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Localization Performance Analysis of Cooperative Navigation System for Multiple

AUVs Based on Relative Position Measurements with a Single Leader
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Abstract
the underwater navigation problems in which the localization error growth property is a key indicator. This paper deals

The cooperative navigation of autonomous underwater vehicles (AUVs) is an important approach to solve

with the performance analysis of the multi-AUV navigation system based on relative position measurements with a single
leader. First, propagation equations are derived by using an extended Kalman filter. These equations can describe the
system’s global positioning error related to the measurement errors. Then, the upper bound of the covariance estimation
in the steady state is obtained by solving an algebraic Riccati equation which characterizes the evolution of the system’s
positioning error. Theoretical analysis shows that the global positioning error of this navigation system can converge to an
upper bound. Furthermore, the convergence is independent of the initial filter covariance, that is, the navigation system

has a good comprehensive performance. Finally, simulation results validate the usefulness of the theoretical analysis.
Key words Single leader, autonomous underwater vehicle (AUV), cooperative navigation, relative position measure-

ments, extended Kalman filter, upper bound of the covariance estimation
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JEId s, &
Py =P(k+1lk), Piy1=Pk+2k+1) (43)
¥ EXFEF SN
Peyy = Py — PoH! (H,PHY + R, (k + 1)) x
H,P, +Q(k +1) (44)
HT R, (k+1) f1 Q(k + 1) ¥k a1 424k, —

WEANRE M (44) A3 RN TT 25 Py, Bl I )38 A6 1R 2 1]
R pgRIER. ik, N m % ERN RS =
Py S5 TE, BRI a0 R 5 B
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SI3E 1 (BRiEME). WERAERE Ry, Q. Wil R, >
Ro(k), Qu = Q(k) (k=1,2,---), WX EW %

ft Py = Py KIZRRETHE
P!, = P~ P'H'(H,P'H' +R,) " x
H,P!+Q, (45)
Wifl P, H P> P (k=1,2,--+) L.
WERA. BE Ry > Ry, P> 0 F1 Qy > 0, FJH £k
PR AT, A

HPH" + R, > HPH" + R,
PHY(HPH" + R,) HP <
PHY(HPH" + R,) 'HP  (46)

PRl

P—PHT(HPH" + R\) 'HP +Q, >
P—PHY(HPH" + R,) HP +Q,
(47)

g5y (47), X P, Py 18 A VAT R v UE 19 45
T O

H I E 1 g, ST MR SRR 2
2 B RTskim S5 (44) RHIXHR0H R B3R
Ji R, R T E W2 R, > Ro(k), Qu > Q(k)
(k=1,2, ) FEEHEE R, Q. Finsmlfhih
R, (k) M1 Q(k) 1 L5

FER R, (k) £l R, (k) mﬁiﬁﬁ/\ﬂmﬁa%ﬁ
B, 45420 (32) T4, ik Ro(k) M ER R
%2 R, (k) W15y RY(k), R*(k) 1 R3(k).

R'(k) = 02 Ly, — Di(k) x

di il o T\ prgy <
RN CIO MO R

R?(k) = o2 Di(k)D} (k)
o; diag { [F7,(k)©u1(k), -+ , 7y
o3 diag { [/ (k)I, - -+ %y, (k) 1] } <

O—GiTOIQMz‘ (49)
/E\:EP7 Xj‘%:j: ]-7 7Mi7 ﬁ
o (k) _ sin2 éij (k) sin éij (k‘) COS éij (k‘)
Y sin élj(k) cos éw(k) cos? ém(k)

(50)

R*(k) = o3, D;(k)1y, D} (k)

M;o3, Di(k)D] (k)

M;o} rg Lo, (51)

Horr, ro & AUV [R] AT 3RAF R B RAF X P 2 2 e

W T AR RS HIPE REFRAR B AUV 4 BAFITAT DX
Bt (48), (49) At (51), nIfg

<
<

R,i(k) = R' (k) + R*(k) + R*(k) < R} (52)
Forp
R} = (Ui + agirg + Miaiirg)ng,i = pilons,
pi = afi + Jgirg + Miaiirg (53)
EJii
R,(k) = diag {[Ro,1(k), -, Ron(K)]} S
diag {[p1laas,, -+, pnTony ]} = Ru (54)

AT R Q(R) M R, di T Q(k) =

dlag{[Ql(k)a T QN(k)]}u /H\EPXHLTZ = ].7 ceey N,
H
Qi(k) = C(&z(k)) X
At’o?. 0 T
0 At%fni(k)aii ¢ (9ilk))
(55)

JEHIERE] O~ (di(k)) = CT(du(k)), BIIL Qi (k)
WIRF LA At?o? F1At*;, (k)os . % IES] AUV
A; BINTEIE RS T AE v, 2
¢ = max{At’c]  At*v}, (k)ol } =
max{At’c, , At*v}o} } (56)

N Q;(k) BB KRFAEAE, W)

Q(k) < diag {[n1 >, - --
3.2 REEEHAELR

SRS G N EHEARE, RS
TENLRZER T 72 LA P, b — oo . SREZ
MG, B Yex A (45) BEATIE M IR AE AR .

ARGy Bt B >R385, R (45) S
%

7QNI2]} = Qu (57)

Pty =B (Ly + H'RJ'H,PY) ' +Q.  (58)
& SCIE AL 7 7 A0 B
P, = Q. P'Q: (59)
IRl SNk
P, =Py, (Iy +C,P,,) '+ Ly (60)
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C,=Q.*HIR;'H,Q: (61)

HARIEEARE C, % T Hiid TR SR o Ak
REMILE KA > S it B RIE, & C, il
N I IEAT R A O3 il

C, = Uydiag {[Ay,--- , Aan|} UT = U, A UT
(62)
X, Ay 22 C R RREE N, (1=1,--- ,2N)
e ettt R K B SCUARANK (60), R0 Al 3

Pnnk+1 = Pnnk+1 (I2N + AuPnnk+1)_1 + IZN (63)

Horpe 3
Pup, = U, P, U, (64)

430 (63) Miuiif¥) k — oo, W1 ARG NE N R ZE
FERASIN IRy 22 LA 5 e

PnnSS = Pnnss (I2N + Aupnnss)_l + IQN (65)

R FIL (65) B BRI, LR%
ENE Ton, Ay 392500 0 B, DRI 50 A 2
RITFRIT— AN

P = Q:U, N UrQ: (66)

SSs u

Hrp

u , 1 /1 1 1 /1 1
Asszdlag{[2+ Z—f‘)\*l,,i‘i‘ 4+)\2N:|}
(67)

i AR, 5 (66) HUEERERITRE (65) 1K)
AT ARG ARECER R B R AT E R
JTRE (65) PRI PR A7 A8 L NTIEE — 1 )™k B ke T o
C, AR APk, M2 i, W IEEARE C, AR
w5, WK (65) A7/ ELE—, e 2 (66) w2
oM —#E Mg, Sz, Wik C, AFAEFHFIEE, Ui
FE (65) HIMRAFAEAAAME—, FLEE il AN e Sl 2
SER A

DAL, ) R SR B AE T A IR e AR R €, 1T
S, R T SRR SN H i 4
oy H, Marsetk. mgise b, H, far s EE sk
T SMARGHI I (AUV LER R ZI 1 E
LAk T BE AT 8 Hh R T AT 2, R YA
FE R/ B AR TR,
3.3 AIMLMES A

SAUAR G P PR R T R G EREE H 1)
A5, AN AR G AR S8 A R 22 R B I [R] R HERS
AW, I R R TR Gk 258w 0.

H B AR R, B B O R AR
H, A8 1 M EIPTR I 2 F Bk

[O2X2 A A 02X2] =
HS ® 1y (68)
[Om T Om} _
[0 1 o] ®I, =
H2® I (69)
RItk, H, ATRAK RN
H,=H°®I, (70)

Horb, Ho 2 did@ 980 i) Hy, HY MR 73 a4
W M IAE R R 5 A2 e Sy 0 He ik, Bl rank H©
= N. X (70) JF&5 G HBE 7 2 P s B PR,
11

rank H, = rank H° - rank I, = 2N (71)

W1 H, Wik, i C, = Qu P HTR-VH,QF 77 5%, A,
> 0.

F LT, AT BT 0% AUV BHA S 2
T AR, HCRARS 1 R0 2 1 7 2 b S g s e —
i€ 1) (E =X (66), X 55 Bahr H1 Leonard [¥)7K [fi
SCU SR AW AR, i P RA R LE L, B
ARG RS B R ER YRR T O, AT
18, B RGHE REE RT3 AUV B3« i
SRV B O TURS JE, T 5 R OMIHE T7 2 Py
T KLY R BRSO T WL PE 53 H7-45 AT — 5.

(EARE IR, WRES AUV Y SRS
SR AT PR T (BRI FR 9 AUV ik 5060
FIILLE S e B M b 2R N T2 X R, AR
ST T £ R o £ AT B ), 9
WLRGAS AR T AT, BEI, ZRGE A H i
TRy H, G R (68) —Figs i, T oK

H01N><1 - ON><1 =
H,(1yx1 ®1) = Oanyxz =
H(1N><1 ®12) - 02N><2 (72)

Rt H &5, H RG] 25 i) (1) — 41 38 S
%
V=1nyxu®1, (73)

et C, w5, A (73) AR AE A ZAFALE
{H.
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R AT AUV B[R] 5 A &R e 10 47 1k
fig, AT BT, W 4 Fros, AUV L (8t
%, Leader) HARMR S AT H R T H 2 fiAT; AUV 2,
AUV 3 (#BE#, Follower) [MLFE 74 W B, 156
R G AT — B S, e AUV L R $FFAT
AT, FEMBTRE S, AUV 2 ML #1430 8 60°, 0°,
AUV 3 B #4050 4 45°, 0°. E. I AUV i
B 1m/s, Hoh 3 AUV P EAE S i 235 )06
FEACHIEE, B o2 ) = (0.1m/s)? 92 H4 {8 v 3 11 1
P N AUV PR A T )3 1 00 1] B AR 4 10 e
RO R ZERR, B 02 5 = (0.45m/s)?
MEBME I AR, 3 AUV B9 A5 S
AFRSEE N FEIR P 225, B o | = (0.5°)> M o »
= (2°) WEHEmHTEMES. AUV [ 1A B2
15 JEL I S 2 ) PR K PR B I, A 7K P A R
JEEFE 2 BN AT DI )4 v P 0 e PR O B BE K 7 A
PR N E M ¢ = 1500m /s, TEHCE . I AUV [ (1)
XA B RN 02 p = (0.1m)* M of [ p =
(3°)* MIFHME T EMES, AUV Z [ R
HEMEES Y of pp = (0.65m)* M of pp = (5°)
WA T e s 75 ER Ty 2R IE U, MR
“L” FCF” gylFRFE AUV A AUV.
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Fig.4 Simulated trajectories of AUVs

K 5 et T AUV 2, AUV 3 B8 piflivh i
ZERNRZEN £+ 30 J7 22 5%, B I iR R B K 7s H4
Bl SRS AEANRE G E AR ZER £30 7% L
Fr, 21X (66) ff E 1O H AR TP R R AR PR g
JERIR BUEPTREVI AR RN AUV SE iR Z k7

(1) + 30 J7 Z= sk, AL i s X 3 LAR K ]
5 R T AR ZE ARG L T DA B, AR
AUV 2, AUV 3 7E o, y J7 [ I AL i 2 4
M 2m~3m, REMIEW T ZEIEL 150 Gk T
PR H B TT N, FE TR AT AR R I ) 2
AUV Pp[7] 50 2 G0 FL AT 8 =0 1) 78 AR J5 R DL (1)
WS, HAEAA e o % 25 A7 S8
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E 6 37 value of the positioning errors
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Fig.5 Position estimation errors and their + 3o
variance bounds of AUVs by EKF
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6 (b) 1 AUV 3 111 05~ 140's), iR i fr i 22 b
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Fig.6 Positioning errors of AUVs by dead reckoning
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EKF Wpla] S5 R A e ). SR, 5y 4
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TR by R e AR A A R, i EKF S8 5
EBE AT A & N AUV 19 5E A7 15 22 KB, i Ad
RGBT IR 2 TS X — D RUE T
AT AUV Bl IR 05 07 25k

5 HRMEEIE

A SR ANIIFSE T 31 B AT 2 AR 7 B 0 1)
% AUV W [FSH RS e AL RE. 2SR,
IR FH ARG TN, ARSI R e AR T
& LA T AUV BT L AT A AR X A7 B
(B RS 2, 115 RS IIWI LA b g 7 22 T6 %, Ifd
TSR A E— S8 WAL D7 LA R s, T AR

fe MU BB 22 AUV P[RS R GE 0 5E A
R FE A i, R R 22 s, B RIFMLis
PERE, WITTIAIE T SCH BIIE BT 45 5 (0 IE A .

PG 82 TAER KBRS LA R T () Akt —
IR NS :

1) VEURIERS ) . AR I 2 AN o R AE
(BT 52 %5 VAN S8 W AN AR TR AR A 4045,
AN TR PR SRR 2 T B AT B 1R) S T VP R 1 52
Wi e 2 RE, BB — R TB. b sk
A E AR T B s OO VRS RS , R
AUV Wiz e (1) EHE N

xi(k+1)
yi(k +1)

x;(k)
(74)

HA, wy, wy NGB, T8 5 R A
W, ATRAE SR L AUV 8] FE 24180 R BUR
HETLIT 5wy, wy, BN TR, 5 ) AL A e
CVENEE LS TE I AR e, e e ] DL, SCH oAl 7
PAHETT T Baccoul® 1 S TAE. BEFRAD
A IR R AR — S T, SO BB T A
FREH, B AUV A, BRRA R X (k) = [2,(k),
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JE VIO LA T SRAEA I A AT 1. AEARE R 2, &
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MR AR AR T FRALE AUV W RS RS
AL BEAEE— 2P

2) AUV PR IKEN ] 8. i T 5 R HE R e il
IR 38 3h AUV A& Brockett Z93, ANAEHAL N
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A RO2T L R B AUV ANHEAT K IFIHL
Bl (I S8R T iy w55, LA AUV HA RN
XS RO f. MBS BUE, WifeRH AUV 11
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