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Abstract

This paper report the fundamental study on a novel underwater positioning system using
multi-joint serial link. The proposed positioning system consist underwater robot and multi-
joint serial link. The link is connected between the underwater robot and base point
positioned on the water surface. The position of the robot from the base point is obtained by
kinematics of the serial link.

Firstly, the mechanism of the serial link for the proposed system is explained. The
functions of the serial link for proposed system is defined and component technology for
underwater equipment is explained. Then the structure of the serial link is designed based
on above discussion. The position error due to the joint angle measurement error is
calculated. The result shows the proposed system perform better accuracy at the shallower
depth than deeper depth. Then the experimental model of the serial link which has five joint
is introduced.

Then the evaluation of the position accuracy, and its improvement using artificial neural
network is described. The kinematics of experimental model is constructed based on DH
notation. Its calibration and evaluation of positioning accuracy are conducted with
experiment that measure known positions. The experiment was conducted at the underwater
and 1n the air, the position accuracy of underwater experiment is better than the experiment
in the air. To improve position accuracy, the error compensation method based on artificial
neural network is constructed. The network model is trained by joint angle information and
position error of the kinematics, and it reduce 51.0% of position error of the kinematics.

Next, the effect of water pressure and water current for the proposed system when it
deployed at the actual environment is discussed. The position error due to the strain of the
link receiving water pressure is calculated and the result shows effect of the strain is slight.
Then the influence of drag force effecting link due to the water current is discussed. The
required torque for the joint actuator when the serial link actuate in the water currents is
evaluated. In addition, required thrust force for the underwater robot when the serial link is
passive joint is also evaluated.

The results of this study indicate that the proposed system is good for shallow and low
water current condition. Moreover the system can be perform stable measurement near the
complicated structure. Thus it is considered that the proposed system is suitable for

underwater positioning at the underwater structure such as the dam, water tank, or harbor.
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WEZIIUD LT HKPERIIAMITITAEK RERBETHY, BAAD DI
FIEDEIRAARAIR T D . Z DT DITHFFEITWE RN FN A2 <, A E
DT DEANBHZTE & BF 03 i & 72 O AFZERE T T\ . £ 72 F Tl
JEIZVT AZ N, A2, RL— RZ2 U ETHERDIFENR D> TET
B, TNOERE LRIET 2720 OEARBAFEN KA Z bt T 1L [k
IZBNT S, HHORERARS/KP OBERAP, X A2 13T LT 5taA
¥ 7T ORFEPNI 8 KBRS D = — AR FEEL TV D,

O LIoKHRREIL Y e —F 3572008 & LTKPrAR Yy MIRG 5. K
Ry MIHEEIEE Z S b A TR AKTBENERTH Y, FERNFITSCTH
AT, V=m0t RAEYREA, KOV T L 7ARE R L T
KRR 2 FElid % .

KRy MEIRE < ZREHT, BEMATRIC T b D, @R R
v MRBEBLOENMEHOr —7 vk Enb o B3n BT, EEY
L <3 EoF N —2 NEREHEEZIT S (K 1.1, ZOERL—#KIZ Remotely
Operated Vehicle (ROV) &FETH, b < ORI TS, HRITRERAE
DOINEDAIT T v N OHERFE B, B O Sfi7e Eikx Th Y, R OBEREIX
Yoo b—H &R, RKAKETOEENRARETHD (K11 (). £72, /MDD
BEAE TN A TGO IFFIZRE L2 D320 (K 1.1 (b)).

HEMITRIZ =2 VX —JR, av Ea—%, B VEHZHEEHL, HONLOKE
LTc# A7 Z BEMICETT2KPe Ry FTHY, Autonomous Underwater
Vehicle (AUV) &FEEND (K 1.2). 7 =TV 2Dl Ry S OITEN )
F oAUz <, RFHZ K EA D Z ENAEETH H. EEHHCEMN DA~ —X
W ELE LW, HE OAMREIC 2 5. BERRIZITIRE <, IRHEHZ PRE
T HMUATRE, R E O A RSB AT 5 AR ANY 7RSI 6N G . fidTR

(CIREHITEOBGIC AW B S . WIEICER L CEREO&sWY —F—% M
WTEHIIZAT 5 2 & T, KON & TIXIKEE 72 & 15 B o #FE EUS 25 7T 6E
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HoHM (1.2 (a).

RANY  ZRNIHATR LD & S HITESCHTHAE Y — 7 v b6l L CTOREH
BERFRTHY, B A THEGIC K DFE7Z IR E G O BS%H IR L Tuna Iz
23, NIHEEY O HE8 AU OZER R o5 (X 1.2 (b)).

HAMATR 2R NIRRT TORUER L o 7228, AT DWW TIEEH
BHZA-TEY, THICHELE L THELEL TN,

F 72, EE TN OZM KT Ra— ML ENn D 2 4 7 H 85 LT
5. BRI TREICE & Le Re — 2Bl L7286l - i oI L v ko =
RNy FEVBRIFEZRAZX N D UPRERINTWND. 2O, fEk= A i CFl
AOHEL >3 HTOEM BRSNS, ZhbDE I3 — 7 /L TRt
ENDHN, THALF—PREL TRy T U —ZNEL TWD720, K BT
T HEEA RBUIGICRDIAATERT 5 EBRG TH 5.

kv ARy MIREEHT G B, SHIEa XA eI z—va U EIR
FTW5. KTBREOHM, & D =— X 3FEEFREE, KhA 7705 BRE
mESTEY, AHOESNKNEERERE COMFELFEBT oKk rRy hOEE
EIZARFRTH 5.
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(a) “KAIKO Mk-IV”I131 JAMSTEC (b) “VideoRay Pro 4”161, VideoRay

Fig. 1.1 Remotely operated vehicle

(a) Cruising type AUV
“Urashima”!'”), JAMSTEC “TUNA-SAND”!!8 Tokyo university

Fig. 1.2 Autonomous underwater vehicle

(b) Hovering type AUV

il




=
i

&
it

L1.2 KpFIGIEE

AKora Ry MIEZEOERBREED DI, BHKMECmE M E2IZ T &9 Dk
rovRy FEITRRDZEMPROOND. ZO—2& LTHOEEERS S.
BAEMAITZIT 5 AUV TIEA CALEZRRIINATICR IR Th 5130, A Hifit 2
179 ROVIZBWTH HLZR D BRI L DMERRIZT T <, NTREEY DRI 72 5
B & WD o TARZED @ EAVIZ W EE G T ONLE 2 BRI D 2 & OEEEE DN *
S>TWND.

b2 Eor ARy FTEEZL DOEE, B TiX Global Navigation Satellite System

(GNSS), FENTIII A TEEZHWCHOMERELZITO LN TES. L
L7228 BRI TIE, GNSS 12N DEFDKTEEINDTOFHTE 2
VY FE KT D I LD R O Rl LEIR S 4, Iz TRWKEE TIERELG
BIETLHZ bRy MIMERTZT7 A N TR L7HH L2M&g S T
2. 2O ORI ARy MIALERICEERNL, BIEHEO VLTI,
H LTINS EEAWIZHN TS, ERENLL TR T 5.

BERAGEE

FEAIN AL E N I B Y E AR & FHI R OB TR B 28% L, ik OFkEH
FIAIAREE & > T, WG OHRILEZ 5 5. EEEIEOMRILE % GNSS, &
WA DFHIETH D Z & T, KPOFHK RO FEIE A1 H Z LN TED. &
BHNIZHWO N EIROFTRUITIZLL TO =20 FH I TWD

1. EuF:—ERAHTEREENE TS, ZOFREZ WA S AT A ClLiE,
FHA RO F O HOFHANFRETH V, M5 @IV b D . HEH
IRIFEHC L0 © &2l 2 R RIS 2 2 & C, IREEOFHII G ATRETH 2.

2. FITURRUE HFWIZED N IMEGZE DT TEERAEKT 5. SRl s
DRFZI RIS AIRE7R T2 D, B OBIRA K L BRRESFHAFEECTH H. r—7 b
VARV k. oR=RANST L 1k i1 b AN AR

3. VARV KB —TNnb0 N HEEEZT CBEEEEET S b
VAR B & FRRIZ S AR & ORFZI [R5 FIRE 72 7o 6D, B DB A L & HhRE

ZEHAIT 52 LN TED. HEROEENRNZOIZ T VAR ZIZH LT,
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HIE L — RS, KEN L.
EREIR A ER O 72 AN S E 13U L 0 LBL, SBL, SSBL IC KX ST B
5.

a-1. LBL (Long Base Line)

LBL [ZEEICRE L= =2l ED N T U AR X o SEMEEE L ¢, 52 ian
A 2 7o RHART G & O TR T 2 H I O BISRREHI DN © 2 L UEREAE & FHE G D
AR, Zhadb EIMEZHETS (K13, 14). HREREER< LD 2L
INTE D OEFEE 20T <, L COFHUINTRETH 5. — )7 CTHRYEEE &
L ClBEICERET D N7 VAR ONMEZFANCFHT 5%y ) 7 L— 3
M TH Y, BEIIXHN &R 2 255,

a-2. SBL (Short Base Line)
SBL X h T VARV H, ET VAR Z &R TIE e RS ORI E
Ltﬁﬁfkb,%MEﬁiUﬂkﬁ%f%é(ELQ.k7/xT/&iﬁf
IZEE STV DD —ENLERRARENIE, LBL TREZ LICHELRD B
TUARVEEEDOF v ) T L—a VA EE R VERANEECTCHSL. T
FARRACHIRD & 5 72 DFEEIL LBL X 0 HAK. & 7= SLUEEIE AL 3 D A
REINDI2D, TOEERS X OERZFHL THIEEZTT .

a-3. SSBL (Super Short Base Line)

USBL (Ultra Short Base Line) & & FETID. ilaRz — 0 FTIcE D, XIS
DI FWONAZEN S RO D (K 1.6). FEEECEI L TiL LBL, SBL & [FIERIC
HEOBEPRIFR L VRO L. K 1.7 1R T XD ICFHAEEE A = 87 Mg = |k
ICE & EDTORELITEEITT, FEESCTF v —F — M D OAEFHS A HE
0% BEHPEG R Z LInG/ABIER Y AT AMZHHE L TEY, KPa Ry MOz
EHRICHON OGN D Z ERZ .
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Underwater obJect

J

Transponder

/\

Transponder

Sea floor

Fig. 1.3 LBL

Fig. 1.4 LBL Transponders®”
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Surface water platform

/

Water surface

J
Nz

Transponder
Underwater object

Fig. 1.5 SBL

Surface water platform

N

/

/ Water surface

SSBL

Transponder

Underwater object

Fig. 1.6 SSBL
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Fig. 1.7 SSBL transceiver!?!! (LinkQuest, Inc.)

b. {EEMEEE

TEPEMTESEEI IR ER, Yy A vk aRy hOAEE, IEE 5
BLeRy hORSM, MEZHETLIEETHL. HBERICH L TEWERIL
— "R LND. BV EHAMEORE SIS X O ALEFFEE21T O 720, FHIERZOZ
FEDRHANED KU 7 NEL DD, ZNEEET 5720 mBERE RN
bhd. VxAakr e LTI T r—F VA, K77 AT v A aBH
WHILTW D, MBEERFZERE 5 ME (JAMSTEC) ([ CRR SN v 7 L—HF V%
A 0 Z S U7 EMEEE A X 1.8 T RIS X AAE KU 7 &2 RET 5
FiEE LTIL, Doppler Velocity Log (DVL) L RN S, HUE (MEIEKAZ) (224
W Lo BB ORI D Ny 7 TNFN LD EWE S 7 R b EEHE & DFExHHE &

D ERHNT L0 B MENELSE O MR ERRE L MIES 2 TER D 5.

Fig. 1.8 Inertial navigation system!*) (JAMSTEC)
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c. BRAMEE LREMEEEDEASRATLA

LR A7 X502, EENEEEIIAREMICALE R Y 7 RSB DT, KRR
OIEM TIIRRZENER TE 2. — 77, BERINEEE T, (L& O FHIE 5235 K
DA CHIR SN D . AVMATEGITEEY O < TIEEE DO~ /L F /3R
MBI L VRS TZFHAE R ZS 5 2 L8 H DB B S KR TORRE N K
TWHFTCTHRFVFHARRENRKREL D LV oT A v hEL D, Z0®
FHEAICB O CRIMEEZESNICHNT, TAY v M T2 FELROND.
- ﬁ%% L DWNE R CEMEMEEEO N 7 hEfETE 5. 58
TN HE 1 0 FHRJE H 0 [ OAL B I HITEMEN R B I L > TR O, FHll= T —
ﬁ%bt%?%@%%&%@@h%ﬁ%@PU7h%%%kﬁ%ﬁmt@&%ﬁ
WMABINRLAGLND. LLRB L, (ERES AT LMl T 28 %
KRBT DEBITI Y VAT AOHBNRRKE L 2D, BARCEHOHBENKE 7
ARy N TRV EERAITEEL .

:@iﬁm,ﬁ%%i@%@%%:ié&%ﬁﬁ%&if<ﬂ%émfmé%

, AR OEL KT r Ry FORARINEZ I A—F DITITHRER & 5.
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d. ZDIE1 DN BEEEFE

HESCIEMENIE L 1372 57 7 v —F & L T, KCF Technologies @ SmartTether!?]
NHD. ZIUIK 1917 T LI ROV OTFTF—r—7 ic—EMEct =
=y hERL, 7T NVBREHEE L TROV ONMEZFLVAT LA THL. B
Vo= MIMEEERE, KEF, Yy A awrd, iRt EHL, r—7
DOEEROE I OEE, RS ERESD. Zhad b LIKF T —7 L ORRP R S
D, ZHUIMRED sk OfrEF R Z B e LTHRBE ST D, Wittt
HTHEIND 2D, BEOREWEETHLRIHATRETH 5. £72, B FHEIC
BWTAHDORWKIZIZI T D ROV & DA ELYE FiE L L TOFMBINH %
B FHANKSEE 13 1.5m LR EoREN TV D0, EHARFORERICIKTE T2 & ShTwn
oL N VA #ﬂ%i%@m¢& TIVDFEIRHETE TIT > TN D 2 EnD, Fihse
PEEYEONELZZ T EBIITHERENRESRDLTNEEZILND.

ROV Operations Boat

L —

ROV

TETHER
NODE

Fig. 1.9 KCF Technologies “SMART TETHER ¢!
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1.2 IRE/

1.1 i TITBROKFPREEIZOWTHEI LD E, ThENOREE LT,
RPN E I, BEDMTCIIFHII ANAEC D 2 03 H 5, IBMEMIEEE T
X, A7 R U 7 ST DR, KPS —7 & W FIETE, FRRr—7
NOTGRHEERRAIC LD BREOFHINEHE LW E B DN D F LR~z

VL EAEBSE 2, AR CIEZ B OESN Y > 7 Bk 4 728 LK A7 E
BEFELRET D, REVAT 2OMER 2K 1.10 1237, K EOREL[L LY
KFIZHASN D LY 713k aRy h~biEi SN D, S OEER
FJORENIM D FE & FAARIZ GNSS, B8t o2 W TEHIFRETH 5. AR
mHrRy NETOMMIEIL Vo B TRl ABEfiAEL, Vs o
BN ORODHZENTED. ZNICE Y B Ry FEHSMIEREOND. ZON
BB LR L2 BE ORI TR LCTULTFOA Y v RRB 2 LRD.

1. fif&E R U 7 R4 L7,

2. PHEIAER R IO T A= INOALEFENATRE TH 572, FEINT
TRHID ANV MATEGFT-MEW AT COREFH= T =BT 720,
3. FBIRZEALDIKHF T —T MR T RN U 7 E D728, EfEE 7
FHUZS I CE 5. BEICBTL2ZEE Y o 7 BRI XA MEFIZITO b
DL LT LI RT ZROtIESR D & 0, @FEE e IR OR RGN E &

LTEMEEN TV S.

RREFEOKPALERETFE S L TOEMMEZFTMT 5 7-0120F, BlEETRER

ALEHPRREBE, EA TRE R RSN OKIE, KOii) OHEREALETH Y, Kif
TTILZNDDELED - O 21T 5 .
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/ Base point at the water surface

Water surface

Target object for
underwater inspection

Multi joint link

Underwater robot

Fig. 1.11 Coordinate measuring machine!*” (FARO Technologies, Inc.)
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1.3 SwOCHERL

F1 BETIIARFER Y MIOWTHE L ZOFBICOWTHHR Lz, £L T,
Ka Ry MBI 2EEHMTO—>TH L KPMELIETIECONT, BEE
FHZHW BTV D BN AEE, [BYENIELEE S X O DIENFEIC OV TR
L, TNEFNOREEZ IR, 2 LT, TNOREZEEE 2 728 LK AL E
BFREE LT, 2D 7 #iEE2 ATk 3 RoTHIESREZIRE LT,

#2 ECIHERFIEOZEES ) 7 B ORGHIE L THRET 5. KPRET
FOR SN 5 Bk, HEMEEIZ OV T _7=0b, ZhzaziE x -2 v 7
PR O JLARE R 2 a4 2 . e C, BIEA B OFHAI M AFRE D & A4 U 2 A& FHAIRR
7% BHHE L, SSBL O & Ol & 1T - 72,

%3 ECIHERTFIEOFNER O 7= O IZ8E LTz 5 B & FF o ER Iz D C
g 5.

B4 ECIEER 3 mOWmE L7oaE#ICBI L T DH RRiEIC b & O B 2 1T
L. Z LT, EHEETNANRTA—FOEKRLEDELEET LX) T L— g
YREIZOWTHRRD. LT, BEEBIOKF COMBEFIFERICED XYY T
L—3 3 % FE LR IERE O FHANKE B O R 21T - 7.

MAT, Fx V7 —va VBROFHIFRELZ S BITERET 52720, =2— 7 /1%
> U — 2 Z O TS CRIE ORI EHE ER A L. Lo
Yy T —=271FF v U7 L—a v EARRICRIEE O KR FHIT — 2 Ic L 0 4 %
1Tolz. FEBOBEMIEET M L HEEZONBEFHIEEIZ OV TR,

95 BECITHERTFEL EERIGBECKIRO & 2 5P THEM LIZBRICBES LD
KIE, MO 2 BT 5. KEOEECE L TUImWKERY w7 12lb o7
BaDOT T L DFHHEREICONWTER L. il L Tidiiins Y s
BT DPU &K, B A REBIRICBRE S DERIC KL 2D MLy, HOZ UL
Mz 2V 7EEERF L. £ 07 228 E LBk bR bKkHm
Ry FOHEETNZOWTIRE 21T 272, T BIZ2ON TS,
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H2E KF 3 ROTHIE SR DR E

B2E K3 RuAERDHRET

2.1 K 3 RuTAERD AT EH

K 3 ROTHIERR DL BIEG U o 7 BT SR® B D BRGHENF 2 H T 5.

£7, B 1 BT LD KkS 3 RotlERTIX, LY 7 Bt o B
AIEEHR EBEOER LY, Vo FRICERSNDKFrAR Y FOAMENG
RInsd. 2o, ST 5 /AR, 36 X OGN L - AEE#RZ K
e Ry MEIEE REEICEET DBERENARN IR TH L. o, REEITK
HERBE TR 35720, KRS E - TS 2 KESEEISMD 5. 2T 25
ETHDE L BT, KEICLVRADE CHRENE R DR W KIEFEN R D
bns. B E LTE, Ry hOBEICEGOE CZEMICAEIT5 50
&, BRENICEEE) LIRBLIC A U v 7 BB E I 2 AN E X b d . RifsE
T, %ELEE LRHETo <.

e TR rAR Yy NOBEBHREORGIZEZITS &, ZTOFRMITEMIZE ST
HaThy, K 3 RTPERDO Y 7 HEICRO LN ES S, HAEXZOK
W, K EOESNSOHEBHICKTET 5. Z0kd, Uo7 #EIX ROV ICEIT 5K
B —T N ERRRIC DR RS RSO0 2 ) —LRICEATEE, @WEEY H
LTy, BT LICHEY RS EROV /B2 AT EnE 2 bh
Do BTG LT 7 BREFAET A7, 1V 7 T EICHiEEzEY 2 —L
ftlicaz=y hé L, ZhEaXELREIICEOE CHEERT 2 HIERE X LN
D, ZORRITEY 7 TOEAEEZR—LTDHZENTEHD, iXil - g
AR OEIICHDRND.

YLD R 9K 3 RotBlERRIZIT 2 Z B8 U 7 Bk IX

® LA LR HE

® m{EHknE

o [BAFiBKENAE

® (/KT - B/kEERE
EAETDHEVa—MbanY) vy o=y SRR LT EIUR 72 2 BENE S
VLT 5.
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H2E K3 RITHIE R DRRE

2.2 KEME

AKfra Ry MZBIT HMKETFEE KT 3 RoollESs THHAT 2 FEICONT
RS 5. AKFIZBIT OWIKRIZIKOEIIZLDIENZ 5, KPCiHEH I D HE
IXZDOESN T TH R S EET DMKEMEERRD LD, K TEIRIZE <
JE) P [N/m*] ZLLFDEY Th 5.

P=pgh (2.1)

p VTR DEE, g IZEINNRE, h IIMEPLE ST DKERTH 5.

AKfra Ry MTHWS N D HEERITRE o & FR2E SR EREH S
5. 2B DL ITEHIKICERE TE RV, MKENME & BRI 2 72 B8
BRI SR DIREES N S D, KEICINA S FiEE LTE, BERRE
OOFENFH SN THDEL — 3 E SN2 KL A 2 & 9 &EF S A7z
JERZHPZ AV, SVEE O T TR E LR LSRN D BN LB R
WM 2T 2 51ETHL (K 2.1). BEEOMSRZZDOEFEMMT LI ENTE
L2 EMDERIRO BHERSWHIETH S, b O —HIIMS 2N 254
DRz ffaE O TR 7z L, BasOWNEBIAR LR U & 2B ERLRPZ v
LHETHD (K22). BEOWINTENZENELRWIZD, KIEIZ K DS
A DRBERRIITIAEL D, BEINED Z ENTE D, ZOTDRIEE DK
T, mWENICM A % & 9 LSRG S M EARE (X 5 HE O % b
F 572, MEANWRARYEFEPHNOND ZEREZ0. LNLRNDL, B
(I S D BEBRITANE LRI CEAIC S b SN D 728, mETH R 72
WHDIZIRHILD.

K 3 WOTHIERRO LY 7 #EIC BV T, KB X OZEDEN DS O
DN II R AE 2 F T o oY, BRXOBEEZITTO v A a2 nE
Abh5. Thbldthth, BEMICET 2864, KO EfEs L) v 7 W
HICHEIN T D F 2B 2 5. £, MKEDOFEE LU, £V a—MElica=y
N A E T DK b= b Ok & IEERFIC IS 1T SO BIIEMETH D
b, KR TIRY V7Y 2 — VdEREE BT A Z L 25 %
2.

16
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Pressurevessel Equipment

Fig. 2.1 Pressure vessel

_~ Fluid

—

\ \ Bladder

Vessel Equipment

Fig. 2.2 Fluid filled pressure compensated system
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H2E K3 RITHIE R DRRE

22.1 E#EEZEZ LD VY TEOBRE

MEAEEZ & 2 U > 7 I3KIEIC 2 A RAERLEL /25, —FTY U7 B&BK
LD EKROEIIL D N E2T, vy NOEEBOY T LD, Zolcn, U
7 DAEITRIAEEIZ D < RD KOSV ERLEE L. 2 2 TR ERSE
DY Y MEICLERANRE T 5.

P BT 7 o D FI RS 38\ C, B & 42 U 2 R I3k AT b 5 L

4 2 _ 2
P,=E x hx(§)4+12(7(11—_132)x(£)lx(£> (2.2)

P, RMERENEE ) [Mpal

E : Yv 7% [Mpal

n o JEEE— N

v CART Y U

¢ : FHERWE [m]
r : AR = FRNER +¢/2 [m]
i : HEE S [m]

ERITISTPREBRHMRETH D Z L 2 RE L TV D 72w, R (2.2) Z7=d
ERRFZ, DLRIORT =8 PN oG 0N 0HYIET o ML L, ZHNFF
BISHUT &2 ) > 7 HEERD T,

FEBTISI 0, = B, x Lokl 23)
FIHIRSS  op= =P X ((":j_%) (2.4)
WIS : o, = —P X (k"—l) 2.5)
WMES o= \/(ar—ae)2+(aa—zaz)2+(az—ar)2 (2.6)

k= (AfEEER) / (HENEER), R= (MEEEEE) / (MENEER)

KEZEZTHY 7 O~TEZRETAH. Vo2 NREE, & 3 =mTiRAEERK
DEIEELS ORANZEM L FIEED 21mm ZfERTH E L, U o 7 AR E2 % LiltE
MEREZ -T2 2E 2 5. 2L %E2 L LT, UV ZMEHTIE, A6061-T6, SUS304,
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2 KT 3 RotllER DORRE

Ti-6A1-4V # AW CEHET 5 &, MHEMEOMERIZLER Y 7 ORER X O9MRIT
KEZEIZK 23 O L IZEBNTZ. KOBEES 1.03 x 10°kg/m®, I E %
9.81m/s?, V> /K &% 350mm, £72R=10&¢ L CiHEEZITo=. FHEICHWE
MEID/RT A — % %53 2.1 (2797, SUS304 TIF/KEE 800m 1T T2 7 7 13 HriuH
ENEEINT D0, ZAUTRIEZRE T D ER DM E D SIS~ B 5T
DTHD. IFNPOMETITEVIEWKIETZOIFANRBENS. KLY, A6061-
T6, SUS304, KN Ti-6A1-4V TE L% 1.5mm LA EORER HILIE, K% 1000m T
DENIZ A D Z E N5,
MERZRORFHIBWTCUEFE UKEICH 2 2356 TH, MEORNENRKEWIZ
EARFITHY, MEZRREIZMHBNRICHE L TENT 5. Zokd, HENEIZ
AN S D BESS T TE 721 /ML - IR WIRIRICIN D, mEEE Inbd Y 7
NEREMZ D2 LN v 7 HEO/ N EIZ D72 5.

Table 2.1 Mechanical property of link substance

A6061-T6 | SUS304 | Ti-6Al-4V
Young's modulus [Gpa]B! 68.67 193.26 112.82
0.2% proof stress [Mpa]3!l 2453 206.0 824.0
Poisson’s ratio 0.33 0.3 0.3
2.00
—— A6061-T6
Ti-6Al-4V
1.75 ——— SUS304
1.50
E
E
3
=
0.00

200 400 600 800 1000
Depth [m]

Fig. 2.3 Wall thickness of link
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R HEE, T3y Ny TV T ERGDHERD LB filh— 21, A\
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— /L LB OFRERL S T e BN HIRAKMBAE T B8, U7 R D% D A
TR, RALTKEZYE T oA NE L 20D Fz, MEST R TIIRE
JENZ 72 DT L — NABERBICH N D AR PR T 570, v— A FainEL b,
BIETT X TITZEED /N E < =)L ~DOAHD/ NS W2 O EREH O Bl S — /LT
FHEFXDBHNOND. v TRy Ny 7Y U IR X0, B R D RaE
BRI 2 RET D HIETH D, AFRIIEBMONIMC E@mmE Fi-9 > — L
ISLBEIRFEEE N 22N T2, S EHHOEIE L 2> T D . W R L<BZ DT
OIFEEIXH EVEL TE W), RKIEEHTIERE W BEFABHNLNS.

K 3 WOTHIERR O L BRI 5 o — AR EFT L LTRY 27 0
Hefoc i, BASN AR Y O S 5 Bfid K OVE — 2 BREN s R T o n. Y
VI EHENIEE Y — v Th DD, 0V T EAVD. BRI BVTIE, fiiy
—NERAWD. w73y Ny TV TR — VOEEMEOE THERH 503, K
BRI B CIXBIE A E O BN EE CH D, B X D HEEREETIEA
71 & BN A ETIANGEET S, BAFAE R L b BT A B 12
i cx sl — Lo FXE AN D.
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Vessel O-ring

F2E KP3RITHIE RS DK

Pressure effecting

Using back up ring

Fig. 2.4 O-ring seal
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2.4 KR 3 RTAIER") >V BIEDBAL

VL EOREFHEED BT 3 WICHIERRDO Y 7 2=y N OIERERE R

2512V 7 DEYa—vERT. 1BEHY7-VORMmEIX1 &L TEY, fi
SRR T D Z L TRiIKMERE & LIEBROE Y 2 — Lo KAWL 2B <. BT
MZEZTEY 22— L EBEICHER L TV ZETRKRELTELERD ) v 7%
a5,

BfEiAEOAIcIEIe—2 ) =y a—XEfn5. O V7 v— L InKE
RERICTya—FERlE L, By — L Sz B S D, mr a—F O
FHEY, vl N RORE B & O 21T ) BEMITPZEMIED Y 7 NEIC
s s. Uo7 omESRIL, RO PONOES SOIMEHEZERE 5.

Joint axis  Miter gear Motor

\ /

) [P // |
\

N

Electronics Link pipe  O-ring seal X /Seal for rotation axis

\

\

Encoder

Fig. 2.5 Link unit structure
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2.5 BAETA BRI MRREIC K SRE

AR 3 WOCHIE SRR FE S & R B 2 E T 5. EBE ST A —
BERLH N LD Y v 7 DOPTHREDIENRNBEITIBNT b B B O FH
IEREEIC LY, FIHAIEORERE D ERSRE S.

AN | EES 720 c h oy by a—FEHNEET5E, 1 D b
M-V DAL,

2/ ¢ 2.7)

L7, B MINELRRKOFHHARREL, 05 7V P THLHT®, FEHEIT
DOetlFEZ e [rad] 1T,

e<mlc (2.8)

Tho. ZOMERETIRITHD D FE~ERE SR D el L T <.
RIS n 3B OREEICIIT 2 FRAEIL, RATRIND.

r(6) = R (g) RK(6,) .1, +

(2.9)
n . /TT . T
U — k e e i(__" v _1m k
zmzz(R (3) -RE@. R (=5 X =17) . RE @)
. 1 0 0

R!(6) = <O cosO —sin@) (2.10)

0 sinB cosO

cosf —sin8 0O
R%(6) = (sin@ cosf 0) (2.11)

0 0 1

ZZTRIEY I EEIY OREATYICTH Y, BT LI n2 H EAREIZ[FEET
HH0E Uiz, £ ROIBE#IE Y ORETYI TH D, Eo h~n 3KV 7 D
REET, 1=(1,0,0)TH 5. [TV 7HiFmMOES 2R, SR E 2 £ AN
7 MARIZARAT H 2 & CTREMENFGOLND. ZOREEMAENT bV EHIRRE
HEDIREOFINLE DN, = a—F 5 fRREIC K 2 PR ERZZ RD 5.

[ U2E THIIZMERA D72 1 DDV v 7 BEWEIE B EEE D
BEBIWNSWZ EITARATH LN, BEOEHNEZEXLEEVWT VZIIRMETHS.
ZIT, 1V I70OREEE2035m &L, T a—Z05fREEE | BN 720 262144
717k, 65536 17 b, 16384 1 v b & LTEGA OREIAEFHIRRZEIC L D

23



H2E K3 RITHIE R DRRE

MERRAEZ RO, 1 [EEES 720 262144 17 2 S OSFRREI 3 BTk~ 2 5 Ei%
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EZ, BEAEFIREAEL L OIT_XRCOBESTRRD 0SS T FRAELTZHO
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AR LN FAEOFHARRE L OVEEL & LT SSBL OFSE %X 2.7 127,
TITIHY U ERERBLELTCHAE LD, V7 ak=/KELE L TRLE.
FEAINLIZIE LBL, SBL, SSBL 23&% 573, LBL, SBL Cl3/&BAICIRFR] & Hiffi 2 2
THHE, HHOMINSMLEZR Z L DERAMEICEINLD SSBLIZOWTHE XS, it
[Z& % SSBL DFSEEIXFHAEEREIC KT 2FIA b U IXBRBERSEE & HARE TR S
TS, FEEIFERIZ L 528, FHAIBEREES 72 0 DR T/Rd™ & FHARE A1 0.06%
~1%|F E T 2PN F 7RI BREE T DM L 5% T 5 F {55 D SN EiZ &
HEBIND., HEERE L QIERNGERRT b0 L LT, iR, BN, £,
A ORAT IHERHY, FLHCHEE LTUIEHINT 7y b7+ — 2405
%éﬁé%ﬁ,$$L§ﬁﬁ§ﬁéﬁnmié%%ﬁ%ﬁ%hé ZOLXDITHE
PR IS E OFHANG B X BREE h OMEE KA 2 720K 2.7 TIHEEREL LT,
0.06%~ 1%DHFiFH TR LT\ 5.

KX, Kb 3 REMERTY 7 EEMEL RDEE, BEEHNOEANKE
KD ENbD. —JF CHEERNIEE IR SIS LT E0EA DAL £
DIZDIKIEPEL 72 DIZONTAF L 72 B0, HOREIZB W T, R0
ALl EORENHTE 5. MATEWVEETRMLERY V7 2R EL 2D
ZEMDLIAXMATOAY v NbdH D, EABRORICEFHERE O R EZZ T 72
W2, ZERFHINFRER A U > & 5. LLEORRIZKF 3 RocHlEI1TBE
HFRECK L TIEREETAY v MB35 5. EdificdbrKkbaR v hOXIS
KEIZHZ TS &, HEAEWEEE THIH S %/ ROV 3R 300m F2EE LS
XIS L TWBBOIBT = o=, AGwSCTIE I Ziiz 5 /K% 500m £ TOKGET
DOIEMZBE LIziEma D 5.
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Fig. 2.6 Position error caused by joint angle measurement error
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26 F&EH

K3 RILRESRDOH O E 72 2 28T Y 7 B O IEICBI T D st 21T o 72

SR U EEICRO O NDIEREE LT, Voo iigEE LS L, BIEIAKED
FHAL, FHAE SR OBENET SN, M TOKF OB TH D 2 & h SR,
BikMEEZESOZ ERBETHD. ZNHICHOWTKFHEETET Vb 5 EE
PR OWTHER L, ZBE Y 7 B~ L7, $£72, Vo7 2h2EMEes L
TZBIKEICT 2 D 72D L R DR A FHE L7,

AKH 3 WOHIE R OIEA BRI 2 KRN RE SN D20, V7 ok
ZZNUCHST DR SICHERCT 20ER’NH L. Zofcd, Vorik 1 Vs
TR A =y FRIEREE T 52L& L, 1 DORf L, Likok
RREMA Y 7=y NOIEREEEZ R LT,

T a— o REEICER T HKH 3 oTlESROFHHRRELZERE L, TihicdH
% SSBL D5 L D#sw4T o 7=, K 3 WonlERROFHARR XY v 7 &EN
R < BAEED M 212 o CRAEIINOFIE 234 2, SSBL ILFHA BRI % LT
—EDFEORBENELD. 2O, KT 3 WonllERRITKIEN & < BIEi%H
DIRNEE, FBERTIIFAR S D LV 5.
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EBI3E HAFEBORR

RV AT LOERFM D=0, T =BT DM Z8E LZLHEHE Y
7 EORIERE 2 BE L7z, AETIIEYE L2RERIC O W TEER T 5.

3.1 AEROBE

FUE L 723U B O AMBIX B L OGEC A X 3.1, % 3.1 17T, X 3.1 CTIEalfERk
XTI 7 L— AR T 6TV 5.

ARIERIT AR 19m TS BEi2E SV L 7B L e o TV 5. BikiEgEz & -
TBYKFTOEMARETH LS. F—HEOEY 2 —fbEShic) v r7a=y
FEBEROREIZ L CEEMEY 7 L TV D,

Fig. 3.1 Appearance of experimental model
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Table 3.1 Specification of experimental model

Length[m] 1.9
Weight in air[kg] 3
Weight in water [kg] 1
Number of joint 5
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D EIICHREL TWD. B—FHNIERENENC T » 7Y 7 THES L, v A #F
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BRORZIZTHIChzn, BREBEERORY B LAKLEIZZR D0, ZIUTEZER
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Fig. 3.2 Structure of a link unit

Rotary encoder
T O-ring
O-ring O-ring

AN

Motor
Joint axis Miter gear

Fig. 3.3 Cross sectional view of joint mechanism
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Fig. 3.4 Appearance of rotary encoder'*®!

Table 3.2 Specification of rotary encoder!*®!

it

Manufacturer Microtech laboratory Inc
Model MAS-14-262144N1
Resolution 262,144 count / rev
Power supply voltage[ V] DC5
Diameter[mm] 21
Length[mm] 26.5
Weight[g] 30
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A VERE D BR 7

Fig. 3.5 Appearance of joint drive motort’!

Table 3.3 Specification of joint drive motor

[39]

Manufacturer Pololu
Voltage[V] 6
No load speed[rpm] 180
stole torque [kgf-cm] 4.3
Diameter[mm] 20
Length[mm] 56.5
Gear ratio 73:1
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3.3 BIRHB

BAEIXY 7 X TRMANCERE S, = a—XI2 X 5 BEEMAEFHE Ot
FHEY, T—HERE), [ EIEE L OWELIT). BEHOT e v 7 XEK 3.6 ITR
T BT A 2 U R A TRY, RO HIET 5. kR L 0EFE
(21X CANMIZ iz, CAN BB IZZ M ZBENFRETH Y, N AR OBLHEE %
LD ENTEDILDIEEDE D=y NEHK ORI T HMMEIZEL TV 5.
BRI = A=Y LV ERIC I L (K 3.7).

Power supply for motor

Power supply for controller
CAN communication

Link n

‘ Rotary encoder ‘ ‘ Motor ‘
i [ [
‘ Microcontroller H Motor driver }

Link n+1

‘ Rotary encoder ‘ ‘ Motor ‘
! :
‘ Microcontroller H Motor driver }

Fig. 3.6 Block diagram of electronics

d 0¥

_oOC <

»

reeltaEleonReRE. v

Fig. 3.7 Controller board
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Fig. 3.9 CAN interface
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(a) Coordinate system (b) Joint configuration

Fig. 4.1 Coordinate system of experimental model
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Table 4.1 DH parameter of experimental model

Coordinate a [mm] |d [mm] |a [degree] | O [degree]
system

01 284 0 0 O

1 2 330 0 90 0:
253 330 0 -90 s
354 330 0 90 O
455 330 0 -90 0s

5 56 339 - - -

42 EBFOXvYIL—>a Y

U7 OFFAEIT DH /X7 A —ZZESEEE I IV G603, &E
& EEROIEED /T A —Z | TEET SO TRRE, FIMANLTRAEND R
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Table 4.2 Identification of DH parameter for calibration

C(;(})'Z[l:r:te a [mm] | d [mm] | o [degree] 0 Ldegree]
0—1 ay d; il Ors
s a, d, a, 0> +52
2—-3 asz ds %3 s 53
34 a, d, a, 04 +54
4155 s ds as Os +s5
556 e - - -
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Fig. 4.3 Target holes on punched board
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Fig. 4.5 Measurement experiment at the water tank
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Fig. 4.7 Result of calibration I

with data for verification obtained at atmosphere
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Table 4.3 Positioning error

Mean[mm] | Max[mm] Star'lda'lrd
deviation
Before 33 15.7 6.2
* After 9.1 24.9 10.3
Before 18.5 43.8 14.3
4 After 9.5 19.6 5.1
Before 0.5 10.7 6.7
} After 3.2 10.2 6.4
Total Before 22.0 44.1 16.9
After 16.8 28.4 13.1
Table 4.4 Corrected value of DH parameter
Coordinate almm] | dlmm] | al[degree] | O[degree]
system
0—1 - -0.72 -1.52
1—-2 - -0.04 -0.26
2—3 - -0.82 2.31
34 - -1.45 2.14
4—5 - 1.90 -1.18
5—-6 - - -
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Fig. 4.8 Result of calibration I

with data for calibration obtained at water tank
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Fig. 4.9 Result of calibration I

with data for verification obtained at water tank

48




AT KP 3 RITHIE & O N LR

Table 4.5 Position error

Mean[mm] | Max[mm] Star_lde,lrd
deviation
Before 17.2 28.4 6.3
¥ After 0.2 8.7 5.6
Before 10.0 23.9 11.2
4 After 0.9 42 1.6
Before 0.0 2.7 1.6
- After 22 3.7 11
Total Before 23.6 28.7 13.0
After 7.0 10.3 6.0
Table 4.6 Corrected value of DH parameter
Coordinate a[mm] | dlmm] | a[degree] O[degree]
system
0—1 - - -1.54 -1.09
1—-2 - - 0.14 -0.70
23 - - -0.24 1.35
3—-4 - - -1.35 -0.12
4 —5 - - 1.04 0.26
5—-6 - - - -
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Fig. 4.10 Result of calibration II

with data for calibration obtained at water tank
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Fig. 4.11 Result of calibration II

with data for verification obtained at water tank
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Table 4.7 Position error

Mean[mm] | Max[mm] Star_lde,lrd
deviation
Before 17.2 28.4 6.3
¥ After 0.3 1.7 0.9
Before 10.0 23.9 11.2
4 After 0.8 24 0.8
Before 0 2.7 1.6
- After 0.4 13 0.7
Total Before 23.6 28.7 13.0
After 1.5 3.0 1.3
Table 4.8 Corrected value of DH parameter
Coordinate a[mm] | dlmm] | a[degree] | Oldegree]
system
0—1 -0.91 -4.55 -1.19 -0.78
1 —2 -17.66 -1.39 -0.14 -0.24
2—-3 14.97 -3.50 0.28 0.84
34 5.52 341 -1.88 -1.03
4 -5 0.97 6.06 0.81 0.52
5—6 0.71 - - -
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Fig. 4.12 Artificial neuron model
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Fig. 4.16 Error estimation result
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Fig. 5.1 Position error caused by water pressure
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Fig. 5.2 Drag coefficient of cylinder!®”
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Fig. 5.3 Moment effecting for link in water current
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Fig. 5.4 Link diameter withstand water current
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Fig. 5.5 Motors for joint actuation!®!+62]
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1 2 5.13
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Fig. 5.6 Lumped mass model of underwater cable
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Fig. 5.7 Required thrust force for underwater robot
Table 5.1 Specification of ROV in market
Depth . Thrust force
Manufacturer Model ' Weight[kg]
rating[m] Forward [N]
Saab Seaeye Ltd!®¥ Falcon 300 60 491
Deep Ocean PHANTOM
L 300 39.5 618
Engineering, Inc.!! T5
VideoRay LLC!®¢] Defender 400 17.2 262
. SHARK G2R
Rovotics!®! 500 140 785
ROV
Deep Ocean PHANTOM
L 68] 500 97.5 667
Engineering, Inc. ! L6
Shark Marine
- o | Sea Wolf'5 600 95 589
Technologies Inc. [¢”]
TELEDYNE
vLBV950 950 18.1 221
MARINE!
Submersible Systems
TRV-005 1000 250 1022
Inc. "1
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