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Analysis of localization performance and formation
configuration for AUV cooperative navigation

Li Qian,Huang Hongdian, Xu Guipeng,Ben Yueyang

( College of Intelligent Systems Science and Engineering, Harbin Engineering University, Harbin 150001, China)

Abstract:To achieve a cooperative navigation system for multiple autonomous underwater vehicles ( AUVs) with three leaders, the
localization performance evaluation function is derived without simplifying range measurement equation. In this way, the relationship among
localization performance, formation configuration, cluster speed and distance between AUVs is analyzed. Theoretical analysis proves that
the localization performance evaluation function can be degenerated into the simplest form under certain conditions, and the localization
performance evaluation function in the simplest form is consistent with the corresponding results of the error ellipse method and the Fisher
information matrix method. Furthermore, Cramer-Rao lower bound based on localization estimation is derived to improve localization
performance evaluation function, and the influence of rang measurement noise on the localization performance is analyzed. Finally, the
optimal formation configuration, the suboptimal formation configuration and the worst formation configuration are constructed based on
localization performance evaluation function analysis for the three-leaders cooperative navigation system, and the effectiveness of analysis
and formation configuration is evaluated by simulation experiments. The results show that reducing cluster speed can improve the localization
performance of system in the optimal and suboptimal formation configuration to a certain extent. Under the simulation conditions, the accuracy
of localization can be increased by 9. 11%. However, changing distance between AUVs has almost no effect on the localization performance.
For a cooperative navigation system in the worst formation configuration, reducing cluster speed and shortening distance between AUVs can both
improve the localization performance. If they are both satisfied, the localization performance will be greatly improved. Under the simulation
conditions, the accuracy of localization is increased by 63. 17% , 63.99% , and 81.50% , respectively.
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Fig.5 The worst formation of cooperative navigation

with three leaders

4 T f 2 G A B T 3 m] RIAR B 20 (18) 234
U ) AR O B S S5 SRR R RGERE ML RE AR Wi, T2
TERRR, BEE AN BB A OGE T + B T, KD,
FCE AR I7 R AR Z A AE AR B SR R 2 R R R 4
ERLVERE . DA 22 AR B 1 4], 1 15 IR B A oz T 40
JUAE AUVL 5 AUV2 Hj], HSUHAE AUV 5 BRI A fi
5 50 m i, BREEAETE AL 5 (a) MRS B TR ZEAL S m &
G o, K 10.42°; B AE AUV 5 BR 6 AE AR BE 5
200 m I, BBl AR 7 B AR AZ AL 5 m W 258 o, K
2.86°, PRI, i/ AE 1] B B A AR 38 K A 1) A Xt D7 2 £
o F—T5T, 2 AUV YR ST R G AR AL -5 UG 4 BA
M BIRATI S, B fe RKAE, ARIEE 2 (a) W LUK EL A B
A B Al TR 3R /N, 3K Al 1 L T S )R 6 7 6 A B Y
A RIFEER R S, BUE; 4 AUV B3 [F T R 48 LA
M TIATIS S, LT 0, ARG E 2(a) AT RLA B
C.D.EF s Bt h T A5 B0, S Aof A B0 T A (] A X 7
AR A2 BB S, BUE HBLBCR AR A, A H 0,
i LR, PE -5 U 2 A FA ZU T S5 A U T A X i
XF R GEENLPERE L B A R0 5 76 f5e 22 G A 2B T D/
JUEE ) R X B 2 T L2 (] 418 1 AE B0 A A D7 o2 £ B2, 2T i
S, R, PEm ARG E R
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5 (hERIERSHT

NEUE AUV 2 BAE LA 8501 LA B AN [ R R 3 2R 48
SENLERE RS AL B, FEOREE 5 il 2 DA B 2% 10 oo e
JEMIRE S S ATH AT AUV B R SRHL05 B2 8. LU ]
FEE N B R, AT R K 2 38 (extended Kalman
filter, EKF ) 5C 3 bR Fifi B2 12 B 15 & A4 . 5 B AF K

1 000 s, fEfIBEMES o2 = (2m)7, (i =1,2,3), =&H
Bt SE R AR 36 B T A MR A, DVL WU B MR o) =
(0.3 m/s)?, FrRi R IR o2 = (5°)%, —F[FRE
SERAI R MR, BRBE AUV H1 04 0 B AR AR B N
(0m, Om), A AUV i £ 50 90° , WIHA HEE 43 il
B 1 mes™ 5 10 m-s™ PEATO7 L, HoAb 4 PO B S8
F£ 1z, YOIAEERER 1 m-s" B, 5 Fg AT
THREE AUV 1R 22 8 6~ 10 FiR .

®1 HAMEBEXSH

Table 1 The related parameters of formation configuration m

BB SS E NGRS G AUV IRALE G AUV2 RBRALE U AUV B0ER AL E AP ES

BAIE 1 BLBAIE 1 (0, 1000) (-866, —500) (866, —500) P =2=3=1000
BAE 2 BMLBAIE 2 (0, 1000) (-866, 500) (866, 500) A=2==1000
BAJE 3 BEWE 1 (-1 000, 0) (1000, 0) (2000, 0) =rF=1000 r =2 000
BATE 4 BEE 2 (0, -1 000) (0, 1000) (0, 2 000) rr=r*=1000 r =2 000
BAIE 5 WAL BAIE (707, 707) (707, -707) (-800, —600) r=r=r"=1000
BAYE 6 FRBIE 1 (0, 100) (-86.6, =50) (86.6, —50) r'=r*=r*=100

B 7 BALBAIE 2 (0, 100) (-86.6, 50) (86.6, 50) r'=rf=r=100

BAJE 8 REBIE 1 (-100, 0) (100, 0) (200, 0) r=rF=100 =200
BAJE 9 B 2 (0, -100) (0, 100) (0, 200) =r=100 =200
BAJE 10 VI INIA (70.7, 70.7) (70.7, -70.7) (-80, -60) == =100

EI6 BB 1T BEE AUV E iRz
Fig. 6 The localization error of slave AUV with formation 1
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Fig.7 The localization error of slave AUV with formation 2

FEPLIRZE /m

200 400 600 800 1 000
t/s

B8 BAE 3 TEREE AUV iRz
Fig. 8 The localization error of slave AUV with formation 3
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Fig.9 The localization error of slave AUV with formation 4
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Fig. 10 The localization error of slave AUV with formation 5

5 B SE I LIS B NLIR 22 A gys NHEAR ELEA [F] 2
BARSEL R ) ZR o bR, BB AR R

Apys = \/(XRMS>2 + (YRMS)2

v
A s Xws =\/2 (&g = a7 ) /N Y=
=

(30)

\/;(5/; _}’ime)z/N’ N Ex 15 E 4 %5, (;Ci95/i) 5

(& ,57%) SP B BB AUV 55 i M B R AT
HSEAH.

N[ Z BAAG B 046 B A5 T, BREE AUV P35
FLRZEWNR 2 F7R o

R2 AEFIESHIEIEE K TR AUV B9 A gy
Table 2 A, of slave AUV with different formation

and velocity

T BRI Arus WA Agus

/(m-s") /m /(m-s™") /m
BAIE 1 1.624 3 1.7850
BAJE 2 1.629 1 1.787 7
BAJE 3 12.790 4 31.158 4
BAIE 4 5.625 8 12.848 1
BAJE 5 . 1.700 8 o 1.8816
BAIE 6 1.6250 1.788 7
BAIE 7 1.630 1 1.789 8
BAIE 8 6.780 4 15.112 7
BAJE 9 3.250 8 5.070 7
BAJE 10 1.712 5 1.8820

TERIIRTEEE R 1 mes™ (50T, BUSAE )RR 75
22, ARG EL T BREE AUV SFEEAARZEINR 3 R

®3 ARHAEBEENEEMRSE 7 E 5 M TIRME AUV B9 Ay

Table 3 A, of slave AUV with different formation and rang measurement noise variance m
B BAIE 4 5
RMS
BAJE 1 BAJE 2 BAYE 3 BAE 4 BAE 5 BAE 6 BAJE 7 BAJE 8 BAJE 9 BAJE 10
2 1.223 9 1.226 4 11.6426 5.108 4 1.283 9 1.224.3 1.228 8 6.182 6 2.978 0 1.284 6
DU RE N
5 .5 1.624 3 1.629 1 12.7904  5.6258 1.700 8 1.6250 1.630 1 6.780 4 3.250 8 1.912:5
F¥Eo,/m
6 1.907 2 1.8993 13.1092 5.7173 1.996 0 1.909 7 1.904 2 7.150 5 3.73217 2.000 8

HRAEE 6~ 10 A5, fE S LA B 1 5 2 T ERBE
AUV (L8 7] UG B0 Rl , @ AL PERE R A — B 7E IR
Do A YT BRBE AUV 5 £ 1R 22 AR B A G BAAS 2
A PR R ABATSR BAT R 8 LR 5 T B 22 i AR Y 1
52 TIRKE AUV EALR2E ] AR K, el 2 55 22 g A AS)
B 1 T HRBE AUV A& y FhL B EEAAN AT, 526 4 955 A
RIS R —B, #—, 2 AUV R IRBE 1.2,
5.6.7.10 fiii 47 B, RO 7E B A 5 UG 4 BAAS 2B T, AR
2 (18) AT A 28 55 % (o7 1 RE V- e K230 O 2. 25 +
T(-7)/4 52 +7(-7)/4, RIFEX(17) Al 50 L34 6 Ff
BIEH V=1 m-s™" ,r, =r,=r,=1000 m XFp; 7 B/ ME,
WA FR G AP BE AN R BN B A e KA, BIVAE £ 1 R
KB T iefl, 5% 2.3 T EETmEE R —%. BRItz
Hb, 24 AUV EERHZ IRBAIE 3.4.8.9 AifT I, B 7E % 22 9
BAR T 1 585 22 gn AR T 2 °F AR 5K (18) W] A LA 3R

G PEREPE I R BT B8 7( - 6 - 7)/4 5 (6 -
7) /40 RRUEFR 2.3 AT, TEAH R0 4 2 B2 | S W)
PEMRRE T Z2AAF T, BAE 4.9 EAL PR BEW AL T BAE 3.
8, R 2 g BAM Y 2 5 L PEREIL T IR 22T 1, 528
4 TG A R AT 4 R — 2

1 AUV B [a] SfsE for vE BESE i R 38 23 J7 1T, AR 48
K 2 AL HIATE AT Fh g ARG LT, AR A T B2 AR T LA
REHARGENER . X T H -5 WG AR, PR 4R
TR JBE Fie R AT LR R RE (RS JE 9. 11% 5 76 i 22 4 BAAG Y
T, R BN T R GUE AR BT o W 2, e K
ARG 55.68% o [AII , ARHESR 3 AT HIAIETE T Fh 4 BAAG
BUTF, fE )00 B M 7 7 22 R 2 S BUR 4 R o Mk
2o Bt RPEFR 2.3 WHMITEH B U HE I 7 22 4 [
M, BB 1.2.5 5BAE 6,710 & fi A JL-F A
7], BN7E SR g AR Y 1 e It 4 BAAG Y 2 LA 2 IR A 44 BA
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AT AR P ] B R X R G MR RE L P B R . A
B, AR E R 7S 7 22 AR 2600 T, BA AN [ A 18] B
BHIEAE 3.4 5EATE 8.9 A MEREZEFERIR, H R
DRI 7 5 22 2 A T TS i/ MARE ] 1 8 T LA 92 g AR 8 R AL
PefE. ZERIIAHEES 1 m-s™, A )0 B 06 7 07 2 Oy
on = (2m)* MFMT BB 3 5BAE 8 & ML HEREFH o
b S, KRS 11 FioR. BAE 3 5BUE 8 AR
T MR 1, 3% bR U 5 o PR BE A R K
HE S, BN 0, (R, @i K 11 AU EL, BAJE 8
T 1] B A o T SR I £ 2. e/ VA A BT 5 [ e
T AF S 7752 A4 2 7 A, A i) B8 5 5 AR X 7 52 22 [ 4
BREFHS, AN 0, HIE, BATE 8 MHLLEATE 3 2
G HE AT LB 5 46. 42% .

0.30

—BAE3

B 1L BB 3 5 8 RGN

Fig. 11 The observability of system with formation 3 and 8

6 SRWIERSH

Ryt — 2 WA S BT 458 1A Ok R
WUSLE T 65 FF JR SE I Wik K 40 B . BT AUV Sh 5 5E 5
SEREMERE B, AR SCR 2 30 HE R A3k LI I iE . TR
B, % IR 2 G 5 LR E R F R R, AR T ER
IG5 R £ — M PR R A S5, 200k f 2
AR 1 S 255 AR 2 [ @ Nt REAE SR 4518 .
BRI A SCHT 3BT B9 = 50 A D3 [R] A 5 o7 7 B
T2 G BAAE BT B AH DG Z5 18 RIS FH TP £ — X gm BA
RIS

S AR v Bl F 9 52 58 2 558 ROS-Autocar,
FHET#5 38 19 % H - 15 14 DU & #RJT (inertial measurement
unit, IMU) CH110 "] ARG 8 5 Him {5 B (L&A )
BHKERE 0. 5° fiiIn) A MG RE 2°) , [FIBS 455 RS485 Sl
25 H R (S T A AL 7 SR T AR B B LA B
SLI A 2 [ A EE B A5 S DL RS S R L B S (S B
H Tt (ultra-wide band, UWB) 5 35 AR KB, 256 151 72
I 6 A~ UWB Zuifn& 5 3 4 UWB HARRE
UWB %2R H DW1000 ith i-5 STM32 B 5 #LAE AL, TAE

i STM32 ik Ji 42 il DW1000 #E4T % UWB 155, 333
BUR B T, AR R SN ERE S LB Z H
AR A5 S, DU B R o P 2R 28 2 AT LAIK 2 10 em DU
Mo LB NE 12 fiR o

(b) UWBH# %
(b) UWB equipment

(a) W%
(a) ROS-autocar
K12 SEEds
Fig. 12 Experiment equipment

LR G IR TR 42 5B, RSB X I
W 13 fron o SERITIRTET, 209045 3 A~ UWB HARSR%E
B EAESLE A o RN, N3R5 08 4 2 [m MRS R,
G 15 2 LESMEE UWB Huitnsg EF, 55
PR%E D(ALEAAR(7.20 m, 6.64 m) ) IR TARFE I B
T, FRARBUR B 4 5 G 4= Z I BE A5 B RIA
3AEUEARZE AB.C L EAFRDH K (0m, 0m),
(0m, 6.64m).(7.20 m, O m) , ENIIFE TARFEE R
T RIS 56 4 (o7 B HEME AR AR

K13 sikdi

Fig. 13 Experiment site

B 2R 1 T IS4 1.2 LA IRBE ) ia L
BRI HI N (1.35m, 2.67 m) . (2.70 m, 2.67 m) .
(0m, 2.67 m) ; EZEHMAMAL 2 T RS 1.2 AR
BE AR AL B ARAR 70 (0 m,5. 27 m) [ (0m,1.27 m) |
(0m,3.27m),

PIFP R BAF B T & S2 50 EH an i 14 fin . e
ZERBAEL 1 5 2 °F, IR B A A0 B0 A TC B B R
HESHE, FIRERERAIE 1T, RETLEAR
AL S BOIR R 4 T AR B A T, B DL HAG T A
X BRI , P E AR ZERF] 1.217 Tm, §
B 22 mBANF RS 1 AR L, de 22 4w BAAG BY 2 T Y BR B 42 € ot
PEREMG I, S E AR ZE K 0. 712 9 m, SEALKE W] DL
75 41. 46% , SHITSCERE AT LA KA B AL B 45 RARAT
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