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Abstract: Water area unmanned system platform refers to a kind of platform on the basis of unmanned surface ve-
hicle via several navigation means including remote control, unmanned driving, and autonomous navigation to achieve
tasks, and can be equipped with unmanned aeria vehicle, autonomous underwater vehicle, etc. The theoretical and tech-
nical level of autonomous navigation and collaborative control is the core of the water area unmanned system platform,
and has become a hot research direction in the fields of ship and marine engineering and water transportation. In order to
grasp the development trend and development trend of autonomous navigation and cooperative control of water area
unmanned system platform, this paper summarizes the research progress of autonomous navigation and cooperative
control of water area unmanned system platform. This paper expounds the research status of the water area unmanned
system platform, sorts out the key technologies of navigation and operation of the water area unmanned system plat-
form, such as intelligent perception, intelligent navigation, collaborative control, and network security, and analyzes the

opportunities and challenges faced by the water unmanned system platform.

Key words: Water Area Unmanned System Platform; Intelligent Perception; Intelligent Navigation; Collaborative
Control; Network Security
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Cluster Control Based on MRFC-Vicsek Model in Rule Space

XU Bo', WANG Zhaoyang®

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

Abstract: In order to solve the problem of cluster motion in regular space, a cluster control method based on
MRFC-VICSEK moded is studied in this paper. Considering the behavior rules of the bionic cluster in motion, the
Vicsek model of multi-region fuzzy control, including collision avoidance layer, consistent layer, cohesive layer and
connected layer, is firstly established. Secondly, the number of individuals in different regions and the degree of cluster
crowding were transformed into the influence weight of central individuals through fuzzy rules. Then, combining with
the influence range of individuals within the boundary of the rule space, the control method of the cluster in the rule
space with random initial state was proposed. Finally, simulation experiments with different number of cluster members
are carried out, and the effectiveness of the proposed method is proved by neighborhood index, individual recogni-
tion, velocity order parameter and other indicators, and the cluster state has good convergence and cluster stability in
regular space.

Key words: Multi-regional ; Fuzzy Control ; Biological Code of Conduct; Rule Space; Local Neighborhood Index
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A Cooper ative Path Planning Strategy Based on CPSO Algorithm for
Sea-air Cross-Domain Unmanned Vehicle Cluster
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(2. School of Navigation, Wuhan University of Technology, Wuhan 430063, China; 2. Hubei Key Laboratory of Inland Shipping Technology,
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Abstract: A cooperative path planning algorithm based on cooperative particle swarm Optimization (CPSO) was
proposed to track underwater targets by sea-air cross-domain unmanned vehicle cluster in complex water environment.
In the CPSO algorithm, firstly, the flight path is planned for the UAVS, and obstacles in the water navigation area are
detected during the UAV flight. Then, a complete surface obstacle distribution map is generated for unmanned surface
vehicles (USVs) cluster. Subsequently, CPSO algorithm was used to plan the cooperative navigation path for USVs, and
the underwater navigation environment map was generated for autonomous underwater vehicles (AUVS) during the
cluster navigation. Finally, CPSO agorithm plans the underwater navigation path for AUVs, and AUV completes the
underwater target tracking task. The simulation results show that the CPSO algorithm plans a valid path for the sea-air

cross-domain unmanned vehicle cluster, and realizes the function of unmanned vehicle cluster cooperative operation
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tracking of underwater target.

Key words: Sea and Air Cross-domain Collaboration; Unmanned Aircraft Cluster; Cooperative Particle Swarm

Optimization; Collaborative Operation Path Planning
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IEL7

WS B AMAT IR LR A 3 KA
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B AR SCHMRIERFRT R . UAV SR
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B o

F 1 UAV #l AUV SRE S5
Tablel General parameters of UAV and AUV

UAV AUV
al a2 ul u2
FAT I (m/s) 20 21 6 7
W BR A% 25 2 428 Im 55 65 80 80
AL (80, 0, 70) (0, 110, 70) (800, 700, 0) (780, 800, 0)
H A7 & (900, 700, 70) (800, 800, 70) (900, 780, —60) (900, 850, —60)
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Table2 Basic parameters of USV
2 usv
sl s3 4
AT EE (m/s) 22 32 33
W BR G 252 4% Im 100 300 250
L E (100, 40, 0) (0, 80, 0) (100, 0, 0) (0, 100, 0)
[ERARAS (800, 700, 0) (780, 800, 0) (900, 680, 0) (780, 900, 0)

4.2 PhleIfilg R LRI

CPSO AT Z Wi i RIE UKL, HAAK
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o ARG LA AYENE N T, SRARIE
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X HEAS TR Bk AR BT Sk A Rk o BRIk
B TR [F] ) e a8, AdE: 109K
30 ¥k, 50 ¥k, 100 ¥k . 200 ¥ . 500 ¥ . 800 X .
1000 ¥X . 2000 ¥ fre K% ARE . A5 3 A0 3 1 B D
KGR WE 3. KW 1, K 2, [FEF, /xR T 10
Y. 100 ¥X . 800 K myfs HAMA Jr %, il 3~
K 5 FiR o

A LA R AT LA

(1) i 3 Pis, FEARR B 5 S0 i 2%
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Table 3 Adaptation table under different iterations

PN {73 [ 3 i 38 FE3TS
AL al a2 sl s2 s3 s4 ul u2 3 37 JEE
10 71.54 58.44 49.87 37.85 36.40 42.87 52.25 31.56 380.78
30 58.21 52.32 57.49 35.90 37.14 34.58 43.41 38.42 357.47
50 56.28 51.92 44.74 36.12 33.28 34.55 27.82 37.23 321.94
100 54.77 51.03 44.23 35.01 33.17 34.39 37.12 37.91 327.63
200 54.73 51.04 44.20 34.81 33.18 34.93 30.26 38.93 322.08
500 54.52 51.40 43.89 34.80 33.34 34.33 26.92 25.10 304.30
800 54.49 51.08 43.91 34.81 33.17 34.16 25.05 24.31 300.98
1000 54.48 51.03 43.91 34.65 33.19 34.33 24.99 24.31 300.89
2000 54.38 51.08 43.91 34.81 33.17 34.33 23.97 24.20 299.85
80 — al — a2 sl 52 400 -

70 — 53 54 — ul — u2
MSU‘ T — —— -
@40,

- NS

30

20 |
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10 30 50 100 200 500 800 1000 2000
R

K1 AR T i e 0 3 0 (B A 2k ]
Fig. 1 Line diagram of optimal fitness value under
different iterations
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Fig. 2 Line diagram of the overall optimal
fitness values
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ooz 1 > 2 1
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AT BB B AIS Bl b EiR3hZ4T 8 FP, DL FP 40 4h S F DP S xF AIS $dl A7 R 47 5
[FIF, o AISEURN TS Fetk, LI 2SR A bRAE# AT, #EM7E FP AT TS FRtE A0k i 3eml B Sesl T
M ARBILE 4R . S5 R R, ZERUE A8 RAATHE T, 4 FP-TSDP 53k F 40 o A B0 B8 630 R LA Bk, RIS
HEE AT R BAERE
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FE 4K S: TP391 RKPRIRES: A X EHS: 2096-5915(2022)01-36-07

DOI: 10.19942/j.issn.2096-5915.2022.1.004

Ship Trajectory Compression Based on FP-TSDP Algorithm

JANG Haiyang*, GAO Chao?, MA Yong*
(1. Wuhan University of Technology, Wuhan 430063, Ching; 2. China Ship Design and Research Center, Wuhan 430063, China)

Abstract: In terms of ship trajectory compression, there is usually a problem that it is difficult to effectively elimi-
nate useless data points in the massive automatic identification system (AlS) data. In order to improve the quality of ship
trgjectory compression, an improved feature point (FP)-temporal and spatial (TS) algorithm based on Douglas-Peucker
(DP) is proposed. In the FP-TSDP agorithm, attention is paid to important dynamic behavior points such as acceleration
and deceleration, turning, entering and leaving special areas during the traveling process, and the above-mentioned dy-
namic behavior feature points (FP) in the AlS data are extracted and retained by numerical calculation methods, with FP
astheinitial Use DP algorithm to compress AlS data. At the same time, considering the temporal and spatial (TS) char-
acteristics of the AIS data, the choice is made based on the temporal and spatial distance, and then the ship trajectory
compression is realized based on the optimization of the FP and TS characteristics. The results confirm that under the
premise of ensuring the compression rate, the trajectory compressed by the FP-TSDP algorithm is closer to the original

trajectory, and the retention rate of important dynamic behavior pointsis higher.

Key words: AlS; FP-TSDP Algorithm; Trajectory Feature Points; Temporal and Spatial Characteristics; Ship

Trajectory Compression
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Indoor M odel Experiment of Unmanned Ship Track Tracking Control Based
on Binocular Visual Positioning Technology

LEI Jie*?, XU Wenhua®, XU Guodong?, LI Mingjue®

(1. Chongging Qianwei Science & Technology Group Co., Ltd., Chongqing 401121, Ching;
2. College of Shipbuilding Engineering, Harbin Engineering University, Harbin 150001, China)

Abstract: The heading control and track tracking control system of surface unmanned system is generally de-
bugged and operated in indoor environment during the research and development stage, and the research needs the as-
sistance of the positioning system. The positioning technology commonly used in real shipsis difficult to work indoors.
Existing indoor positioning technologies are expensive and the signal is unstable. This paper designs a ship model track
tracking control system based on binocular vision positioning technology. Combining the experimental site and experi-
mental objects, the features on the ship model are arranged. We design the image preprocessing process, extract the posi-
tion features from the image species, and realize the fast and accurate matching of key points. The binocular vision posi-
tioning system measures the position and direction with high accuracy and response fast. The experiments of ship model
heading control and track tracking control show that the track tracking control system aided by binocular vision posi-
tioning technology has high precision and stability. In this paper, binocular vision technology is used to realize the
high-precision positioning of ship model indoors, and has been successfully applied to the indoor ship trajectory tracking

experiment.
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Optimal Energy Path Planning for Oceanic Energy-driven Vehicle

LI Ke, SONG Zhibin, LI1U Xiaofeng, ZHAI Zizheng, LI Xiangjie, XU Peihong

(Science and Technology on Autonomous Underwater Vehicle Laboratory, Harbin Engineering University, Harbin 150001, China)

Abstract: Unmanned surface vehicle (USV) is limited in size during navigation and only can carry alittle energy,
and the ocean contains a lot of natural energy. If the USV can use the oceanic energy in the ocean during navigation, its
endurance will be greatly improved. This thesis studies an optimal energy path planning method for oceanic en-
ergy-driven vehicle, so that oceanic energy-driven vehicle consume as little energy as possible during navigation and use
oceanic energy in the ocean as much as possible. The thesis first selected part of the South Sea as the research object to
construct a grid map environment model. Secondly, in view of the energy consumption problem in the optimal energy
path planning of oceanic energy-driven vehicle, the ocean current consumption model were established, and the A* Al-
gorithm Considering Current Consumption (C-A*) is adopted. Then, in view of the ocean energy utilization problem in
the energy optimal trajectory planning of ocean energy-driven aircraft, a wind energy capture model is established to
study the energy optimal A* agorithm (N-A*) considering ocean current consumption and ocean energy capture. Fi-
nally, the simulation software is used to verify the effect of the algorithm, and the feasibility and effectiveness of the al-
gorithm are verified by comparing the optimal energy effects of the traditional A* algorithm, C-A*and N-A* under

different environmental conditions.
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Table2 Algorithm comparison resultsin still water
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Table 3  Algorithm comparison results in ocean current
velocity of 0.6 m/s
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Research on Water Multi-target Tracking Method
Based on Digital Twin of Radar
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Abstract: After multi-target tracking processing, the sampling data of radar can provide obstacle state for un-
manned surface vehicle, so as to ensure the safety of unmanned surface vehicle. A Water multi-target tracking method
based on digital twin of radar is studied. Firstly, taking the real data sampled by radar as the research object, the whole
process processing strategy of radar observation data multi-target tracking algorithm is established, and the clock secon-
dary synchronous alignment algorithm of radar and inertial navigation/global positioning integrated navigation sampling
data is proposed. Then, the three-level dynamic matching track management strategy of radar data, including initial
track, temporary track and stable track, is established. Finally, the noise reduction of stable track is carried out based on
bidirectiona fitting method. The digital twin simulation test of the algorithm is carried out through the real sampling
data, and compared with target tracking algorithm using polynomial fitting algorithm for state estimation to verify the
effectiveness and stability of the digital twin strategy.
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A Cooper ative Navigation and Positioning Algorithm of Multi-AUVs Based
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Abstract: In order to solve the problem of low precision of conventional cooperative navigation algorithm of mul-
tiple Autonomous Underwater Vehicles (AUV'S) moving in curved trajectory, a cooperative navigation and positioning
algorithm based on the polar coordinate is proposed in this article. Firstly, the model and observability of this algorithm
are analyzed and compared with the conventional algorithm based on the rectangular coordinate. Then, the numerical
simulation based on the experimental sailing-datais carried out. In order to solve the problem that the errors of coopera-
tive positioning of multi-AUVs become larger due to the interference of various sensors by the abnormal noise, the rec-
ognition and elimination technology of outliers from the sensors is introduced in this algorithm. The errors of end-points

at the trgjectories of the proposed algorithm, conventional agorithm of cooperative navigation and dead-reckoning algo-
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rithm are 15.9m, 621.1m and 1251.3m respectively. The error of end-point in this agorithm is 2.6% of that in the tradi-

tional algorithm. Therefore, compared with the traditional algorithm, the accuracy of the proposed algorithm is higher

accuracy and the performance of anti-interferenceis better.

Key words: Cooperative Navigation; Polar Coordinate Model ; Autonomous Underwater Vehicle (AUV); Extended

Kaman Filter (EKF); Observability; Discrimination of Outlier; Positioning Error

1 35

I

KT T AW AT #% ( Unmanned Underwater
Vehicle, UUV ) Fili i — PRI . B1E
R K TATHE . KT . KT ¥
TR IR 5 2R S5 QTR A oy EE AN H . VUV
XAt LA A EXOK T T AW T4 ( Autonomous
Underwater Vehicle, AUV ). iLFfE##/K R
AHif7#% ( Remotely Operated Vehicle, ROV ) H
KK, ROV H TL—MiEHRI R B850
AR £ LI (= DN 3 T S W g v
AUV B &1 H F0E, ] LS R 2 2 4= 1
IKTFAENAESS o AUV BYSAE A7 2 AUV ER D
HlH AR R SR AR, X AUV TarEEL, K
TR LA FAUE S T, FBrLOK T R
T b 2 v SRR 9 B R T T e B R ) Pk K
AUV SHUENRL T RGEH I IRE SR E 2
T ARASORN T3 AL 2 07 26 AL A B — > AUV
YRV R, HUE B AR LR, R E &k
BN BT E SR S AR G A
JE— X P, ARAR B T AR G 5 B e Y
PXTF AUV B EK: A] LR K HFRAR A IF
WK HIAE AUV PR FHIER, HJ2, XHF ik
AUV, fIRBAS T T 22 Ge AR ME S B0 oG B 0 2 A6

XPF AUV R, s R R U R A
A DLSEAR B R BT A A AN AUV 100
PR HEE . AUV K. TEXFER SRS,
T AUV 55 HL ks BB SR S Inertial
Navigation System, INS) +kE £ i1 A
( Doppler Velocity Log, DVL ) +23k i TR £
% ( Global Navigation Satellite System, GNSS),
M AUV i Bic £ 12 % 3% ( Magnetic Compass

MC ) +{iLA5 BF DVL+GNSS 55 & {10k B INS+MC+
fIlHS £ DVL+GNSS, i T =oki B INS (534~ FA0
RGN 60%~70%2 47, Bk DVL 5%k
JE DVL B2 M —AE 10 J1 L [, Fr A AUV
()T 57 3R 8 BUACE R R BEAI, DT AT L S
A AR A AUV T8 B 5 8 0 SR E N7
KEEE o PRI SRR O . RIS B RS
INS. MC %5 AT E 43 2] /9 £ M AUV FEXTIE
B MR, BRI G A
Lm0 e I A B B IR S A AR 5 Rk
SEILITA N AUV RS BE A . SR X R
AT RA ik — AN 5 A AR AUV 2B P T—
T R B S RE N K R AEMEAT S (i
KT GEIREER . 2 | T S8R, B85 R .
FOKFEAVERR . KT ok BE R /K B AR S ), i el
PLSE @ BURAE G E A AUV ERE (SERE T
H AUV FRECE EOREEE INS), Frlh, X Ap e S
Wi AR R KY R AUV BN, A ROhRRRAS
TR T AL 1 AR DA B B VR 38R, o T A
RAVEEGFHELTH EENE XL,

e H PR AR EE T AUV 2]
{14 B 8 8 B+ A R P UL £ 7 AR AR R AR
(HRRBIRR ) FESY BR/RZUEW (Ext-
ended Kalman Filter, EKF) By#%I sk 45 7 54~
AUV 9 AL E SRS RE Db ] S A A o —
ST R (o bt ) MR M
(AT H R Mo s 139
XUSTL 5 VR 22 45 2 5 1L A TG AU 35 A
L, TR AUV BCE RIFEARS S, b
SR KT SRS BE AT RS BT o AR S
FHR A, SUHE AUV R RIS BE L R RS
H AUV MRS —NEER, @ PR,



51

SRIRERSE: —Fh L T AR R 1 2 AUV P [R] 005 58 0 5 v 71

A AUV AT IR 2 32 TH 28 5 45000 2 10 A0
RS BEA K o 32 AR AT LA SRAi 3 A
mpEF R R, —f AUV Z I REE B 7
(37 (5 Bam A E AL . KT Rl KR ke
137 RGOV AR M I AT T, AR HR
AFAE 75 PGB A5 HE R AT R YA Fh I T, BT AT B
PV X P 2 A A SR EATAME O TR A
£z 311 AUV, iz F B AR s 2R SO A R 3
KR, AN T I T AR 2 50 bR S A
=37 S

TESEE AUV B0 [R]S 003 1 0 2 i T 1 A A
PRER, MTFRAMEELSOE R HLIES AUV
EREEA RS AORERE . (B, K T WS b
FW]. MBI AUV ERE T, LAUKEE
MLRZ Bl S K HLEh . T oh, A2 T K T it
T (N ABAE B 25 AT e ) B4 0
FERREOR (flan . HeFmhie e i ith 2z shi i
IR SR ), AUV FEREL K B FHLE
BHLIRAS . FEXAESL T, SRR B 5T A
MR R RO UMR AR, O 2, A
A BRI, FTLL, BT R —FhE
TIX Iz S IE I B8 b RS A0 550 e 4 R kG 2
AR SCHR Y T FER AR 2T A S B[R] S 7 AR
TR 19 A e S5 A v 14 )

BT AUV, PR SR ARE KA KT A
He L LA AR TN fln, A
P B T R G 1 P s T3 g g 4]
WER A A | R g A
i P R VA T RN R G R S S
fir o SRR RIS A AT 4 ] (202
it S I [ S AT A e 14 2 SR D 1)

2 WIEAEEY

2.1 HARRRNE

PE S E R AT AUV Z I BERET, T
MR, PRI A W XS fE B AU
I (5 B TE BB (B AUV BRI £ 4%
%, ZMEREE ), B .

X1 = X + (U -COSP|, —V, SN, )- At
Yiir = Vi + (U -SINP +V, -cos¥, )- At
Hobr [ wd" 2 kBT Z) AUV 76 SRR R (—
ORI R B AR R ) BALE: Y 2
AUV Bt CARXE T EE A ); v AUV |
BT s uo AUV BORE R At 2T
SRR IS T T B
M B UL, TS 0 B e A AR
FEM), — MRS B AR @ AUV FEEI R T
PeAt, PrlEEn L% E AUV SERRALE BGY
) [ — K- (— Rk PRI 2R TE ), B K
PR R AR
WU EORM AUV Z [ AR 5 A5 B,
DS R v 5 AR XS 7 AL RS A AR (5
AUV fijila] 8L BARAROC ). A RGBT 38 /] LA
AT AUV R HERRATEAR S, , T8 25 A5 LI i
BORY rh s ZEN AR BEAR OGRS A LA (S5 2
FHIC Do F351, FENL AR IR 2 DR PR B I 10 75 2% &
AUV 1) IMU AR BEIRFINE BT AR R . il T
(7] S O R X P e i Y OB, i LA AR
IR BT A M P O B PRI AL TS R AT LA
275 3CHR[1-4]
TR XU TR AUV, 238 8RR AAE
T FUBEI ARG A RS, X R B S
KEE TR, BT DAVETAG T2 — D BT Ty
6] o AN SCOM AT, o T A T RO
I LAGE i D F) S e S e BR B AUV A fif
RERER RIS, 3 ] DI 5 B i R o )
P 3 3 ] 5 0 07 203 AT LA B3 R T
Wi XA T R v,
Xei =X, + 0%+ St-Ux
Yier = Yie + ¥y +6t-Uy, )
Ux1 =Ux
UYiia = Uk

S N+k§t S S

OX, = E—v - COSY/;

Xk - N i Wi
(3)

N+k5t S S

Sy =Y =V -siny,

k — N i Vi

Af, bR SRGERM AUV, gt ERRE 5 Ux

D



72 TNRGEHA

% 5%

H Uy 239008 k 2084 x Ay O 1] 59 R 8 PR K
JIN; Ot SR P E E L AL BT BN 1] 5 N=ot/at, V;°
HM AUV TE 4 B ZI BT AT 3 %S M
AUV 7E t; B2 i D A £ o

FIFH A b 33 A 0 sk v DA 35 HE A W PRI
B VR UG, BEAME R 28 8 R
A5 B b, sl LGRS AUV H B 1AL
ENRSE

AR K R A H A — 2 EERT, N TR
) SRR EOAS B, A B S R T AR . B IE K
S A PR ABE R N R R B0 AR — B L % B K
{EIER 1 ML AUV B E o B S FBRan F .
MAUVM (£ AUV), I AUV® (M AUV ) 7T
b A5 4 s @AUVMAE TsiZI%E AUVS T
KA s O TR &SR B
(F 5P E—ERmE, FrLL AUVM FER — B i
i AUVS 3 1 B R ENEE . AUVY 5 Auv®
PIRIEETE B, VAKAR BE BT ZIR SR, @K
il B0t —E R R, 2k AUVS, AUV
PCEVE BT, [ ST At AR v ) 2R
G A AR 5 BAER K, #I8(E B k%
FIRIFT , AR R AUVM R R 7 5 B 5231
Xt B E IR 2Z B IE, 52 AUVS B[]

Ehr; ®AUVM 54 AUVS T E 52T RO~@),
ST FEMR L AUV HhEE N o
2.2 Hereks R1IEE

Xt R RE 22 3h i AUV, F LA 2
PR ARG R — BN X, FP AR 2R S
i, PLE KR 6], AUVM R AUVS (179 2 )%
HebR ST E A B R M, o™, M S, S,
wS, AR T ik 20

R=y(p%2 +(p"242p5" cos(p® ™)  (4)

EAPE R P RN AUV BB shit, ¥
RART TR y B LA AERIER IS
LR TSR AUV Wiz shint, @l A%
HbERA ) (4 5 A

21 AUVMTE AUVS R THII -

< . Ssine® — oM sine™
$="tan 5SCOSZS—ZM (:oszM )

4 AUVMTE AUVS J5 T Y -
1 psing® — pMsingM
1 53 (:oszS —ZM COSZM v
X, REM AUV ZHIBIEES ; ¢ 8 N AUV
ZIE AR T A . B p™, oM, WIS, 0°,
VX 6 MM RS AR, BT LSRR E
Bl Hop, REFREFER

g=m+tan

1 Ve SN —op ) T Vi, Sn(Be, -0 ) T
LSS, )T 5
Byg=| ——2 ( "gl ;pk_l) 1- ks_l cos(#icr—ea) T ks_l cos(#icr—iea) T (7)
(Pa) Pk Pr4
0 0 1

o, TR IR DI A A B BT R A S 38T
X7 I AR B AR R A R il A ith 4z Bl -
i, nl LAGR I e ) S TR JEE

3 EmEE

31 Hindbs&REE

B ] A B A% O R B R ) ST
3 H AT LA R A I £ R B S AUV Z JR] R IR B
P~ AUV Z B RGAR X 5 50 FPR A~ AUV 45 3 1Y)
S, Eew FHASURIE R, BRI A,
FEES+ RN AUV BYERE, BE B +AE X 7 f+

FH AUV B X 4 FfFoL . B N AR
S LN 14175 B0 R I DI ) S AR B O 2 PR A
AR AT, —JBOULIN 2 O HURS B KB
W EE R AR B, Tt
18 BRI RGEME | IR | R E AR
L, T8 AUV A2 K a0t iz 3l i) R 240
THOLT, b e LA A bn 2R BRI i
AN AP DU, TP 5 18 HO 98 35
Sk T O R TR R IR SRR — A iR Y
FRLMERCRL, HAEME AR B R /R 2 98 B Rk,
B LR EKF (PTJBRRE ) Bk, hTRH
B EARHER EKFIHRRAR , X HAHESE IR Xt



51

SRIRERSE: —Fh L T AR R 1 2 AUV P [R] 005 58 0 5 v 73

T BEAME R 2R A P JE R BB 0, ] DL 4E
i} EKF %3k (DEKF) 9, DEKF Z7E/K s
FEIR EKF J5 ik (A FEal L, A FHAER 38 3RS 1764
AORAE I AE SR 3o A2 Hp A5 ish 20 R 8 RS e, FEF
PRI 5 152 22 B/ A5 8 HE R 7= A= 1 P
[F 8 iR 22 AT IEIE

bR T EKF, 0] LR H S Se it i A 38 N 58 %
(AF) B ok vk (PrR) 2228 pe gkl
M Ak TR R 2 ki (UKF) Bk
S, — BT, BUEHE RE B WA R
JERE R R, TFEMRE AUV #HnzeR
B B JEOR e BE B IE I UE B Bk . A, TR
PEPE FER AT, A SRR A B A i
BEXTEATHEATIE D , S R b g R A 12720 ]
AT DAt — 254 TPl ] S A0 RS 3 RN mT S
3.2 HAbR RSB

TEMARARIEIE T, RIS 25 Gk 0 ) &,
HEST AR B R R 2 SR 5 I IR A
D5 356 A 6T IR 5 + A 6 5 2 fA R ], T LA
AUVM 7E AUV SRl 7 it 2 I B A -

H, =
e (e =Ty ) c0S(6 — 6, N SN — 6 ) 0
R Re
—11, CO(6) — O, e (e — i) cos(G — 6,) 1
R¢ R¢
(8)

AUVMTE AUVS J5 77 s (4 B 5 28(8) JLL
FAIE, RS AT TR A BUR . BT SE R
T JE AT AR A L) EKF Bk ek [ 5 1 g
W S AT RS

4 A

XF—NRRERS, W71+
3 i =7 N T 195 VNI = Q2 W < I N [ [T DU R
e AT B AR BR R TE T [ m] LI 1), ST
AR TR 2R OC R ANE 1 TR .

K, = sV AES BRI AR R .
AUV HR RN AUV ABFR R, R 1AL
] f PRFXNF 3 AUV [ X Sl (32 AUV RYHET

I 1A ) BRSO AR . R T RS B R AR B
AUV P[] S0 E A8 TR LA 20 MR 31 2 T LA
fEIFRH(9).

b > X!

1 s AUV B SR A A hR R OC R
Fig. 1 Schematic diagram of multi-AUV cooperative
navigation and positioning system for single leader

K2 BT RERELGH AUV PhEFATE LR 2
Fig. 2 Schematic diagram of cooperative navigation of
multiple AUV s based on the MRV (Moving Radius Vector)

2 2
Re=(x—x") +(ve-w')
2 2
Rk+1=(xlf+5xf_xi’<\11) +(Y|§+5YE_ yyh)
X, oxg M Syg 1T D 2 W(3) .
W B3 AUV RN AUV BRARZS 25 543

1 XM= M T R XS0, v, WS A
(A0

)

M) ] VM @) cosyM (D) ]
vy | [V ®)singM ()
X(t){X_Z(t)} MO IO 10)
X3(t) | | 3°(t) | | v)cosyS(t)
yo(t) | | vP()sing®(t)
v [ o)



74 TNRGHA %54

b, MO St A AR f R, T WL PE 5 B O

TR (0 150 F6 4 SRR T X B9 T £ AR i o o T

oz iz Sk A XS0, v, v e M o, _cosp dsing 0

iEﬂ‘J[X, Y, y/]To %[ﬁ?”*&ﬂédﬁ‘?é%%h”’fﬁ%s cosy dgn7 _dsin7

A R SRR IR IE M p, @, V1T, AT 2 (10) BT R 1 O=|-sing dcosp O (16)

Fikx, 0 0 siny
vScos(y — ) —VM cosg —-siny dcosy -—dcosy
S M 0 0 —cosy |

< ©

= Lsiny -p)-L—sinp-o™ | (11
P P

S M

SiEaa

— AR AR R G (12) s .
x=fo(X)+ () -u +--+ f,(X) -y,
{ y=h(x)
A, x=[xe, o, Xl KR GRS R
u=[uy, -, wl" NIZERGHE AR y=y., -,
yrl ' WIZR G R, T, ywehdx), k=1,
e m.
AEZR M R AL hi(X) T Fi(X)BY n [ Lie S50 0
L5 h09 =15 (LTh09) = VLT (9 - £ (%) (13)
X, fiQQ=[fie(¥), -, (1" VB EB FAT,
SRR N BB
A TUE Lie S50 X, #inl gy JE Lk
FR G LI P R e
O={VLi.;h(x), L=0-1-1
i,j=1-; k=1---m
USRS A R AR Y, U2 2R B0 2 SR i 5
REWLAY o T T 0 B (SOWN BB 2 i AR etk R G nY g
W, A TR, RN AUV ZEEEE Y
MHEHE BN h (0)=(1/2)-d*(t), X115 K (12)
MIE, WA

(12)

(14)

. T
£,(X) = [—COS(p,SIdﬂ,O}

f,(=[0,-1-1"

. T
f,(x) = {COS}/,%,O}
1:4()() = [01 0!1]T

K, y=¥-p. WIXRGEN 4 DoAY

ui=v™, u=e™, usmve, u=e®, WETEE IR

(15)

USR5 BE g A ug, U RTAT B0 UL PR
|}$ OV:

d 0 0 T

—cosp dsing 0
- cosy dsiny -dsiny
0 0 siny
Fe i, H e up Al ug, DUIAT A5 30 UL S
M O,0 X O MEELE OO, MEHE T /AT, "I LAIG 3
WTZEIE . T RO T R G002 Wiy,
OW£0, V40, oM=0®=0, [FEBHA AUV HiE
PRI, @VV£0, V20, TiiH o Hl 0°Hh
BN 0, HTEHE BT EY, B AUV
AL AT Has shf FEAHR], 305 ™1~ AUV 1)
Ml 2, W]t B ] Y R G AN RN Y, BT
DIV 1238 i bt 0 3K R s 3 s 0 o B2 DL S L
MEM AUV ZEIFEE A 0 ( FFM AUV i 8 &
G ) AR, ZRGEEATW
T, DIBARAR R T Y AEZ Mt R G A IS
S, e R GE LARR B AL a1/ 05 57 £ 4 Sy WL
I AT PR . AR BR R T AR Lt R G =X
(18)F1(19) 7K .

(17)

1 | Voeos(y®-¢°)
P |= isSin(l//s—(ps) (18)
P

J C()S

f,(x) = _cos(al’S - gos),O, OT
- . T (19)
fz(x){o,;gn(ws—gos),o}

2 AUVM 7E AUVERITTEI, A PR B R %
FrE A 2R = hy AT by 40 TR ITR -



51

SRIRERSE: —Fh L T AR R 1 2 AUV P [R] 005 58 0 5 v 75

hy(x) = \/(ps)2 H(P"Y + 205" cos(p° - o)

S S M o M

h(X) =y~ tan™ ,gs :‘OZZS - ,iM (S:'onsz)'\"
(20)
W, A RE S AP E A, By
DL @S A TR Ab i e £, 5 = (20)
AN P& SURTE . FHM AUV Z[a] B AR )7
L AAIN=C(20) ) hy 7R o FEF UL LB a] DL g
N7 AN (21) B s A SO R R
a
h h 3

O:[OR| O¢]:

X, MR RM RN a=pp" cos(p®-
o"); a=p>p"-sin(p™-"); bi=aulp®; b=—aup®; ci=
(h)fi—(ay) fr-ar-asfs 3 Co=(h)*(r®)*fray-asfi-
(@)%f, 5 cs=(h)*(brfr-byfy) 5  di=(h)%r3f-2
ay-by-f1—2a,-byf, do=—(hy)%r5f,—2a,-by-f1—
2aybyfa; da=(hy)* (apfo+ acfy), fil2kH fi(x)h
5 LA, f Rk LTI 2 o0
O Fl Oy 43 3) S H Xt B 785 ARIAR X6 T 7 £ 1) —F B
IURAE]

Kb, 4 AUVMTE AUVE ST, AHXFFE
B U X 5 62 A 2B hy A1 b WR s

hy(x) = \/(ps)z +(pM )2 +2p%p" cos(g°- ")

1 posing®—pMsing" o

M0 =m+tan pocosg® — pM cosp™
(22)
aa o nn
h h hy b
O=|04 O, |= 23
[0 0] 6o oo 4 od o)

A, MR RMEERX R a=ppM cos(p®-
o"); a=p®pM-sin(p°-o"); bi=anlp®; b=arp®; c1=
(hl)z'fl_(al)z'fl_al‘a2'f2; CZ=(hl)2'(rS)2'f2_al'aZ'fl_
(a)*fy 5 ca=(hy)*(byfa-byfy) 5 di=—(hy)*rSf-2
ay-by f1-2a,-by-fo; dy=(hy)?r>f; —2a5-by-f1—2a,-by-fo;

d3=—(h1)2‘ (ax-ftas-fi)o

i a6 2L (1) N (23) e A AT O E AT
AUV 2 [] {8 AR B S AR B, A R B O
AL, @2 = F0 - Z 18] B A X 5 6 £ A AR 1
AEXT 5 A5 A W - R AT, @ ERIF AUV
AL E AR, RGBT (AT AR
AIWE )o@ Y AH X B 28 AR 7 o AR AR R, &
GURAATIW A58 SHTT B A AR RIEIE T
M3 Hre—30n . g & HA7E R0, Al
NI e B o O D SR N R 5 R R VA P ORS Tig
AR I 8 R X L AR DR TR A

5 ETIMHBEHIHENR

R AR, R 3N AUV 32T
I G AT T UM E SR B R B, b T
AN [ A AR R XL %o ) S ARG B sl
TEREASBIh#E T, £ AUV B EZ K 324 mm, %
R BEOGET INS (LG EF B8 ) 22w s e
€=0.008°/h, Ay B 58 P o B T 9 K e AR e T
V =10 pug ). W5k B Ay 0.4%+4 mm/s ) DVL( £
WAL ). IR ZE<3m EEREN RE
( Global Positioning System, GPS) #ZUs#HL, M
AUV 1042k 200 mm, 35 #8508 B OELF 18 SOk
CFREME I T AR £=0.1°/h, A7 bt fn s B %
i V =500 pg ). MHKE ok 2%+150 mm/s 1Y) DVL
(ZEE R, BN IRZE<3m K GPS. Ml
IR E <O.2°MIRE T 3% M AUV F5 3002 402
TR H B RERR T fAfE B, AT LA E
R 7 (5 Ff LI o FH 00 2N AUV AR IR
BRI EE AR M R2E<0.1m,
i =4000 m. FH IR A =200, FEEH AUV
TE K T A T B 7K P 2 A8 I B 2R 49 1) 0 R ¢
2%, FT ATE K T e 26 e 2 G R e .
F AUV UL R DL I GPS il 45 21 14 il
WUE 3 Fron . ik b =AM AUV 1 GPS fif
B EIRZER/N, AL SRER O S, TEAH
FEH1E A Benchmark 8l o A58, B M AUV
H SO . AUV [ B T4LA S0



76 TNRGEHA

% 5%

HTHEGERNGS (RTHMALKER) hES
FOU B R 3 T B+ A A B B AR BE P IR T
IR 4 FPEIEE AT LR S, AR T RT
FREE R (ETHRARER ) BB F S
FIEE T 1B 85+ 07 6 AR A5 8 098 =X U ) S A B3 7 o
PN EE R E KGR . O T RERB 1S 5 Benchmark
Bds, AU SRR AUV LR AL TOK I
REfS 42 H) GPS {5 B A GE i 7 1R 2 o X A%t
FEATT 5% R ki3 25 1) 7 2 IR R R AU AF 5 v e
T

245995 GPS 51t 384T

24.5990
24.5985
24.5980

& 24.5975

& 245970
24.5965
24.5960
24.5955
24.5950

24.5945 ; ; : * !
102.843 102.844 102.845 102.846 102.847 102.848 102.849

ZHENC)
K3 3 AUV ik &
Fig. 3 Tracks of the master AUV

PS
S
3

P

A=

(o]

AW W BT [ RE 22 T4 25620 s (4
7.11h), & 3 J&H &5 % 1000 s i) Py i — Bei
W5 CUAEK AT, 3 AUV AL T INS/IDVL/GPS
HAEFAURE, FEKTAATH, 4F INSIDVL 41
B, K, AUV IRZAE F AUV
T 1 km ZE AT BRFERTHE, 3 AUV K FRLATEE, M
AUV WRBEHTTK FAAT. £ AUV FIA AUV
(AT FR R s R RS 7E 2.5 kn 24 . EIPE —
BOWA R GPS L, Wiel k& AUV KT
WiAT. & AUV B 7E S Bemt il ;N 2 505 B nK 4

(IR ARE R /) AE S (T ff ) iR .

A5 B oI — Bk B 350s MM
i, K 4 R\ AUV FE VR0 VIR /AR
fRlig B, MR MK, HAAE 0Kt
Wesho AT HERFRE TN, = AUV iR
fi—EHAEE, WK 5 PR, B 59, 0°45 360°
Z [6] Y BR AR 2 AT 1] £ Y 0°~360° 1) JE I M5 ke

B . ZMLI FAKEE INSIDVLIGPS 44 St (7K
M) 2 INSIDVL A S0 (KT iFBEAE],
AT .

50

— {iHm A

a0 f

30

1 1 1 1 1 1
0 50 100 150 200 250 300 350
[/

4 3 AUV I RIESE f
Fig. 4 Roll and pitch angles of the master AUV

400

30k VN [— A
300 - \
250}
S‘ézuo-
150}
100 -
507\
0 m 150 200 250 300 350

R [El/s

E5 AUV i
Fig. 5 Yaw angle of the master AUV

MAUV (IR R R S A 3. AR
SR FEO, ZE IR T 5P &
HIEE, X A B ESE T T30 A A
— B R, A BB B S AR TR,
ORI AT B T B i AN AT 0 R
TCRE AL AT DA Skt G B (B 18 1R R 2 A TR 25 1 R
PR AT EHE MR B S 5, AR S
T (30 WEN) . AR S R ZE A S, S
A IR IE S0 A7 ), 5% 2% 75 78 30, 30] X 8] (1 4%
=>090.7%, J%FELLIXEIMOHER< 0.3%, itk
AN Sk B 25 75 T X [R] 2 40 i 2 el 2 B (E
(B S (E ), Xt “3e HEN” 3% X (i=1, 2,---,



51

SRIRERSE: —Fh L T AR R 1 2 AUV P [R] 005 58 0 5 v 77

n) >k S5RGBT I ) 25 (B ( AT LU DVL DU 1Y
PREE . G RN AR L K E A R G Y
PR ROTAEE R ), FHZEMIME X, bR
25 o LI IR DL SE IR A AT 3o N2 X
e FLOEFR2E KT 3 A5 22 1 I 2 A 0 1
P, WA TR, RIRAT
Xy =|X; =X |>30 (24)
o BITFA A (ZERARX) T
n w2 n v \2
O-:\/iz;‘nx—il:\/g(Xinj](_ ) (25)
FAE M FBUE S BT R . “30 HEN” W]
DA Ty b 85 G 43 A 5
FEXT B U5 2 (=% 1E 1 FisX(15)
) ) B AUV B S EN AUV GELR R
& (F AUV FULFE IR AUV BLO R &) Z[E
I f. A 2 Mtk OmMA AUV Bt
FAU 2 N AUV % 28 2 5 B ) ) e f (%
S M IR 2 07 R G055 ); QMM AUV 53
AUV BfiimfmzZ 2. M AUV #ELREEE
AUV i B2 £ (IR 2 R A58 ) X A~
AT BT F] o AHIFF 3k S n £ 48 ) O ik D
AT . IEANETT Y 538, ASSEE TGS B
GPS. /K@M B4 . K il [ 1A% 5 1 i o F
TP HIIN o Y B 150 45 10 il H0 0 2 o A
B, EKF R B a5 i AN a4 D0 BEOHT o
F AUV 1) DVL 55 1 5 56 =5 B2 an 11 6 BT o

%0 [T
é — BRI
or i S e
60k U‘_'%u-i.; g
. 4 .‘,\"iﬁfﬁ'ﬁ‘*
ey
. 50 ¥4, A
B 40|
e
30|
20
10
1 1 1 1 L
0 50 100 150 200 250 300 350
fif /s

K6 F AUV [ DVL A B IR =
Fig. 6 Height from the lakebed measured by the DVL
of the master AUV

& 6 v, 301s AbfEE—EP{E, SLHT A
SR —EHE, 75 AUV (1) INS A& S
WAL B H R AR T XA E . DVL
I B E R, AUV LA SR E R e X
PEATISH B SR, ARSEA TR B, BR T MEBAZE
FJLANEE, DVL p9ill# 5 8 (AUV FE/K AT
18 ) 5 GPS Il #f5 B E-EAW) &, \RKIREAR
it 0.12mis, MRIE T INS/DVL & 44

7 BERRES E HE
Fig. 7 Photo of a magnetic compass
Bl 7 2 AUV $EE00 F 3 72 e % 5 o
Y IR R, HAZDARR T

(1) Jrfifa: D&y F-180°~+180°, 73 Hf
% 0.01°, K 0.2°;

(2) PR A . DU 6 8 -90°~+90° ( 0°~+
180°), 4r#E#% 0.01°, K5HEE+0.1°;

(3) BV D& F-180°~+180°, /¥
% 0.01°, K5HEr+0.1°,

FESAGRLR T, ERMN AUV RG] R G HD
MREERS AR P I R EE AR (P f iR AN
A, [RIEFEK T AR T GPS A% 1) B[]
5 FEP K vp ST R HE, BT DAPRIIE T 3 = B
) A, 36, INS BB B0 (IMU )
% BT R 3 5 ms, GPS 1 DVL FIfE% %
A s, ENMEE RS0 240s, FE/I AUV N INS
) IS K o 8 I i 114 ] 57 ] 0 R 3000 R ) A
539k 5 ms Al 1s, Ph[EFALHY EKF I8 % 1
(i) S 55 o] 300 0 3000 ST S 30 591k 1s Rl 240s,
M GPS L B 0y =5 B 25 o I PR )
R = uE I A HAEAT B[R] B HT S AT
o WE 3TTAL, £ AUV A SR R,
Bk LTS5 GPS SAGEE A . i AUV A5}
H S PESREFT DVL AOHRS B L 3= AUV #R % 1~2 4>



78 TNRGEHA

% 5%

B, FrUNMKREEDFESAET, A AUV 4l
B FMUENRE 2, WEE LPR.

AUV e AT 6 Fhs k(1) AUV
PEAT E RO HET . R RGP #5898 /5 1 DVL
AR BT HES . (2) AL AUV 1T H
F INS/DVL/I#EE FA A T M. RN AUV RIfH
KR GPS 5 2., A7 VR R 17
B, MAHETSEAE M, DAEBIESHMN
AUV KWK FHifTJC GPS 15 BT, (3) 1F

M AUV HE SRR L, R R IR LR R
N EKF AR AR Yo 1 0 e 0 A 0 ) S
WA C-EKFL, (4) RIS RRBIRR T EKF
RN L KRR Yo B 5 R X6 D o7 A 08 0 34845 i I
T, i8h C-EKF2, (5) FIHRALAR R T 1 EKF
AL A X B 00 I R AT U R SR, ek
P-EKF1, (6) FIFHMAAR R TR EKF BIRILL K
AFXE I 5 + AR 6 o7 Ff ORI i R A5 Wb IR e, i
h P-EKF2, B4 HMEE R IR 1,

#1 HHEY
Table1l Simulation results

ol 3
ik g 9408 (UBIIED)

12810s ( 1/2 iffa] ) 4

17080s ( 2/3 B[] ) iy 25620s (Z,5) I

iR2Im R2EIm PR2Im PR2Im
M AUV i {7 5 452.3 621.8 898.2 1251.3
M AUV 45T 389.5 585.6 841.8 1078.9
C-EKF1 221.3 274.5 310.8 621.1
~ 33530

C-EKF2 29.0 32.3 28.1 39.8
P-EKF1 158.9 191.1 182.4 391.5

P-EKF2 11.3 13.5 12.1 15.9

M AUV IHERR B M AUV 19 GPS
Bk S, BT, HAM AUV FEK A 2 3B A fE
TR ENIRZE RN 1 PR 4 4 SR 2
M AUV TEZKEMLAT I 2, 22 1 H iy AUV B
iR H KT GPS #Likk si+7/K T P-EKF2 3 [A] 5
BEEAERIN ., MR Lg R, AR
FIVAL A T AT B3 AR AT 15 22 I R[] 185 R A 4R A5
C-EKF1 SRR M A I A~ 15 22 I Biof [) 34 R B R0
A, HRRZER/MIRN T —E Ml . C-EKF2,
P-EKFL1 Ml P-EKF2 iX 3 Fi 51k 1 15 25 # A FEBE A
) G T, R S SRR RS . R
P-EKF2 53k ] LUK K sk ViR 2% .

DI B AR . 2 EFM AUV 4
BN LB S A LS, 53T AT Y
HAMBIRR T EKF B3k (C-EKFL) ML, 3
R T 1 + A X 7 A LN R R AR AR R T
R S (P-EKF2) IRFE M AUV A S0 E
PR ZE /N E 20m LAY,

6 & it

=A

PIFE T AT E 1 E N AUV SERE ST

X4, FIH AUV Biz 3l2e 5 f A I By
THRARFR R T B Up] ALY, Bt TR T EKF
1ML UE P A o RS TR B HLBh A T
1) AUV SERE . 5 BLADLA R ik . IORS B
PFWAE SN L. ETHEEENEs (it
THMARRR) BRSPEDL . ETEE+T
G BWES R SRR AT b, AT 3
THEEE B A=l (TR R ) VR MAE
i BETHEE R+ A A AR B 2 R S A
Jihb, R T RREARIR SR, AR R
T ENM GRS AR R, B
FIE R EHERT, EKF HEA T ) 53T iR 51 7
DEESHr . XA R ARG R TR T KR4 . WS &
S5 1) S B I MR RS T T b ] A R G RS . 4K
B BRUE T A SR AR, AEXTE SR A
AUV [ S AT e, ASCER I EA T
PLK R 2E0/N 2 1.27% (15.9m/ 1251.3m ), i3
THE B B 5 AL U [F] S 1 R 15 22 08l )
= 49.6% ( 621.1m/1251.3m ),

2 % X M

(1 FRE, 2y, FhR. ZETHEREAT AUV PR Aiimd A



51

SRIRERSE: —Fh L T AR R 1 2 AUV P [R] 005 58 0 5 v 79

(2]

(3]

(4]

(5]

(6]

(8]

(9]

[19]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

JEWFFE[]. i T2, 2018, 25(9): 1679-1685.

IheE. BT E B ML AUV B SAUFFE[D]. LFH: JLkH
T K2, 2018.

HER. FMKX AUV PRFRIE N EEBFE[D]. MRE: MHRE
TRER2:, 2019.

RIRE. Z AUV BRIV A A 2 7 45 [ D). WA R I
M IR TR K2, 2009.

ZEM A, XIBAZE, SRS2)N, 4. BRATTE XIS R £ A
FARTRATAR R SALLI. £= T2, 2011, 32(8): 1002-1007.
FooBilg, A WA Z [ K AT R s K IR B N
FABIEHIFR[). 55 T2k, 2012, 33(8): 1020-1024.

XUBAZE, sk, skar)il. FERE T FEFE Rz AUV
PHRENTIE[T). 5 5 P9k, 2011, 26(11): 1632-1636.
TN, BREER, XIBAZE. FFBUKVTHIN L H 2K TR T8
STk RS TR S5HFHA, 2011, 33(7):
1603-1606.

eI, IRERS, XIHIZE, . RTBIKELNEZ AUV
PESALT]. HLES A, 2009, 31(6): 581-585.

AR, R, N4, 4R ERTTOKFBEER M Z UuV hEE
PEEY. RETRESHFHEAR, 2014, 36(3): 539-545.

g, MABR, kAl % EFER TME UV HEENL
— U TN 9 S BB R[], HLAR A, 2011, 33(2):
161-168.

A, L, X, . —FIE TR AUV HiZRiZ D)
RETF B2 Jr ¥k . b E, 201410195910.X[P].
2014-05-19.

Safaei A, Mahyuddin M N. Adaptive cooperative localization
using relative position estimation for networked systems with
minimum number of communication links[J]. |IEEE Access,
2019, 7: 32368-32382.

PR, ARG, AR, FEIEN SR N R SRS e
PrfsE iR, TEARGHA, 2020, 3(4): 8-14.

KR, FUARE, 2. 208 ARSI ARZGR[T. A
RY R, 2021, 4(3): 1-8.

iz, skocus, MBI, F. o mmAK N EREER
USV&UUV FaBAEMRIBIERLRI[. TEARGHA, 2021, 4(2):
40-46.

Bk, B JCAAT R AN PEAR DT[] B R
GiFAR, 2020, 3(2): 37-42.

TARY, SKIUH, HEM, 5. T RGBS RN AR
[T, TARGHAR, 2021, 4(4): 14-21.

fIER, ZR—, Thl. BEUE . JCARGEHEAR LA H
FaH[Y. TARGHAR, 2021, 4(1): 1-13.

TR, GEIERE, FA06. m AT S AT A TEAPLENR L

[21]

[22]

(23]

[24]

[29]

[26]

[27]

(28]

[29]

BEPFAG[]. CARGHAR, 2021, 4(1): 62-70.

2. ML AHLTC AP FRIVE T E & R, 6
ARGHAR, 2019, 2(3): 83-90.

TR, o, A, TR TR AUV A SN
[3. HLESA, 2011, 34(1): 78-83.

BH, Bz, s BT R R AUV KR Y
IV SHUTELT. TTARGHEA, 2020, 3(1): 48-54.

JutbAR, T, ARER, 4. ETHE TR ENEE S IR 2T
FL[Y. RE TSR THA, 2021, 43(2): 499-507.

Ay, KR, JEEA, 2 T M ASHHINZ VOV B EE R
L] ARRLERAR, 2020, 42(4): 123-126, 130.

XUBHZE, R, kimd, 5. —FhEETI0l R IR 2B
UUV BrREN TR, fad R, 2011, 19(3): 205-208.
Wl VR, SRE, % T —HRSMITRPr 24h
IR B B IRk 7R, 107064875, A[P]. 2017-03-31.
W, INRE, BET, F —METR/N RN
MBI TE:: FFE, 107092780. A[P]. 2017-08-25.

Ffs, X, R ETEHE L AUV BESH RS
AL PE AT [T RS TR S BT8R, 2013, 35(11):
2370-2375.

(RN

IKVRER (1983-), B, ti+, FI#EZ,
FEMITF A AUV K FHE ST E
A

£
m

T % (1989-), B, mit, TR,
WG b gE A SRS .

% (1981-), B, ft, RAl#EdR,
EBWFT RN RS REAA . 230
NZ G AR o A SGEFEE

A (1979-), B, 4+, BlHE,
FEFFRATI R AUV KT AW H 5 S
WA

32 = (1988-), %, mit, TN,
TSI AUV B TC ANl HoAR .

2o @ 10 ED



B 5 5% 1M TANBRHEHRAK Vol5  Nol
20224 2 A Unmanned Systems Technology February 2022

[5IAEX] BRI, #HH, Eda, T ETFLHHF RN KELAMIKZEMmE T R[] EAREHA, 2022, 5(1):
80-87.

ETF WA ENKELT AEUNSREMET A

R, S, EEH, RIHF, BBTF
(P ES AR T R 5 TREIFFTBE , dEET 100094 )

M E: KA S MR ALE N B EERMAE , BEE AT 558 . T RIALES . 5B R AT
A, B FMESS, AR EHGKGE . WIS R ROK TR S . BT KTE T XS T AR EOR B
KU T RE 88 A2 S il 2 i, 765000 % 20 P R EAT 7840 A, 42 HE — Rl 12 S 07 LA /K T TG
NFED X R G 7, DR G T ol e R B AT AT S5 R s 6 L A E A5 S AL B 45 21 R A T 4T
%75, VKK BT ML A ORI | AT 5 EmBmlas, A nTHr . P ket 5 m
T, HEELEEFM TGS T REE, JF R M B4R T D ) 2 e f T I
FABIECT H . MR E T H . MR A . PR TR, eI R AR . 5 SRR AR S
AL ST LN R SRR S I B T A IR ROCR IR R IR ROR

KRR KETLNME; PiEIIK RS (RS EmBUE;  (ESIReNHA g, R, 24
LERUIEES

hES%ES: V279 XERFRIZES: A YEHRES: 2096-5915(2022)01-80-08

DOI: 10.19942/j.issn.2096-5915.2022.1.009

Construction Method of Unmanned Surface Vessel Test System Based on
Hardware-in-the-loop Simulation

XU Fengchi, XIE Yangliu, DONG Jielin, SONG Shengnan, LUO Fuyu
(CSSC System Engineering Research Institute, Beijing 100094, China)

Abstract: The unmanned surface vessel is a new type of unmanned combat ship, which can accomplish many
tasks, such as alert patrol, reconnaissance and surveillance, anti-submarine and anti-mine, by task setting, pre-planning
route and carrying different task loads. Due to the high requirement of working environment for unmanned surface ves-
sel, in order to be able to carry out full testing under laboratory conditions before the real craft is tested at sea, in this
paper, a test system for unmanned surface vessel based on semi-physical simulation is presented. The test system is
based on a navigation mission system which is composed of area shore-based navigation mission command and control
console and information processing equipment on board, and by using the simulated unmanned craft integrated naviga-
tion simulator, mission load simulator, and test tools such as reliability and safety protection performance test, the test
case operating environment under laboratory conditions is set up, a test case generation tool, a test case classification
and storage tool, atest case extraction tool, atest environment configuration tool, atest data analysis and evaluation tool
are developed. The results show that the hardware-in-the-loop simulation test system constructed in this paper can
achieve the test effect and improve the test efficiency.

Key words: Unmanned Surface Vessel ; Simulation Test System; Task Load Simulator ; Task Function Test Scenario
Construction; Reliability Testing; Safety Testing
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Resear ch on Cooper ative Control of Surface Unmanned System Platform

ZHU Pengxiang™?, LI Peizheng®, MA Sainan®, LUO Caofei®, MA Yong"?

(2. School of Navigation, Wuhan University of Technology, Wuhan 430063, China; 2. Hubei Key Laboratory of Inland Shipping Technology,
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Abstract: Aiming at the problem that Enteromorpha prolific in Qingdao and other sea areas, the cooperative con-
trol strategy of double unmanned boat system composed of two surface unmanned boats flexibly connected by floating
rope is studied. Enteromorpha proliferais cleaned and towed to the coast by double unmanned boat system. A three de-
gree of freedom dynamic model of underactuated unmanned boat is established by considering the dynamics of un-
manned boat, the moment of floating rope and the interference moment caused by water flow; A distance based coopera-
tive control strategy including formation and tracking modes is proposed. During the operation of the double unmanned
boat system, the appropriate cooperation mode is selected intelligently in combination with the force and distance rela-
tionship of the system. Compared with other similar control strategies, the stability of the control strategy in this paper is
significantly improved and has a certain anti-interference ability. The simulation results show that the dual unmanned
boat cooperative control system can win the task of Enteromorpha prolifera cleaning, which proves the effectiveness of

the above control strategy.

Key words: Enteromorpha Prolifera; Surface Unmanned Boat; Collaborative Control; Target Rounding Up; Two
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