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Summary

This paper deals with configuration of autonomous underwater vehicle (AUV) for inspection of
underwater cables taking low hydrodynamic drag, sensor alignment, collision avoidance maneuver,
turning maneuver and rolling motion into account. AUV consists of fuselage of body of revolution with
low hydrodynamic drag, fore and aft horizontal wings, upper and lower vertical tails and a.pair of
horizontal thrusters at both sides of aft horizontal wings. The design process for the horizontal wings
and the vertical wings is discussed performing model experiments and numerical simulations.

The shape of fore horizontal wing and that of aft horizontal wing can be determined by use of a non
~linear optimization method under the constraints of magnetic sensor alignment for cable tracking,
dynamic stability in vertical plane and performance of collision avoidance maneuver.

The performance of turning maneuver and rolling motion are attributed to thrust force difference
between a pair of thrusters at both sides of aft horizontal wing, because the shapes of upper and lower
vertical tails can be designed from the viewpoint of the dynamic stability in horizontal plane.
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BY—CRACKELEELEEZ2 579, ¥ VEEHO
BERRAZCEREOHZRERAEICLY, BELRR
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1509 & FREI BRI AR L T 3H38, & 5 IEFRBRITPHE
SEBMEEE O > S BATROBEL 23 2 LB S H 5, Z
hETOD AUV 37 OFRBHBE TUED 4 HeBE s
NTHRVLOBBRTH 5, KFEXiE, wEBHIRB L0
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23 A O AT-E O Wil o Bk, 2) A o BE & e,
3) i EEYEREER I B W T, RERKA Gl
TOWEDOBERESHIHIT) 1E LI, AiEREEEEL
REBEUTTHE L, 4)3)DOFFTBVT, FIEAFEE
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3.1 AUV o#fZEghAER

(1) $hEEANOEESHER

Fig.2(a) iR T AUV D (0-XZ) EEZR OB M D4R
BEs RN, REEH x=(u, w, ¢, 0]’ : X K
YBEAE, w i Z HAMPEEREE, q BOEELE Y 7
AEE, 0. MABELY Yy FA) LHAIERK da (FIEAF
BoRBROMRA) 2AVWTRDL S I2EY 3,

A-x=B-x(¢)+C-8a(t) (1)
2T, ITH A OBEE % aij(i, i=1, -+, 4), 75 B OEFH
% bij(i, =1, -+, 4), 751 C DEF % ci(i=1,--,4) £ T 5
E, FNSRRD LI CETIN B,

all=m+All, al2=0, ald=m-Zg, ald=0
a21=0, aR=m+ AR, a23=—m- Xo+A35, a24=0
Bl=mZs ad2=—m Xo+A, aB3=ly+A55,  a34=0
abl=0), a2=0, A43=0, abd=1

(2)
bl1=FHXu, 12=0, 613=—(m+ A33)- U0,
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A car i . . e Cf*(1+0.25)
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(b) Profile Fig.3 Drag coefficients
Fig.1 Notation (Ux0, Uz0) : 98 REETORIERERS, Vi HAAM,

o REEE, ¢ BEAOMAEE, 60: Y AA, FHXu,
FHZw, FHZq, MHYu, MHYw, MHYq, FHZda,
MHY3a . Stk 16550,

(i) AFENOEEHHER

Fig. 3@ RTHBIDR T R ¥ —#S T1, T2 #Eig#E S
TO LR & DREHES AT B TRRicHE T,

(a) Coordinate system in vertical plane T1=T0—-AT, T2=T0+AT (5)
Fig. 3 R ¥ AUV @ (O-XY) BERZ OAEERN OB
Y
Ao BX T4
[ DEEAEE, p I MOER 0 —VAREE, r BOERL I -4
b . ’ HE, ¢ BOELO—LVA, ¢ BOBELI—A) LA
T

EEAERE, REEHx=(v,5,7, 6, 0] " (v:Y HFAEMK
[ /ga EH ((5)ROFHBIC L BREEHRS) 2AVTROLS 2
#£¥3,

T2 D-x=E-x(¢)+F-AT(#) (6)
ZZT, T D oEE % dij(,j=1,-,5), EfFFI0EHR %
(b) Coordinate system in horizontal plane eij(i,j=1, -+, 5), FITFlOER % f(i=1,,5) L3 &,
Fig.2 Coordinate system ZFNORRD LI CEE S,

all=m+A2,  ald=-m-Zg+AY, ald=m- X;+ A2, ald=0, 415=0,
al=-mZet AN, ald=lu+AY,  al3=]g+Als, a2U=0,a25=0,

bld=(p- Vz~m)-g-cos 60, b21=0, b22=FHZw, adl=m Xc+A%, adl=JatAdl, a33=Iz+A66, a4=0,435=0,
b23=(m+Al1)- Uz0, 624=(p+ Va—m)-g-cos 80, adl=0, af2=0, ad3=0, add=1, ad5=,
b31=(A33—Al11) Uz0+ MHYu, a51=9, a52=0, a53=0, a54=0, a55=1
632=(A33—A11) Uz0+ MHYw, (3) (7)
633=—m+(Zs- Uz0— X¢* Ux0)+ A35- Uz0 ell=FHYv, el2=(m+ A33)- Uz0+ FHYp,
+MHYq, el3=—(m+All)- Uz0+FHY7,
b34=(—m-Zc+p* Va-Zs)-g-cos 60 eld=g-(m—p- Vs) cos 60,
—(—m-Xs+p- Vs~ X3)-g-sin 60, el5=0, e21=(—A33+ All)- Uz0+ MHXv,
b41=0, b42=0, b43=1, b44=0 e22=(—m-Zc+ A24)- Uz0+ MHXDp,
c1=0, c2=FHZda, c3=MHYda, c4=0 (4) ‘e23=(m-Zs+ A26): Uz0+ MHXr,
7272, m AUV OH&E, Aij: {EE, Ly 84e e24=g-(Zg*p* Va—m-Zs)-cos 90, e25=0,
— A b, (Xo, Yo) : BLDEERE, (Xs, Zs) ! FRL D FELE, e3l=(—A22+ Al1)- Ux0+ MHZv,
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e32=(m-Xc+ A35)- Uz0—A24- Ux0+ MHZp,
e33=—(m* Xc+A26) Ux0+MHZr,
e3d=g-(m+Xe— Xa+p* Va)-cos 60,
e41=0, b42=1, e43=tan 40, e44=0,
e45=0, e51=0, €52=0,
e53=1/cos 60, e54d =0, e55=0
: (8)
fl1=—2-sinQ, f2=0, f3=2-Rx-sin Q+2-Ry-cos
f4=0, f5=0
' 1 (9)

T2 L, Inx, Jxz, Iz c M€ — X > b 1 FHYv, FHYDp,
FHYr, MHXv, MHXp, MHXr, MHZv, MHZp, MHZr :
TRARTIREL

3.2 AUV oFiEHENR

Table 1 KRTHERE1/3.70£& 1.0(m) DR % A4
Wiz, EEZ, BEORX2.2m, E1.4m, EZX0.9m
EROMBIEFAE CIT - 7o BEIE, ZOHLHBAED
FITESBEICR D L D eI, FfE/dKE LS
WHD 72 =552 BuTIEL 2, S5 & BAR
DOEBMERE RS 12, BENKERE L ERORFE X
b DIz 90 EEER L - ZEREO 2 EEC O &, 7 @#Z2T-
Too BRIRXRBETROTTONDOT, HRAIBEMEICE
TESE, EREERT & OBRIICDD 3 WA » & IR
JZhinb 2 5EH 2 E LSO TRD 2. $£z, BEAEIC
MR —HR e X 7Ry BB E2EE L BE (T
YT & LER) LEELRZWES (Tl ey O
2REEE RS 72, '

HEBEE I, (1)EFHER (FEIX 0.368 m/s~1.094 m/
s DEEER), (2)#HREBR, (3)FEAFRER, (4)@HEHER
E& (MEH AT B 5 pure heave 38, pure pitch &, 1
FRENZ B 5 pure sway EH), pure yaw EE) Th 3,
7eR2L, TIZTRHEIDOBREDON, HIHEOBER
ERETHBRRS,
(1) EFEER

Fig.31cv 4 / VX% (Rn=U*L/y, v . Bi¥EHERE,
U ¥, L #EEEX) xd 24 mod s 0EHifRK
Co (BHLE% 0.5*0* UL TERTL LIz b D, 7271,
o MAEEE) FmyxLoBEHFER Q10X CRT
Schoenherr DR % F 7z BEBIEGIHRE Cf, T s &
ZLOBEDORR XL TRREZERE k 2 A8
BHFREEZ R T,

Table1 Principal dimensions of tested AUV model

L 10 m [Q 0°
Lcl (0286 m [Lwl 10.458 m |Lfl
CcO [0.136m [CwO [0.108 m | Cfu0
Cc [0.113m |Cw 0.078 m |Cfu
Bc |0.105m [Bw 0.095 m | Bfu
Tcb {0.167m | Twb {0.139m | Tfbu

0.458 m
0.108 m | Cfd0
0.078 m | Cfd
0.100 m | Bfd
0.145m | Tibd

[=R =R =} =}

0.242/Y CF =logi(Cf’+ Rn), Cf=Cf’-S/L*  (10)
12120, S I L OB O R LR ATk L
DHFEE k=025 TH %25, [HIIYH & DHEIE k=1.01
T, KAfEE RS T3,

Fig. 4 WSROI REERBER O TERBOF T —
DHEE 21T - 120

P=9.8*R*U(watt) (11)
7oL, RIi£ER (kgf) €T, (IO EEIKEH
ZEDbhb,

(ii) BB
Fig.5(a), (b) &2 REREM & AFE N O R B
BT ARBIRROEREETRT, 22T,

- D . F
CD=4575.051F SL=05 0. 07 17
Y 1) S
M=G550-07° (12)

CD : ¥ /1158, D : /7, CL : /8%, FL: 5/, CM :
E—AY MEE, Fu: ®E—XAY MERT,

Fig. 6 ICSAERERN O RAENGREERT, ZOHEOMA
TREZEREAFRFIR > Lrv, FUIRE L BHFREUZ
b OBEBAMIELOBELORELS KB,
— A Y MEBIZ Z OHOER %2R T, Fig. 7 W C/KFEAD
RENREETRT, SHEEANDOE— X ¥ MR L &L T
—HTIE CEM/INE W, FIIREE ' — X v MREUI N
Y OFEBAIMT R LDOBELYKEL kD, HIREK
BRZOHOMERERT,

(iii) fEAEER

Fig.5(C)cMARBRCB T 2 RENRBEOEE 2T
3, Fig. 8 I fHinift & oIz oW, fEAECHT 3

-------- without appendage
— with appendage

40

35

E 25 //
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3 ; /
o 15 /

10 — //

0 A—F—— ;
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Fig.4 Power estimation
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CL| CD | CMz
with appendage L] . A
without appendage o o A

0.0005

CD CL
CMz

-- -0.0015

+ -0.0020
B (deg)
cL :
My Fig.7 Experimentally measured hydrodynamic
_ R N coefficients in horizontal plane
S
u °~
r4 ® CD = CL A CMmy

( ¢ ) Hydrodynamic coefficients in vertical plane in elevator test

Fig.5 Notation of hydrodynamic coefficients in tank

test
CL | CD CMy
with appendage ® ] A
without appendage o s} a

-5 0 S 10 15 20

da (deg)

000 = Fig.8 Experimentally measured hydrodynamic
coefficients in vertical plane in elevator test

CD CL

-0.005

AIBEEOHER, ROLI3XTo7z. ThHbb, £&

OfIE & % FEHs L B0/ e L, RESH - cEL

o (deg) TRERTRE H UGRANREERHVTRD, BRI

Fig. 6 Experimentally measured hydrodynamic BIL TRZKRFEFRD b D2 ATz, FESIMBROHEE

coefficients in vertical plane Z2WTh, HETH2ERL CIRETS L BRI0ME

LT DATCOM &' ZHWTKD 7z, Table 2 2 B 1K

WESFREERD 2, ZOHEAOKA TREERRIFEE FREOWEME L EBRE L OB ERT, 12750, EBHER
LEWZ Edbdb, e L OREBOEZ RS,

3.3 FEHMBHOMIEE & RERME & DB

-0.010
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Table2 Comparison of hydrodynamic coefficients
between estimation by DATCOM method'®
and measurement

in vertical plane in horizontal plane
estimation | mecasure- estimation measure-
ment ment

FHZw/Cl -0.1341 -0.1712 | FIIYv/C1 -0.0364 -0.057
FHZq/C2 0.0221 0.1000 FHYr/C2 0.0334 0.020
MHYw/C2 0.0223 0.0302 MHZv/C2 | 0.0014 0.0012
MIIYq/C3 0.0088 -0.057 MHZ/C3 -0.0130 -0.0150
FHZ & a/C4 -0.0362 -0.0293 A22 0.7434 1.30
MHY & a/C5 | 0.0140 0.0189 A26 -0.2964 -0.180
A33 0.9654 1.80 A66 0.0417 0.040
A35 -0.0379 -0.20
ASS 0.0744 0.030

Cl=p-U-1%12,C2=p-U-1312, C3=p-U-L*/2,
Ci=p.U.1272,C5=p-U. 1312

4. AUV O¥ERARDO&EL

HIE TR~ AUV OBBES HEREZ b i, —fl%
Y _EFT AUV OBERROSEEL 21T 5 . BERNIIL,
AUV ORIEREE® 1m/s £ LT, REBRE 20EEH
x5z, EXAFRLEBEROREMLEHARE L Vi
FEOESHHBRNEALTIT I, KEROFE#ELIZIE, FE
BERELFEDO—>TH % Hooke & Jeeves EEHRE
EY E2HWS,

4.1 KXFEROEZEIE
(1) ¥RZMHF

BiEoeR L, MK FERELEEAFREOMAEELZR Y
Lel & Lwl (Fig. 1 2R) 252 T, EKFEEDOKE X,
BRIz 1k, Fig. 1 12F 3 Ccl, Ce, Cwl, Cw DR EE
%57, I8 Bc & Bw OR#LETd 2L 252 2.8/
L% 2 FMBEKC (RN TEET A7 2A—F Pl L
D, UTOHEREHEEEZZ2bDLT 5,

Pl= (FitA LR @R + B FREEH)
/ BRMAHGE b TETR (13)

(1) BEEEOBRERROER/IME (&) 280.1 A E,
Zhix AUV 239k THIETR oo L S b EFER
BRI TH B,

(2) MEEOH.LE» SHEHAFREORNGE TOERE (
(Tcb) #80.5m P E,

i, EEOHSHAFEOERKEY o2
Ky ——IIHEEN ImUEEENE I ENEE
L6 TH S, :

(3) FTERAFEOAEGE FETEHAFEOTERED 30%) @
AEZ 10 L7 L ED LRI B VT, REKA
D300 WL L &, BEOFEKRFEEHEREZ S5m
RKWETHBZ L,

i, ATAEEYEREEERTREET 2D DTH

BI82 &
%,

(4) (3)DREBZBWT, ATEKFEEROHEN DAL 20°
R ThHbZ &,

(ii) EtEZMF

JREIRIE 3.2 OFEEBRICHWI: b O 2RI UBREEHRAT
B, 12000, £R%#3.T(M) L35, 20 L EDEFTERE R
243.3 (kgf) &L, BG=0.015(m), OG=0.105(m) & ¥
3, BT — 2 b ZFEEREOE RO ERS A L RN
IOHEAKDERM D S RD 5, BERNZ, [o=4.7(kegf-
mes?), [,w=32.8(kgf*m-s?), [..=34.4 (kgf-m-s?) £ T3,

AEBRDOAIEIZDWT, Lel=1.30(m), Lwl=1.70(m)
L35, HiEAFROAE 212DV T, Cc=0.28(m), Cc0
=0 4(m)& L, BPAFEOKRESZDOWVT, Cw=
0.28(m), Cw0=0.4(m) &3 3,

(iil) B bk & EHERE

Dtofod T, B#bER2To/, 2L, A
WM (1) BT 2 EEREE (1) XRoEFEFRET» S,
WM (3) BT 5 AUV O ERESEEIR (1) R EEK
EHELTRD:, Boh7-P1lI20.45 ko, 2DE
%, Bc=0.392(m), Bw=0.522(m)), ¢=0.36, Tcb=
0.533(m) T, #HEMAE(L)(2)2WBEL T3, Fig. 9
R#EbEhi: AUV BROFER %2R T, Fig. 10 12, #it
HE 1(m/sec) T, EAZ 10° L7z &0 10 BE O
B%ETT, Fig. 11123, 20D & & ORIEBEIEHEE, KA,
AR AR OB AAORBELERT, Ihvrd, R
(3 (4)BSHBEINTVLE Z ESbh 3,

4.2 EEREORE(L
(i) HRZHF

THEEREEZ o —VEHENZ 282855570, T
HEERREEET LI 2F LB, 1L, BEACE
HMITBIELdbHBILER/ELT, RERLEI»SZOH
HECOEENREORARI—RT2L3T 2, BE

1.5¢

0.5¢

-05F

-1.5¢

_2 L L L L 1 i e
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Fig.9 Configuration of optimized horizontal wings of

AUV

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

HBIE 7 — 7 )V R ) L R A A P O B R TR O i 213

Z (m)

X (m)
Fig. 10 Loci of AUV in step response in vertical plane
— X

— = Path Angle
= Relative Angle of Attack

12 —== 60

Path Angle (deg)
Relative Angle of Attack (deg)

Time (sec)

Fig.11 Path angle of AUV and relative angle of
attack on forward horizontal wing in step
response in vertical plane

EBROME®RT LIl (Fig. 1 1) 252 7T, FWM8I L

THEEEROKE &, BEEi, Fig 112RT Cluo,

Ctu, Cfd0, Cfd DR K %5 2, Rig Bfu, Bfd 0581t »

TO2e%2F25, BmBlbicHz>T, ROEZEEBT 5,

(1) BEOEAROEEREED, S BRERESETH S
Zk,

(2)  BEEIEE,
CNBEA—TLBEr—7TVD Ty 2 RS

£7,
(3 =77y +>r/BOEEFO O —L D 10°

EBAIRNT E,

INEA—T UREES —7VD Ty * > SR

R —D7r —7TVRHERER & X 712 & 2B

AE L BEMRT 2,
(4) HEEHYOEEREREDMEMNMAH20° KRG TH 2

o
(i) ErEZRMHF

FEEBEOMBEICDOWT, Lf1=1.70(m) £ + 3, F#B
SUTHEERROAE S22V T, Clu=0.28(m), Cfud
=0.4(m), Cfd=0.28(m), Cfd0=0.4(m) &4 2, —7A,
AT RY—DKFEEDEE (Q) 2 15° T 3,
(i) el bR L EE e
BAROESHERIIEERROAE 2 L (5)RDEFD
RAZ R —DWNEMET 5, BEEREOANE I8 F
FEEBINRESESE L, EEMEEIIET Y 3, Lizd-T,
BREELERTEIRIDEEEROKE S 2 1
ET B, TDWH, AT R —#S L REIAEDRBFR 2~
%,
HREHE(LD)» 5 EHEEEN%1T O £, Bfu=
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