th BN n,(0) = [0.5 0 0 0]iz3)
HEHESEEERN k=1, =2,k, =2, %ENH
HAFRR 20s, fHEE R E 3 fis.

={(m

Fmy 1T
SENE:

3 WERRGTHSRE

&l 4 Brn A 360 R iR AR BE PR BE RS d AR
o BB BRESRP, ¢ = 0 %], JBI AUV ALE
Hn,(0) =[0.01 -1.03 0 0], BFE AUV ¥
WAL E A 0, (0) = [0.5 0 0 O], BEE d A
1.14m, ¢ =8s B %, FEE A F O, 527 Om,
FUABRME AUY S AUV SC20MRER B R
Me=8s i RF{F ESH BB —HREE0. 5m,
FOHBREE AUY 34000 AUV SCUBREE. Bl T 2R
HRESRERERFRE.

AR AUV S A0V FRRE
T AUV SR AUV EERE
FERE AUV S AW [F5RE

d(m)

m 12 14 A 1220
Tl is}

4 HBASREREEETLE

n 3 4 & B

3.2 7AUV RBAFE
SCHL T RIS AUV B BATE R, 32 TR B
— 542 —

B 7 A AUV BgRBAIE ] . B 5l A AUV K62
BREE, EGA AUV A, BIRLATEE A B e 4% :
Mo =L %0 Ym Zn Wnl , %, = 5*sin(0.2%1);
Yw = —Sxcos(0.2%2); 2z, = 0.15%¢;5 o, =
0.2 %z, BIEE AUV 6 1~, Bk A, ,A,,4,,A, Ay,
Aso TFEFIF BN :16m x 16m x 11m ¥ =43
Bi, A A BREE Ay, A, BRFE A, ,As BREE A, A, BREE A, ,
A PR A, BT A, 4., 4,4, PIESEEEAR

2m

:1.5111,& = %rﬁ :_3_, A-] :29-":'-1 = 1,_}._3 :4!

A =035k =2,k =1,k =2,k =0.1; §F
"il:I !Al !‘43 :"‘iSr E’dﬁ%ﬁ%tﬁj&r: l'-i =1.5m, e = %,

ﬁ = —a "}"1 ZZ!AE = 1,;’[3 =4,.|':|..1_ = D-S,kl :2,

ky = 1,k =2,k = 0.1; EFERNRSHGE
Hek =1,k =2,k =2,

AEHRENO -5 00,4 HHE(-1
-4 -1 0),ABEMEB(-1 -6 -1.06 0), 4,
HMEO -3 -2.12 0),A, BHME(-1 -7
-2.12 0) , A, BB (-1 -2 -3.18 0),AH
fiE(-2 -8 -3.18 0),WEMHEMEN 50s,
el ERNSBRNTE, SR mE S B,

: ?:f:>>,, AL ALY

2 ) - I:-:I' _ l_-' B
wim} 4 g

B 5 TAUY s2iEsmELEE

s, 1.2 5 AUV BREESAT AUV (RSN
0),4 PR 2.6 MEFE 4.3 B0 1.5 BRRE 3, AT AUV
FATAT R BHE T MR AR ATE AT IR .. 55
A bR R R R R, M E e DA
RIS B T W e S BA T 1
3.3 7AUVEBEHE

BEGES B AUV B EARGHAS AT #4945
Sk, A AUV PN A T H 35— DL
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A, Hifts AUV BRBESRAL AUV, 32 IR EEA (08 B AT
HRBN. FEARY RO Aa bR 41N (22,25,23), (15,15,
14),(8,8,12) 224 1, Bir R B L4845 K (35,
25,14) 2428 1, AUV PV BIGEBARAT, 2 42in
Ry Xt , IRESSG R (27) , B m = 2, 7E5(h
i ah60,8K0.01,F %M aR5.5,y
1.5, DAL AUV HEiHrE R RO, B4R 1
B , 1% R K 7 1) 360 BE 30 S54r, FH J5 1] 180
BE 15 %4y ARG, RBI—NE BRI SRR
il AUV T —BZIRTHERI T 7). 7E RS X35, 3R
A AUV B ESL AUV K800 2 BB EM
T, YBFER Y X Eat, BE V RGHMNIT.
HafRamE 6 Fim,

13723

6 T7AUV GHEABEEERE

4 %

AICNGHL AUV A BIE B H &, 858 FE MR
ARSI Ik, T T RENBEES BT
TAUV 3 G0 AT il B2, IR 2% B 9 IR 3R
B, IMABERYHEE, 5IAATEG KRRk, i
5% AUV BB, %2 AUV JESR V BT A hy
HZTE, (FELSRR,7TAUV GRS 7R 40 B i A
PIMAHLIN MRS, F80oh V RIS BA, B B TR
Yy X Iget , GBI V BURBA N H R R . ML
B IRLER, 2245 SRR, B T R ) X ST, B AR V
RUGRBN . =2k By LI 5% RRAB RS HOT n EL 5 PR
HE

R TR E SRR S, A SRR
TAUV MI4aBAEE R, 7 MATLAB {jf EAE 18 3]
TR, A ST MER, AR BARRR

AU BB AH A BTEE, RIS 5RHT IR
PRI R KR, T EL A B SRs , ST s
AR BB Mg IR R 22 3 I S5 U

B 3wk
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Control of leader-follower formation and
obstacle avoidance for Multi-AUV

Ding Guohua, Zhu Daqi
(Lab. of Underwater Vehicles and Intelligent Systems, Shanghai Maritime University, Shanghai 201306)
Abstract

The control of leader-follower formation of autonomous underwater vehicles ( AUVs) was studied, and a meth-
od for three-dimensional formation and obstacle avoidance for multi-AUV based on backstepping control and artifi-
cial potential field was presented, and its simulations of the formation control and the obstacle avoidance for seven
AUVs were conducted. The method uses the leader’ s position information and introduces the backstepping control
to realize the follower AUV’ s tracking of the virtual AUV to achieve three dimensional underwater formation con-
trol, and combines with the artificial potential field method to transform the AUV formation to effectively avoid ob-
stacles. The simulation results showed that the presented algorithm achieved the expected control effect, and veri-
fied the validity and the practicability of the algorithm.

Key words; autonomous underwater vehicle ( AUV), leader-follower, formation control, backstepping con-

trol, artificial potential field, obstacle avoidance
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