hERS: YIEY N R

2024 5= £ 54 % 55 6 Hi: 264511

ChERE ) Atk

SCIENTIA SINICA Physica, Mechanica & Astronomica

it X

EIARIRYE h B9 15 (8] &

physcn.scichina.com SCIENCE CHINA PRESS

NSRS B AR I S RER

TR EHEL ART I kA, 25 2EH

L R TR LR %0, B 200093;

2. T ByE RIE TRER =0 R L, 5 266071;
3. MRV TR KA AN TR 24P, M /RIE 150001;
4. BUH BT RHE RS B TE B0, A 310018
*Ik R N, E-mail: grli@hrbeu.edu.cn

WA H39: 2023-09-21; 4352 H: 2023-11-07; RIZE H R H 3 2024-05-28
F X E RIS (GRS 12102398, 12172226)% B H

HE REFRRLAERENET. BEWZLFIBREERFEA, TRERRHKERH, AKX TREMESE
i H s B AR, AR SCRAT T — A0 T3000 mAKR By B £ 7w IR, 28 Sl 3 f e B AR R TR B R B P SR
PR mAJE BE R, 5K e & B NAPETH 8% f LA A A&, AXF A TGRANL T ZHER T #
R R FIEEAR, FHATENF, A FEELN. WO, AR E KRB 6 BB, BD EREE
HUEAS . &5, BEHEXLRBIMET RR/ BT 7 ROTTE. ZEBERERD. B FRER, 7T %
PREGREANENE R, 7T AN ARG A5 A L AR GLHT 77 &

XgE  REER, BELN, B FEE, RE BT

PACS: 07.07.Tw, 45.20.da, 45.20.dc, 45.40.Bb, 85.70.-w

il

1 35l

it 5 5 T A 1) 2 1 DA o 2t R I B L 114
I ETT R, TR SR R R ORI T (AT 7T A
sl TR A A R MK ), ARSI 3
NPVEEE A BAEAME RS, SEHLE N A
W HARUBK HARE, AME 5 AR DUAR ST Hh i
N, IF Bt & 5, BB BONE %, WY RS
EAh, PRAHLAE AR RGR 2 R AR e e, &
AP S S A Y, (B AR S IR A

VI B AR, R A L AR SRk
. FIRE, HRK R LR AR . AR 5
M AP RS T SRR ER 2R B T S
S Fr RSN B A R T UL, DU
PR MUK N R ARE T 617, ARSFEFI
TR FHLENFE VLI A I (R R W R
PEAE T /K FHLES A SZHLE £ e

W, ANEK R LSS A B TR 1, S2EL h g
B, T H T R SR A R AT K R AR,
R TAE IR 1E £ P B R Oc L Ih B, TREREAE

SIRME: T, GRUHE, SINT, . LRI [ 3mSR AR R . R M 0% RO, 2024, 54: 264511
Wang S L, Hou J H, Yu D W, et al. Dynamic modeling and anti-roll design of an autonomous, small-scaled module for height control in deep sea (in
Chinese). Sci Sin-Phys Mech Astron, 2024, 54: 264511, doi: 10.1360/SSPMA-2023-0347

©2024 (HEMFE) FiEH

www.scichina.com


https://doi.org/10.1360/SSPMA-2023-0347
www.scichina.com
physcn.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/SSPMA-2023-0347&amp;domain=pdf&amp;date_stamp=2024-01-17

FAPSE. FEEE WEY J0E RO 2024 F 54 o

(REE. TR, BEb b B I T R R N RUK T HLES
NIl TAER & LE KR, BRETZOIEANR
HTE, IR A A .

TRIZ P K R AT R 7 ot A r ) 2 B R
5%, B AT AW IRIAT 2R e 7E /K RS HE v B A B AT
PRk, HAHT, KEKFRUAT 8% IR H A8k
A, X MATAHE T K H AR VE )] R i (Variable Buoy-
ancy System, VBS)'HETVE AT, Hrh, AR RN
VBSIE I SO HE K AR T, AR R #a0VBS
AT AR E R ERME, ST SR R E
O E, ISR TT 7.

SR, K2 BN K RLAT 5% I TR P 5 X e e
HESEE, BTIEAZIREE R L. WA B T %k
Katzschmann2§ A58 1598 K KHLRN AL 6 2835 /)
FEHI R G(BCU) H B IR, BCUKERAH A —
AN B B8 BRI TR e P AT 8%, IR ) & R
HiZ AT B RE BN 2, DA R SEHLIF S A A 4
IR Zuos N i@ T TR AM- &R EAH
BHIPMOC) RS 1)V S35 8, 383 Xt 12 Ho A R it o e
JE 7= AR ARV SR TR ML AR f 1077 0. e R 2
Berlinger&s \ U250 Y1 25 P8l 04T B3 0 45 T 0 A Ik 2,
T I OR AN AT A £ Y B SR S IR A ) Th R

ZE LRTR, B BN KR HL#S TR FE ) 3 22
OF N IRERI RS AR vk, o, R s
AR K R LSS N AR FRAR KR Y, AT DA S
FEOIOR AR SRR, B @ K AR Sk
M SEBARFAR AL, BhAs 4] 3 2@ i pLes A 2
F RS ), DR LAt R A e sz B R
e, ZaEil T LA N sl — e
K. BRAh, T LR 0 A AR A A s T,
OX B 66 7= A ) S A 0 AT S B IR B s |

KA T —HAREA . AMERR, 5 HIAE
H 3 € A, HTIREK 3000 miRZR. 5 RKZH0)N
RUKTIHLEE A R BB ER R A, FRAT1R A EoLl
FEIRRERARTE TR 1 IR 0%, DKl H Rk 28 P i 5 A /N Ak
IRV EE1ES), DAIRME RIS 7], Bl &MiAT
B E B RMOEF IR AT S R A E. 2GS
T EL T R A T e A R R S R L TR U v K
JEHIERL, AEfE3S MPalfiim & R TAE, &Rz
FE+5 em, RINSZHL T /N R AL B AN B IR SR
1) 72 B Th RE.

2 ESERIET
2.1 RITERIE

X F K R LA AR, M T, o AR 7
S K A 0 AR A 78, T DA S R R
B SN A, T e IR . S5 M T
FEESE ARSI LR N B RSN XK
i WLBhE L g Y HoE w1
R, WNENREE RO T A, kb )
TSI A R B . SRS K R AT e R
FARMIIEIT ST, (RS 5 IE N IR DU 2
S, IR E R, R IRE), HUAT R IR
SO L, i R R, IS E NS, Dtk
P IUAT B 70K R I8 52 e B LA

AN 1 R T i DL R DY AN B AR
TR PE L PE AT 28 . 8w bl s R AR . 0 M) B
SRR YR, WAL BT SSRGS, LR P N ENR R, 4
50 AR TG R A T e 2 B S AN VTR
WFLALS B, 8T 5 BRI, PIANRERO FRARIL,
FEAEPET IS8 I Fr (), B 75 7% iR e, 4
N TG JES JRE [V I, 75 A F A5 B 1 0 I3 [
g, B2 . (A R, T2 DB R G,
T VR N 5 2 P v 0 1, B0 ) R
ST, 247 2% ) (R RS 2 BRI B BRI, 7 D26
P 2 (R T B SRR, RIS BE M 1 A
MFAZN, 4 A BT I, A R 7 43, B
I SIS B8 B K [ 3 2

2.2 FRHEIME

T4 24 el i 9 B 3D HE 4T ER il B, AH EE T BRRE Jie
PG = e T AN 5 AT, AR T 2 Bl A & i e,
SR A SR, R RS R BETE, TR VIE S M
40°, FH KPR i35 68 iR IR 200, X 2B #EEIK
TIEBNFE AR, A RE SEEE KA AR RS, R
4% B0 A B AT DA LE T 6 B 4 e . H T 2 P 1Y) DX BT
I B e R IB B R, 2R I B B R AT A%
(PIAHE D7, ELIE R /DN 28 ) [ 250 5 i) 28 P 36 HE 7= 2B
WK/ EERZE, AT EAr 2 RS ED, AR
TRIE—E IEEfRE /). EBLATHE T, WELBIMEN
13.4 mm, 28 EEN5.5 mm, WA N9.2 mm, 445N
0.18 mm, FL[HA8.2 Q, M A3 1200, P I AL

264511-2



FAPSE. FEEE WEY J0E RO 2024 F 54 o

(a) [ —

AEnE | EEER |esiES [mumz |FEEAZEM
eme [P #A MERITS ERHE
T RN IEE WA
NE SRS
N3
" FEF;@]
(©)

\ PETHgEE PETZ 88

ﬁ'ﬁgﬁgwﬁ@ I’I‘
R4S YL
I: ey BB
I I%‘EH
|
—~l__ sr

=280
: - /EJ - /
R ; %E

ERUER

magrg@z:"\ B

B 1 (LR ) E B BT . (a) LARBRLRIRL, (b) BIRZERA; (o) MLk I8 S AT S 4L I

Figure 1 (Color online) Design drawing of height control module. (a) Work roadmap; (b) module composition diagram; (c) composition diagram of

magnetic coil flexible actuator.
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Figure 2 (Color online) High speed camera captures roll motion. (a)
Experimental scenarios; (b) roll angle analysis.
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Figure 3 (Color online) Schematic diagram of coordinate system.
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Figure 4 (Color online) Height variation of motion under a single cycle.
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Figure 5 (Color online) Underwater height at different frequencies. (a) 2.08-2.75 Hz; (b) 3.13-4.52 Hz.
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Figure 6 (Color online) Rolling motion information at different frequencies. (a) Roll angle; (b) roll angular velocity; (c) roll angular acceleration.
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Figure 7 (Color online) Amplitude frequency response of roll angle.
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Figure 8 (Color online) Magnetic field simulation analysis.
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Figure 9 (Color online) Relation between magnetic force and motion
angle.

I DU e M- P B2 0T B 0 22 T RE BEAT SR, 15
SR BUEAR S DB AT LE I B 1T FTs.

H PR R, K SRR A £ i 25 6 00 5 114 i 7 45
RAEA B — Bk, EWMAES —ERRE, £
I 93.13 Helt, 45 RECHHER

4.4 RBIEEENIH

N T I R X 2 AR AR, AT E A
BRITIRE T RE veit, MRS, B —xt

45.0

225

0.0

6 (deg)

=225

450 ' : : :
00 05 10 15 20 25

t(s)
B 10 (4R ) & 5 L

Figure 10 (Color online) Curve fitting comparison.
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G —0.0528 N mm/deg’
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Figure 11 (Color online) Comparison between numerical solution of Runge-Kutta method and measured roll angular displacement. (a) 3.08 Hz; (b)

3.13 Hz; (c) 4.15 Hz.
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Figure 12 (Color online) The underwater height at different frequencies when installing anti roll fins. (a) 2.08-2.75 Hz; (b) 3.13—4.52 Hz.
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Figure 13 (Color online) Equipment of high pressure test.
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Dynamic modeling and anti-roll design of an autonomous,
small-scaled module for height control in deep sea

WANG ShenLong', HOU JinHui', YU DaiWei', SHEN Peng’, ZHANG ZhiHan’,
LI Hai' & LI GuoRui™"

' School of Mechanical Engineering, University of Shanghai for Science and Technology, Shanghai 200093, China;
2 Qingdao Innovation and Development Base, Harbin Engineering University, Qingdao 266071, China;
} College of Shipbuilding Engineering, Harbin Engineering University, Harbin 150001, China;
* School of Electronics and Information, Hangzhou Dianzi University, Hangzhou 310018, China
*Corresponding author (email: grli@hrbeu.edu.cn)

Deep-sea intelligent equipment is crucial in deep-sea scientific research, national defense and security, and other fields.
Owing to the extreme hydrostatic pressure in the deep sea, the manipulation and attitude control of deep-sea robots
remain challenging tasks. In this paper, we design an autonomous height-control module which can operate at a depth of
3000 m. To adapt to the extreme hydrotatic pressure, the electronics and circuits are integrated in a silicone matrix.
What’s more, an electromagnetic-driven, dorsal fin made of PET materials is employed to drive and achieve dynamic
height control. We analyze the roll phenomenon of this machine using a high-speed camera and dynamic modeling
analyses. In addition, the roll and maneuverability of this module are optimized by integrating a pair of pectoral fins with
well designed shape. Finally, the feasibility of the height-control design is verified through high-pressure experiments.
This small-scaled and lightweight height-control module can be easily integrated into deep-sea equipment and robots,
which can offer a novel method for the attitude control of miniaturized deep-sea robots.

deep-sea height control, roll analysis, dynamic modelling, anti-rolling design
PACS: 07.07.Tw, 45.20.da, 45.20.dc, 45.40.Bb, 85.70.-w
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