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An Average Propulsive Speed Control Method for a Robotic Dolphin with
Wave Velocity Propulsion

REN Guang' DAI Ya-Ping! CAO Zhi-Qiang?® SHEN Fei®

Abstract By analysis of dolphin’s propulsion characteristics, a speed-velocity matching method and an engineering
speed-velocity matching equation (SVME) are proposed to describe the relation between the average propulsive speed
and the body wave velocity. Furthermore, driving methods using the speed-velocity matching coefficient (SVMC) are
put forward to realize the average speed control of the robotic dolphin. Firstly, the sinusoidal body wave created by the
swimming dolphin is analyzed. The corresponding relation between the average propulsive speed and the wave velocity
is determined, and the SVMC and the SVME are defined. Then, taking a three-joint caudal fin robotic dolphin as an
example, a mathematical relation between the average propulsive speed and the dolphin’s body wave velocity is determined
based on the speed-velocity matching characteristics. Finally, according to the distribution of the SVMCs, an open-loop
control method and a self-tuning control method are designed by using a partition linearization policy. The SVMC is
taken as a feature data and used to drive the robotic dolphin’s swimming, as well as to effectively realize the average speed
control. The experimental results show a strict matching relation between the average propulsive speed and the dolphin’s

body wave velocity, and that the average speed control method using the SVMC is feasible.
Key words Robotic dolphin, dolphin’s body wave, speed-velocity matching coefficient (SVMC), speed-velocity matching
equation (SVME), average propulsive speed, self-tuning control
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Fig.1 The swing waveform of robotic dolphin’s tail
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MHEEHANIE, A e(n+1)—e(n) <0, Bl e(n+1)
< e(n). XULEHGEZE HE R, H Y c(n) = ¢o B,
Vi(n) = Vg, W, AF 07

Il_l)rfooe(n) =0 (27)

HVQA) < Vg I, wmzERAL X (19) W,
c(1) < ¢(0), c¢(n) B, B c(n) < c(n—1). [
R, B R, TR (27). O

Ml Rk, 20 (15). X (16) fak (17) 4
ARG R —RARIEERIRSG. A, BT X AL
HEREAE RS IN, HSEM R T B4R
S S HLH, A AR I AT R R AT H s SR B 4 R R
RAATIEAC: S R G S 27 S I R 4. A
b, ARG STHR [20—21], EATE ARG IS S
LA E X, BN RGEGEAE LRI 21T A4S
Fra BB A E X, BIOH 2135 o(n)
AN AL S IR K

4 SLIG

VTP 5 RE R] BLHI R SR B HL A i K, i 2
UNIVERS RGN NER - 37 O N AN S % AN E
WA, SRy =D BRIEAT: 1) B
HREAT 73X, 53 10 AN T8] A5 R 38 2 DG P 28 204
B NSRBI L ORIy S N A
2) BEXS 4 E I H AR 2, 385 DX T) e P A e BROR 1

SE O] IO PR R DG E 3R O, R AT AR T R UL &R 4
()T IRl 3) UL DX TH) 2 A pR B3R A5 1 3k B2 DL
REUENENWIUAE, R AR IEEE 77, DR
SR R NS BryVE s (b 7 ekl P IS B vl B ativl]
HERE SRR BT X B
4.1 [Xi8)iRE LA REHHR

X 3 4 i XA T, — WL 28I K

KPAT B L SLLG. ML K B S BRS80S
Bz 1 .

F 1 YA B SE SR S5
Table 1 Physical and experimental parameters of

robotic dolphin

SRS W

K x 98 X & 80cm X 36cm X 24cm

IR R 9.2kg
KA H= 3
KA 0.1m
bR EVIEN Wireless
TSN Ultrasonic
AABLZE 1 w/12
AABLZE o /12
W 25 5m

765 KINEE BN R U sh K 3 Wk, SRICTFYY
Wshiha]. K6 45 H T HLaS K IR BN B 3 £k 9 i

MESRAFUEsh N ) 5, PE=C (8) F1xk (10), +F
FAFR Sy X85, Wisk 2 s,

®2 PPHER

Table 2  Identification results
XA A5 4 fi v; Vi Ci
1 0.28 0.672 0.02 0.03
2 0.56 1.344 0.05 0.037
3 0.84 2.016 0.1 0.05
4 1.12 2.688 0.16 0.06
5 1.4 3.36 0.22 0.065
6 1.68 4.032 0.28 0.07
7 1.96 4.704 0.34 0.072
8 2.24 5.376 0.4 0.074
9 2.52 6.048 0.36 0.06
10 2.8 6.72 0.28 0.04
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(a) MLESIEIK ISP
(a) Dolphin phototype

(b) BZAFIN I
(b) Offline identification scene
K6 HLEsi KL RS
Fig.6 Offline identification experiment of robotic dolphin
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1) FFERFE
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B6 R T 208, B, ¢ h0.07, ciy K 0.072, V
H900.28, Vigq M 0.34. MKHnaR 1 H A4 25 FOC T
KRE, &G R UL e R T & e 2 (11), THE
(X

cq = 0.0707 (28)

AR (12) A (8), ThSEAH [ i ORI E )

v =4.2433 (29)
f=1.768 (30)

K F RSV TRC 2248 0.0707 ML 10 &, Wl

W A 6 Fron. SRAIN TI7 i i i, il
HEEARWE 7 Pros.

0.325
0.32r
0315

2 3 4 5 6 7 8 9 10
Number
K7 HARERE 0.3m/s WXL R
Fig.7 The measured results for the speed
target of 0.3m/s

B 425 11 52 5 2 1, 3 UG R 2 50T LA ok
AL I AREE ). T H, I T WTLLE ),
U 22 ik T H AR 0.3 m /s, 3 42T FEE T
A IR /.

2) FIRIES ]

TFER4 A 46 45 22, B ISR 4 Tk DU A
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WA (L R T UL I R ML RS . K2R 2
ARG, FRELL 0.3 m /s SFRIME Y H AR, Bl
HLAE RIS 5 FRLET  R Gl

AR 1 sP KA 22 RSG5 K, e DUy
T (10) AUt (8) 11’5y

V(n) = c(n)v(n) (31)
v(n) = 2.4f(n) (32)
X [A] 1Z$5 2
¢(0) = 0.0707 (33)
R R 2 T R
e(n)=V(n)—0.3 (34)
SRR R
c(n) = e(n—1) + %e(n) (35)
H, B2 p=0.9. ARIEE:
v(in+1) = % (36)

Vin) = {0.3, V(n) <0.28 H V(n) > 0.34
T\, 028 <vn) <034

(37)
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5K 9 (a) XN, K 9(b) 45 T EULAL R %L
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B S DA T S .

0.35
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Fig.9 The average speed value and the corresponding
SVMC
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Fig.10 The contrast between the open-loop driven and
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the self-tuning control

Xt L R, A IE 7 1 e SE et S L H
e B A2, O RE T I SR DR A 34 (E KR AT SE RS
T R T B2 UG P 2R

5 it

ASCRIRFAESRIOT V5, TR0 T AWt 1 3
I BT 2 L EE SR PR AR A i, 5 SC T T B DL S
R I B R VLT RE. AR A, DA =Sk
HERLESHE RO B, PEARBIETT T LU R DL E 2R 20K 8
I HERE R VA RIE AR, 20 59 SR T R 42 AT AR
IEFE VAR HLAS K H b SRt . Aok
S, U R X Z A i, DR e A7 8
VCHC 28 K0 fE, A X )8 6 25 HE AL A T K BIR i 7 5
A BRXIIEAT; S5, vt Hde L g At LA
I A T IR (0 B A S REAT R 98, ook I R
WHEREAT DR BR A, 08 A AR B R LA #40s
7. SEERR ], VLN AR Hon] LUK UKL sl A
187y, AR X TR R bR _ESRAS TR,

AW FEE TR 1) R T TTE R
(SVMC) F#FEVLR T #E (SVME), filiid T ¢ K
Iy ) T BERFAE, D R R A SR O T R R A KA
BLAth; 2) BEUE TR VUG AR K K sh i T R 4,
FFSEDL T TT IR AL T 00 X AEAL K A BIESE ],
A T P A e A Ty — SR Al e i, Oy L i
KPS P BRI T AR, RRIBEST AT
BRI XS HLES I IR AR D S HERE R R R
BEATIRABIE ST, DA SR AT AN [R] 0 AR AL (1 L A5 1 X
I SRR 22 SR BT I s P 5%, de R
VCTC 28 2O S WL KR E, B P AT PR 1 1
AT A TR RESE.

References

1 Magnuson J J. Locomotion by scombroid fishes: hydrome-
chanics, morphology and behavior. Fish Physiology. New
York: Academic Press, 1978, 7: 239—313

2 Lighthill M J. Aquatic animal propulsion of high hydrome-
chanical efficiency. Journal of Fluid Mechanics, 1970, 44(2):
265—301

3 Fish F E. Influence of hydrodynamic — design and propul-
sive mode on mammalian swimming energetics. Australian

Journal of Zoology, 1993, 42(1): 79—101

4 Fish F E. Comparative kinematics and hydrodynamics of
odontocete cetaceans: morphological and ecological corre-
lates with swimming performance. Journal of Experimental
Biology, 1998, 201: 2867—2877

5 Semyonov B N, Babenko V V, Kayan V P. Experimental
study of some peculiaritites of dolphins’ swimming hydro-
dynamic. Bionika, 1974, 8: 23—31

6 Romanenko E V. Fish and Dolphin Swimming. Moscow:
Pensoft, 2002.

7 Shen Fei, Cao Zhi-Qiang, Xu De, Zhou Chao. A dynamic
model of robotic dolphin based on Kane method and its
speed optimization method. Acta Automatica Sinica, 2012,
38(8): 1247—1256
(L%, K, R . 35T Kane JiikiINLESEIKS) ) 27 @A
RO PER AT . AR, 2012, 38(8): 1247—1256)

8 Nakashima M, Ono K. A simple calculation method to an-
alyze the dynamics of carangiform propulsion. In: Proceed-
ings of the 11th International Symposium on UUS Technol-
ogy. AUSI, 1999. 320—329

9 Weihs D. The hydrodynamics of dolphin drafting. Journal
of Biology, 2004, 3(2): 8—8

10 Niiler P P, White H J. Note on the swimming deceleration
of a dolphin. Journal of Fluid Mechanics, 1969, 38(3): 613—
617

11 Zhou C, Cao Z Q, Wang S, Tan M. The design, modelling
and implementation of a miniature biomimetic robotic fish.
International Journal of Robotics and Automation, 2010,
25(3): 210—216

12 Yu J Z, Liu L Z, Tan M. Three-dimensional dynamic mod-
elling of robotic fish: simulations and experiments. Trans-
actions of the Institute of Measurement and Control, 2008,
30(3—4): 239—258



1744 H ]|

e

41 %

13

14

15

16

17

18

19

20

21

Wang Ming, Yu Jun-Zhi, Tan Min, Wang Hui-Dong, Li
Cheng-Dong. CPG-based multi-modal swimming control for
robotic dolphin. Acta Automatica Sinica, 2014, 40(9): 1933
—1941

(W], MRk, W, FaK, FHk. ILEHRKZ &S CPG
el AR, 2014, 40(9): 1933—1941)

Nakashima M, Tsubaki T, Ono K. Three-dimensional move-
ment in water of the dolphin robot-control between two po-
sitions by roll and pitch combination. Journal of Robotics
and Mechatronics, 2006, 18(3): 347—355

YuJZ,HuY H, Fan R F, Wang L, Huo J Y. Construction
and control of biomimetic robotic dolphin. In: Proceedings
of the 2006 IEEE International Conference on Robotics and
Automation. Orlando, Florida: IEEE, 2006. 2311—2316

Yu J Z, Su Z S, Wang M, Tan M, Zhang J W. Control of
yaw and pitch maneuvers of a multilink dolphin robot. IEEE
Transactions on Robotics, 2012, 28(2): 318—329

Wang M, Yu J Z, Tan M, Zhang J W. Design and im-
plementation of a novel CPG-based locomotion controller
for robotic dolphin. In: Proceedings of the 8th World
Congress on Intelligent Control and Automation. Jinan,
China: IEEE, 2010. 1611—-1616

Shen F, Cao Z Q, Zhou C, Xu D, Gu N. Depth control for
robotic dolphin based on fuzzy PID control. International
Journal of Offshore and Polar Engineering, 2013, 23(3): 166
—171

Yu J Z, Hu Y H, Fan R F, Wang L, Huo J Y. Mechanical
design and motion control of a biomimetic robotic dolphin.
Advanced Robotics, 2007, 21(3—4): 499—513

Hou Zhong-Sheng, Xu Jian-Xin. On data-driven control the-
ory: the state of the art and perspective. Acta Automatica
Sinica, 2009, 35(6): 650—667

(8, ViEURT. B SR sl 2 B 18 RO VA M BB R . A 3k
24k, 2009, 35(6): 650—667)

Sun Ming-Xuan, Wang Dan-Wei, Chen Peng-Nian. The
repetitive learning control of nonlinear system for limited
interval. Science in China Series E: Technological Sciences,
2009, 38(1): 1-10

(PhUIETF, EHBLE, BRzaE. AR ARZME RGN ER = 13, o
MR B 5ERME, 2009, 38(1): 1-10)

'

tion control of robot. Corresponding author of this paper.)

[Eb A S R AN SRR A AL
WEgEAs. EEWTSTT 0 A HLas Nz )2
R IE s P ASCRAEE

E-mail: renguan1979@sina.com

(REN Guang Ph.D. candidate at
the School of Automation, Beijing In-
stitute of Technology. His research in-
terest covers dynamic model and mo-

0| | 7 BN E R R U6
T EWETUIT R LS H bR ERER, 3T
DT REFE ], AR KA R f.
E-mail: daiyaping@bit.edu.cn

(DAI Ya-Ping  Professor at the
School of Automation, Beijing Institute
of Technology. Her research interest
covers motion target tracking, network-

based remote control, and multi-sensor data fusion.)

RS hE BB A S TS T R T
AR 0 WL P E IR NS Wi
LR TN

E-mail: zhigiang.cao@ia.ac.cn

(CAO Zhi-Qiang  Associate profes-
sor at the Institute of Automation, Chi-
nese Academy of Sciences. His research
interest covers multi-robot system and

by M G S SR S o A S PR R ) i B
WEIE 5. SIS I A HLEE A3 )2
RS is B .

E-mail: fei.shen@ia.ac.cn

(SHEN Fei
the Institute of Automation, Chinese

Assistant professor at

Academy of Sciences. His research in-
terest covers dynamic model and mo-

tion control of robot.)



