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Gertler-Hagen Hydrodynamic Model Based Velocity Estimation Filter for Long-term
Underwater Navigation Without External Position Fix
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Abstract - This paper proposes a novel velocity estimator for long-term underwater navigation of autonomous underwater
vehicles(AUVs). Provided that an external position fix is not given, a viable goal in designing a underwater navigation
algorithm is to reduce the divergence rate of position error only using the sporadic velocity information obtained from Doppler
velocity log(DVL). For such case, the performance of underwater navigation eventually depends on accuracy and reliability of
external velocity information. This motivates us to devise a velocity estimator which can drastically enhance the navigation
performance even when the DVL measurement is unavailable. Incorporating the Gertler-Hagen hydrodynamics model of an
AUV with the measurement models of velocity and depth sensors, the velocity estimator design problem is resolved using the
extended Kalman filter. Different from the existing methods in which an AUV simulator is regarded as a virtual sensor, our
approach is less sensitive to the model uncertainty often encountered in practice. This is because our velocity filter estimates
the simulator errors with sensor aids and furthermore compensates these errors based on the indirect feedforward manner.
Through the simulations for typical AUV navigation scenarios, the effectiveness of the proposed scheme is demonstrated.

Key Words :

1A 8

+% AF20]=A|(AUV: autonomous underwater vehicle)7}
RA=EK), 2248 & =5, A, 584 5 UIdst ARE
@%@OE =571 flsiAe AEst QA 2 AMERE MF
st = Q= gHV]s0] Hekgwlofof STt 53], AlA ArEo] Al
ofo] ERsHE HolA FAZl 24 AARIE olssk= AVU
AL, A0 soudel: SHRAE aWHOZ Als
& AEE9 e ds £9¢ Ing Z=rh

ol

QutE|0] 48 ggES -"L,'_}H MA(IMU:  inertial
measurement unit) S AA RgolsA9]
A 9 KA BRE LHESIT). SHAIE, IMU QA FHOZ 9l

o, S5 Quels] os ASE BWQA oA YuEoR

¥ Corresponding Author : School of Mechanical and Control

Engineering, Handong Global University, Korea
E-mail: wonsang@handong.edu

= School of Mechanical and Control Engineering,
Global University, Korea

=% Core Tech R&D Lab, LIG Nex1 Co., Ltd., Korea

=#+*%Combat System R&D Lab, LIG Nexl Co., Ltd. Korea

§ Submarine Combat System Part, Daewoo Shipbuilding &
Marine Engineering, Korea

Received : August 24, 2016; Accepted : October 10, 2016

Handong

1868

AUV, long-term navigation, Velocity estimation, Hydrodynamics, DVL, SDINS

ol wet S48 S7kste dge Helt g @xtol

AAlst7] flgt HHoE, QRAMER droz A
JHE &8olo] =rdy QA F8 B Hs HOP
W eV 83l ARBEHD2]. A 52 S3oA 8%
OlsAIY E%, GPS &2 AA] AIME 0]&5}o] Eéﬂ
EE &84 dAFE 4 dou, SdloA +30i=
dut Az s4lo] 27kse i ofLel, s &gt
2ol AUVOI A AEol wEt NAPZIAAS ARgo] fEEoR
E7hst 4971 Bt dd XRPHIME AEE + e 4
olgt gxjete, ol oJgt AR Wale HEds] ofge
A EEHolE 1 AFgol HAl ZTH3].

PN

T

B
hui]

oo
oo rlr m|o

_u

7\}

oo rlr HI Of mE >

[}
o
©
rutl thlO

TSSO
OIBE MA ALSOl Qo] TiK HOEEA0l EAISE £
2&8de AHsto] SIS, SARE B SEFERE €8

rTodo=E
ot 5 HEgH gy dA dHEo] dEo] fith &
5 SRRtz e IAE SEFYHORE H]ﬂﬁ =23
9| QA FHE IR

ook
o3k
i

, HolEHo|ASH & 4= Q=
AREo W AMstoz Qlah QHE] ghyol A gadt= ol st
A= oz A Qrt4]. oltds] SESFRE 0|88 H
HASHS A& EA (DVL: Doppler velocity log) 2HE 54
= FHos: 2 U4 SYAEML: electromagnetic log)2] AT
&8 SHRE ASdle HHOR, ARl X FAZIE ols
Sh= AUVY HA ghfg 9ot A2 tietog dolsoix|al
ATHAL. SR =50Me= QRAA FojRls SEHE FHT

Copyright © The Korean Institute of Electrical Engineers

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/
licenses/by—-nc/3.0/)which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



velocity AUV 8
sensor hydrodynamics :::st:?;
(DVL) simulator
navigation
SDINS filter
Xin 8%y
depth sensor
\ x*

O% 1 7189 +yst Bk igehy daels

Fig. 1 Previous method for model-aided underwater

navigation

OF = QRQA et 7HEgo] SHEA Zong HEA
MEZRE 5% RFH 7gtete] AEHLRY e
Z](SDINS: stapdown inertial navigation system)Q XIQXIE
Faslole AEFQ HA TE Jelg HEgy "ert A4
wojor Sitt &, 5 HAgHEHE HAAMAZEYH 58 &
THRUE 0]83510] SDINSO| QXA #ats 7HaA AAlsh=
Zig A AA 5RE Aom, o= SDINSY| £EQAE ¢
H3] AAY & ACH O|RFOF SDINSQ| R L sH
He] WE AStErtE ol 2ASH Aoltt6]. otrlgh AAl Aol
ME DVLO HIFE QA §HO& Qs £EEFAE 0|8&%h
& HEgH ZEZF SDINSS| IR @A} dhites 5] AxIg
ST DVLY] A< siAxHo] thst Sule] =22 HO|FS
ool HuE =2 FFTo 3% BAE: dHE AI6HY, §
AAHEIE] A7t HojRle 49 SEFH g50] E7ls5]

TOIth mWets FAE $EEY H58 FMAZIY] QEiAs
AFEEl= DVL &% SEX|9] HI7IESH AFoAE ergZEol %
CERE g5 WHeg 1orE "9Qrt Atk

olof thsh thotez AUVY sEst R(olst AlEHOE)S
k85 SDINS @X} FE7IHo] AT ATHSG,7]. o] B 9] &4
ofolt]ole I8 13 Zo] AUV AIBEIOIHE 7Ho BHE AA
A ZHEotal, ol ol85t] 5 RATY gaglsg dAs
AH= Ziolth, o] 42, BR AMERY £E SFEX7F ASEA
o= AgdAT AlEZOH £8& A8 5 Ay d
HE 758 5 Ath= ZHE0] Att. ofAlT, HAEAA SHX| 9
AlEZOIH &g HEUZFOR Al8Sdcte HAE FTo=HN, I
o] Egt4dol e Fofeirt= ©Eol AT

2 =RdAe 7I& 5 2 59 BxIFE0] AUV
AleglolH &8g AF AlEschke A HIEE Zojek= Hof 7
otstod, 18 29t Zo] ERIFEA £E FEZHE dAS o
£ HAgY Yo ot WHE AOSth AUV 554
4 AARdo 9dsls A9, AUVZE B&E35] 7|58hH DVL
0] FOIXAl LUste Y77 WEE weh SEFF
2 & Ut ol A4TZEFEY Qs AUVEE 2 R
Ag g8cto] SA Skol tist 7IEESdE AEEoR
4 Q7] miRolrt ESh AetE HEHe 7hy ohHel L

I > >

=

e

fliok

0
fjo

o M5 o

L cr R

0

18

ol W e

B

M

+F A20ISH 2| TAZE SEE M

i3
olr

g B BE S5 2Y Ty 25 5

Trans. KIEE. Vol. 65, No. 11, NOV, 2016

velocity sensor
velocity filter 8 control
(hydrodynamics) console
depth sensor
7 R
Viy & sViy
- navigation
Sk hiy = Shyy filter
S
Xy 16311‘1
O—==

J¥ 2 $TUE SN £F HEEY
Fig. 2 Velocity filter-aided underwater navigation

Meigozn 71E wiol Hish ey E8Mldo|
Z =got E4& Holi, DVL ¥ EML T SEAk

AE o+ Atk 8 AU Ak "AEEQ AUV FARE

Azl ols #AAo tisl Hodds +dsk, 1 e B4
OFR Aot WHO ds 5

)
40
ol
o
o

°

et Bl Vi £ R dAE ol AR8EHe F
W B 3Ee that 20] QofErh

FP=[FPFPFP)T . SAREA 58 §

M2 =[KMNT D SAFEA Y HHE

Fe, M » BURgo) oJgt §, HHE

Fs M D RASE oSt JA gl HHE
F' M D SRR oJst g, HHE

F' M D B W B8] ofst g, RHE
Foo M D ASBEF A F=Ho] o8t 8, HHE
m, 1 D AUVY " " Zo]

W, B D AUV 5% H B

Ry Ry, D Aol AkeA BiRIE, 8 IETE
re=[0025]" : Aol st RASAY IR
rp=100z,]" : Aol st RS9 91X

I 1 I D BETHE

6=[6,4,6,]" : rudder, bow, stern ZEE} B2}
p=An)T R R R A

e=[vog]” © g, oA, E AAE

7 D SAEEA v

vE=lwvl?  : BAREA S

VE=[u, v, w,|" C SAEEA TR0 et SEHE

VY= [v‘vavU]T DA SEHH
=

R () L SlEEE(y

Mzl A 1869



M7|2tsl

2X| 65® 113 2016 114

a8 3 SAFEA "9
Fig. 3 Definition of body frame

SR[-A-T|R() : AF-BEREA 2 HEEE 9
(v)  EE-EASEA 7 SENsE
= [pgr]” : AF0AREA] thst

L BAREAC HH ST

wE=[00w,]" : 2FEEA thst
D AT IEREA G SRS THE]
W= [027007] : SIHZIEA A B
D RS EREA Q] SRS EHE
W= " p? P " s Al EztEA o] st
D SAEEAS IRAEEHE
0 —n, n,
m.={n 0 —n = [n,n,n.,] 70l TSt AoizaE
=n, n, 0
124 D sASY
Il : /IH ¢9] 2-norm
5¢ D Hg 9] B
1 . SDINS =¥
E=&y—¢ . SDINS &9 ¢,9] @}
o D AA ¢o] EEES 2R
Fest g Vlgg Qldl =" sAREAY do= Id"

=
. SAFEAY X F2 AUVE S

3 AR, v,ES BA SSBFOR HIHE 02
|

et A doo) mef, 4 Hakeat SA
9] IAE thaat gol 7ed &

SEHE 2t

h= G, V?, G, =[sind —cosfsing — cosfcosg] 1
ok AUV RAZSA0] SHH HojA] #EYEo] AR 2
(ro=yp=0) BUPRE HUZ MRS AR S Aok,

1870

[1@ V1 [fas Vi) | | [FP (V7 V2 ) ©
D Jl || |hps(VEwgg)| (MP(VE, VP W)
OI7IM M, J, E, D= AUVO BHEXE HIY¥s] Qg ddol
W, 7, %= AUVY ZRIeEE 7IEst] Qs Seolth o]
=9 9= 247 thaat 2t
_ S 010 0o—10] _ [L00O
M=mI**?, E=mzg5|—100|, D=mzy|1 0 0|, J=|01 0],
000 000 00L
fRE( wg ) ~ ffB( )+fRB( % EB)+fRB( 1%3)
hRB( fb’) - hEB( )+hRB( VB wEB)
T8 = — 92 M(Clutg) < V2, 58 = wfp < (Duliy),
fog == Mugg) .V,
BEP = (Jwh,) % why, BEP = VP < (Dwhy) —why, < (DVP)
AUV £2o]] Hlo =FE=0] FAIZ v slthd, AUVl A&
Sh= 98 FP9 WHE MPE= Gertler-Hagen BZE $3HE
S WMEN9]. +HsH 5dg Zddtke #¥AT (X, Y. %)
B (K, M,N)E FEOKEOA +dHs deg Sl ARdol
I #e Zdeg 4+ Aok
[F”]:[F”+f’” F? :{F"+F“+Fd+F” @
M\ M+ P M MM M e
017141
. X. 0 0 000
a( B 8y = v’ o v _|lv o ¥
F(VwEB):[A/[AEA]wB 7M_,1: 0 » 0 7EA: P s
o 0 0% 0Z%0

X, W +X P +X 0

uu ww

PV = Y, u? +Yuwt+ Y owt+ Y, |Rv\/v2+w2
- Z o+ (Zw+ 7 lulu+Z, 0

H(Z g wt 2, w]) VO© 0

[ XG5 0+ X, 5 0+ X, 5 6 +au® +buu, + cul

F(VP Wh,) = Wulrlé-i—Yud ,
gq\ﬁuulqi(ss + ZJH,LLZ(SS +Z5’,’LL 617

X, q2+X 4+ X rp+ X vr+ X, wg

Tp wq

[ p‘p‘p\p\-i-Y pt Y, o+ Y, vt Y p+ Y,

vq
Vo +ud rl

Fd(VB,wgB)E + Yur+ Yup+ le |
Z, p +Z,.,7‘ +Z, rp+Z,or+Z, vp
+Zuq+Z‘q|‘ ” Vot +u? Id
—sinf
F' = (- B)|cosbsing|,
cosfcose

4




o, i7s 0K, 0 K 0 K
M V5, wEB)E[DA']A]L,B Dy=100M|, 7, =040,
B oM, 0 N0 N,

K o+ Kw+ K, vw+ K, vV +u’
M’ + M +(M w+ Ml )u

+ (0, w2, Jw]) VR +u?

N v’ + Nuv+ N, ,ow+ Ny v Vo© +u?
Ky,

M, uldd, + M w5, + M u?6,|,

ulrld, + N u*s,

M(VE)

IM

£y + Kt Ky pipl

+Kup+l(ur+[( vq+Kupwp+mer
]Lg)pp + M7 +]Lrprp+M"q|qiq(

+ M, vr + M, vp+ Mugt+ M, v +utql|

N, .pg+ N,.q+ N, rlrl+ N, wr + N, wp)

qr

+ N, vg+ Nup+ Nur+ N, Vot +utr

—ypBeosfcosg — (2, W=z, B)cosfsing
M'=| xgzBeosfosg—(z,W—zzB)sing
—x pBeosfsing — y,Bsinf
FETE 35 AUV 2UEA

(added mass)oll 2J5t
M AUVY| S%‘é}ﬁ“%

VB] [f,,(

Yy = -1
[Avf A, ]7[]%—]»{4 E—EA}

Aoy Aml | D-D, F-J,
4 (D~@ORRE B4 £, b, ¢,8 8S % L
fu (fRB—"_'F’g)_’—Iéll.m‘}llS
fw fRBJrAunth’
fmu: U(fszL'B+Fr+Fd)+Alm(hme+Mr+Md)7

h, =A, (fi7+F*)+A,, M,
hUJ = AqufRB +Avum hu’}’B’
b, =A, (fil+ F+F)+ A, (B + M+ M),

wm

9, = A F'+A, M, g =A, F'+A, M,

3. BF ¥g 4 7[dt AUV SE3F gaid

i

31 AlEzolE @A BEA

o oM fEH AUV 554 Y (D~WE o
9] £ AEES Fg AIEHOIHE I 4 UCE AIEH O]

+T A20lSH o T B

=

i3

M5 JlMg flst BE S2fst 2

@ol tiglst =, FIEE

@)

SHo] AUV

=

Trans. KIEE. Vol. 65, No. 11, NOV, 2016

g Fsol7] Qsikes £7IR], AUV &
HOE oA AL KIAZE 5ol Qs = g
HEo QA Edisinz AR £ 501] gj&g;
QA se7F FELE Z, AUV MEiAS Jgt el OS2 Alg W

it
&= ¢+ o¢ (5)
919] AlolA]
h h oh,
= 1264 (= v =16 vE
Wiy c_uiB Swiy

ATEHOIEoIA] AHEE
4 SDINS HEASH

sAREA S2dHo] @R Exfst
e 8 ZH9 gsol A= gge 7IxE
=, 0|8 F4, HYop| Qg scdus A8 Zqrt

Qal, AUV 854 2d M)~@ol thst dsddAs |
O=H Y8t AlETolH QA HES HEARE njEEEA

%EHE 71 &5tAL.

O

15
Sige)

OII

©)

A (69 dE A(.)E ThEa 20| ALkED

04,, 0
A(é‘) = 0AU2 A’U3 ’ (7)
OAu:Z Aw:}
AA7IM x=v,wOll tHaH
Ah2 = Gh'
- afRB 8773 BhRB BMB
A=A |Gyt opE [T |Gy T pE |
af]?B 677'3 BhRB BMB
A.=A - + A > s
R e S I T
Tz, AlEEIOH 2 ZEg Fosly] fst RAd
(sub-matrix)& A4tslr] Qo Qs HOjE &2 RS0 3
g]&ot rh
2 SAFEA SEeA FEEH
ASARE AlEEIOlH @A BEAl )2 TH MEdFT] T
2 oRkIsIet & AL 5)E thYshH, SHEEA SEA F
A "E A4S I8 olAAIZE HIME AlAE wEAS Y 4
Ak
&1 = 0,006, Ek)+ek, €~ N0 Q) ®)
Q9] AojA HIAE St ol + )2 Th2al Zo] FYHE;
a(6& &) = (17 "+ 7+ A(&-68))¢
I MH 1871



HMo|etsl=2X| 657 115 20164 11¢

o HEE QXE sl el EYE FEES = HY
A g WY FgoZ JPFSitt.

NEHOIH QA FFA= SAlo] BFE AETA, 244, &
LA (EML/DVL) £33 AlEHOIH £89] RHo|2 FoJErt

Sy, =clég,) +u, (€)]

h—h K7, T, - B ~ T
oy EL[ h=hy, I VUH*VEML Wy~ Wiy VU*VDLL} )
oh
? T ? —J(vBYT(vB
dog = VYV VYTV o
dwgp
sVE
5%, (DVL :available)
L = 5%5 053 .
[éﬁ%xsgsxg}v (DVL :unavailable)

A, EML, ZH454 9@ DVL &89 2HES TFHRE
A2} o, opy 0, opyOEIEE, YBR WA ZITES 40
B TieT} 2ol Bolgrt,

U[Q)s 0 oLx3 o3
R = 0 03:1111 0L *3 o173 o
T g gxt g2 B3 s

g1 g1 'Osxa JQDVL.[SXS

FHIE, AUVt w8ctke 4% Algtol aidgiles 44
A

—8]“15 —E—&}i ‘:le'_ﬂ Av2 v3

o] ESEe e 7:%*8}13]
w2 w3

St= ZAoIth wetk], AEEA S0 E2E o H
(drift), HIAEXHmisalighnment) &€ FAISH A SEEEA]
2 A (9% Zo] F-siE Fasitt

O|49] Hdld ANZRE AIZHoH £=2x =8 €9 A
A BAZE AL 8) © A (9 BITE O HIAY S8F
EAILHO tist AE) FEEARZ 712Ee &€ & Atk 2 =1
olM= HoX &7 dMHHE & &5t0] AIZE0EY] QA
A},

(=)

i
9

4

. =35 AN

. . ac(08)
=GRy G+E, G= 2(0€) e 5
0&=0& k1
v ) v U v v\ 11
e = U= K Gy, K =By Gt =
5gk-\k- = 5éklk—1 +[(pr(6yk - c<5gk\k—1)>
. AR ARA]
v v v aa((;&)
Bl = AL (A4) T+ Q) A = 9008 |5es¢ 12)
06=0 &

6&k+1|k: = a’k-((;ék:\k’ fi)

1872

control console

l P)
ITVE
AUV i ‘1 Y si
hydrodynamics
simulator Weg

depth sensor

VE

a9 4 7 QU SR

Fig. 4 Indirect feedforward velocity filter

= <P

simulator

error
Sy estimation

velocity filter

BAEE BAREA S5 Me 18 49 2o, %5/
SA/EE S8R
Al

A 9Ol HA]
33 HEg of

AUVOl BRI A EHg tiAlsto] AEE SAFEA £k
FEXRE ol&sl SDINS HAg "HE dAE + th BF
S gy AAE Qs S45Q dwHe Juiz F&sto] YR/
S/AERM QAR ZAEEA/ZIEEA HERAE HEHsR
Sh= 16AF QAEEO] AMSHETH2]. olE ¢IaH SDINS & Wi
Alg THEIARL

2L

. v
A= Ry+h’
e v
(Ry,=+h)cosA 13)

V' =G (< Vg
&)= Gt

A (13)0] tist dsWEAlE 112IokH, 1565} SDINS QAIHE

Sy~ F - bz (14)
olu, MEfHs oz, W HE Fi= That Zo] Z9Hrh
4
M’igv" F,, F,, g8%3 083083
= &pIN Fe Fy By Fyy 0777 Fiy
w ik By Fyy By By 023)
gv 6% 3 63 (63 (6 %3 (63
a
Ry 0 p’
Ryth By+h
= Al fanA— LBy O7/)‘\186(‘/\ )
CoSA Ry+h Ry+h
0 0 0




1
Ryt h 0 0
F,= sech ,
0 0
R,+h
0 0 -1
bl
p RAZ\’ Noec? E E
—(p A+20, ;
Ry+h (r"se )V 0 ———0P = p"p?
‘ N D By+th
—p P By
7 = |[[20Y + prsecat ol | ¥
21 I p” R, +h P — VP ’
A\ D L5
R R,+h
— EE 9P P £
R +h
L (/J\) ( ) /\, v QQUUE 0 (p'V)Z + (PE)Z
r D
D _F
Rh 207 +20° 0
Fy, = o otana+o? | R = () Fyy = G,
—20P — Rtk 20V +p
207 —20V-2," 0
D_ pNREE _ al 0 1 0
Ry+h Ry+h Ry+h
E E 1
_ PRy 4 N
o= — - VE, = 0o o,
o Ry+h Ry+h| " By+h
pD 0 _tanA
7 OV — pVsed A Roih R.+h
0 QP42 —pF
Fyy=|—02"=p" 0 'QNJFPN , By =0yl
pE _ Qv_plx 0

242t AeA Qo] mE IZETHE

, SDINS @AHE "y dAE

&, ., =+ 1T, - F,(z™,02,))0x, + w,, w, ~NO®"1,Q) (15

f19] AolA Ve SAHER EY, wi E%‘%IEEX} alest
[©)

7] Qe =oe SE8E
7Vggith
sh Algdoly H 328olM HAE sAZEA &

= AEE AUVY 4 2 SAREA £ &
2 SDINS &8g 0|88l @A SFXE Fog + Ut @
A SEEFAe thEat Zol RE”ED)

hpv—h
=1 . =H-bx, +v, v~NO0"! R) (16)
Viv— Cyley) V2 "
047141
H 3 < 3 3 X 3 3 X 6 2 X 2 2 X 1
:[(11 0 0 0 }YHH:[O 0 ]

Px3 33 _(V/\')>< ikl o1*2 1

S, ZEES 00 B4 RS SDINSS HEEA B Al (1)
o A

= =
(12)01M EE SEdH9 FEASEML P'E 0185

Trans. KIEE. Vol. 65, No. 11, NOV, 2016

o] 44 7hsslERE, A (15 ¥ 4] (16)o] tisl 2 ZuEHE
AAStoZM AUVO] AEFE SDINSO| SHHQXIE £4A &3
2 HASH 4= QITh

4. ROJAE

AorE 4gs pg Jh SETEY 984 Fo1S 93 &

AIZE & Alueleoll thell 1003 =HIZE Algslolds 3
SiICh & 10] FelE AUV 71s AU Qo] tigh AUV 71EH

E 1 AUV B
Table 1 AUV maneuver

AlZHhour) g 25 DVL &g
0.00~0.25 &gt
025~0.33 | 4 300[m| 74X Hotd Ha
033~0.75 | SEHH LA 7B o
0.75~1.00 4] 150[m| 2 ArS
1.00~2.00 &gt
2.00~3.00 SgH AN s
3.00~5.00 &gt HI71E
5.00~5.25 SleHoRz AL
5.25~5.50 =gt
1 ENE S E— 120 P
| L R s S
1) EO S S —— | ; ;
; 100 I R
20 .......................... (410 ] S S IS ——
3 Ewl oo
[P T S —— £ i i i
5 L] — R [
c c
60l S S
ol
40} S S —
0 i i i
45 1] 45 9 25 35 45 55 6.5

east [km]
(@) 0~100%

J8 5 AUV ZH &
Fig. 5 Horizontal trajectory of AUV

east [km]

(b) 100~330%2

—_ 0" Free s Freem e Free s T ==
E ool L S S S N—
B 200f-4meery R e it t i A
-5 ' . i i i
T 300k b Jomeeoooooooo Jocooeooooooo dooooo a
0 3 4 5 55
time [hr]
J% 6 AUV 21 A
Fig. 6 Vertical trajectory of AUV
Mo MA 1873



HMo|etsl=2X| 657 115 20164 11¢

& I8 5eF ZtTh.

AUVO] EE SDINS, DVL, EML % SAXAQ RZALIF
7= Z¥ZY 10[Hz], 1[Hz], 2[Hz], 100[Hz]) ©2 AT QT SDINS
92 BEAAN 42 7 20 gt viel 4tk AUVYl E2 4
Aolel EQEoR Q5] SDINSO| S44A EHE o83 1k
CrESIRELE WaSH! e 497 URE0H 2 HoAFA
= %010} /\}g}g 7]-7(4 ].0:‘1]:].

AEH OIS Sl 4HEH SDINS9 3=
AHe] RMSEE 18 90 EAISH HiQF ZTh 11&EQF
gsrtole 4% SDINSY S Al HEE 8350
L #8385 XAk edF7( 4= ZlsstH Wol %
7l 8% QX0 tist RMSE ZUX|= 5541t At & <F
L.4[km]of O]EL}

AN 4E B M5 HEMARRE 858 TR
o Fehgol wet PR Aol Ak 53, SAREA ST
% S¥XB AZst DVLS 45 Ut Atd 9ge
NADE, DVL FHO HE 4olM FUes 5718 doht

OIS ¢ YAt $EIN duelEY dsg vese A
Z et @ 4 Aok E8, AR AFolME AUV A0l
o AHSE S Ao BEUMOl EAE sMol BoDw,
TE BHAY0) UF PSS 571 24T Bavt Atk me
A, B =RoAE g A9E0 UEt 5ENS Saw,

- B L EAS 24 Qg

« A% 2 FEAS E=2Y EXM(o=10%, SHEE)

¥ 2 SDINS ¥ XAl @AHFA(10)
Table 2 SDINS and sensor specifications(1o)

N - T e 110:0.10.0 101 TIm]
(N-frame) — }-eeeeeeee —i': E ............... [0101[)1[777/] .....
LR [0.01 0.01 0.03] [ar cmin]
SRS . o N dlogl
(B~frame) f?—“ﬂjjfﬂ ................. 03lppm]
EEES 4lpg+/sec]
o RS W - SEAT - 2mdeg/hr] ..
B-frame) | ZAsA | 03lppm]
EYSESES 0.4[mdeg/ v/ hr ]
wx oA | SEEE L L B
A L EML | EEES | 003m/s)
DVL(B-frame)| ZSE&S 0.03[m/s]

E 3 Ss:ZE 44 gelng
Table 3 Design parameter of velocity filter

TR ) U UL A NS L
. =L QA (1.0 1.0 1.0]"[m/s]
S o A e L

A& QR [1.0 1.0 1.0] “[deg/s]
Sk = 1T @ 0.1[m/s]
BA
(@") Zt&r Qx) (0.1 0.1 0.1] “[deg/s?]

1874

0%
=

Cii
=
(‘)_1.

Aore £TdgH9 A7 miemHE & 31 Zo] 4
£dE FEXE 0|8s5t0] 3289 SDINS HZASHY
TSI SETEHO REHE sy 6, 71E0
HE Q= AUV AIEHOIH 7|d SHEHE 74 AlE0lM

% 2

Z

o

2=

Qﬂ

180

time [hr]
8 7 AUV AW
Fig. 7 AUV attitude
8 . T T T ,
) i
£ :
E) ;
s 5 55
1 ! T T ! T
A i i i i i
0 1 2 3 4 5 55
T T ! T T

0 1 2 3 4 E 55
time [hr]

% 8 AUV SAIFHA &
Fig. 8 AUV velocity in B-frame

ma

=

horizontal [km]

=
[

vertical [m]

=
=
-
%]
(Y| R,
I
]

55
time [hr]

8 9 SDINS ¢RI} RMS
Fig. 9 RMS of SDINS position error



ACHT].
FEAs EFAY R mE rodd ZAike 47 O
10~11(A DIt 28 12~13(AS 20l TAIgH HQ Zr)
FEA BEM0] EXfGIR] Ze Aols AUV AJEZ O]
e F2H1.0 ~ 550 )OIAEE SEAZE 7
=T HnE UEd tiet SEEHE Adsitis A8 g0l
g }

m
]
o)
fio
|}
<
=
o
N

= = K=

. THE AUVZE RIOMOR 7156t oA X9

7 :
E ;
> :
| | |
2 3 4
T ! T
- :
E
E : : :
- | | |
' 2 3 4 5 55
time [hr]
(a) mean

u [mys]

v[m/s]

01 ! ! ! !

o : : : :
E L T i b bt Rk bbbk L E Rl ity

= m : : :

0 £ 1 1 1

0 1 2 3 4

time [hr]
(b) standard deviation
I"8 10 & FEA: 39 1
Fig. 10 Velocity estimation error: Case 1

— T 1
E .......... ; d :
E oo | previous propose [ _______________________________ i
— : : : : :
5 002} S S e e ;
™ . ' H H H
= :
S '
= 0 I i i i i
0 1 2 3 4 L
time [hr]

8 11 $EH 72| QA RMS: 4 1
Fig. 11 RMS of horizontal distance error: Case 1

% AB0ISH e FAIZ £FY M JiMS i3t EXE 2243 pY I8 5 =

Trans. KIEE. Vol. 65, No. 11, NOV, 2016

Az Qe AUV AlEEIOIHC &80 thatte] QX7 Ex)
sh=dl, o2 Qld] ¥ YRAHIE 117} DVL HIZIE +
oA KMAS] S7lehe AgPde Helt) oleh ga], Aere
HO DVL H7FE FHOIAT AUV AIEH0IEQ &£ 0|
¥3E QXE JIEAMEML, £AA) FHE E&sto] uFo
2 FE/RASIL metd, Forst HlHe AREshs Aole H
C} stE =8 A58 958 4 At

u [m/s]

v[ms]

7
g .
E :
02 i i i i i
0 1 2 3 4 5 55
time [hr]
(a) mean

u [m/s]

v[m/s]

w [mi/s]

0 1 2

3
time [hr]

(b) standard deviation
I 12 £ FEQRk: 89 2
Fig. 12 Velocity estimation error: Case 2

5 T T
— H
£ 4_1 """"" previous prupusedl :
== '
—_ H
R
€
o 2
N
=1 et e . IR _
o s :
= 0 L i i

0 1 2 3 4 5 55

time [hr]
I8 13 W 72| QA RMS: 22 2
Fig. 13 RMS of horizontal distance error: Case 2

MEE| MA 1875



HMo|etsl=2X| 657 115 20164 11¢

FeAs ol Exchz 49, 7IE gl sl =g
AUV SEAP7F 540 S7kske F4s Hthad 12). 5
g KL it ARIO] Aol wet OF —0.6[m/s]7HA]
AREor F7Ri g S FIRE AUV 7150 =
g0l @At B7kehe 54g HoM, &7 FliEs HEge

A Zefolth olgfel Sd2 suAs =g o6 Rae
g EF-2F AFEEH0] AUV AIEHOIH AREEIY] HE
=]

o[tk &, 71& WHo AL, 8 EFIGo] 5 HESH
o] AFEEE SRR FLo FgE oz ggs 7IRA
EIC} HHH AoHE HHHO SeAs Behalo] ExfEitEts o
HEo] 7t 71E wiHol His) dtiEog @4t £ FF
Hsg HOIth o= Aot do] WHTRE MYTO=EN 7t
44 FHEo| oESI0] AIAE HEo] BEAldol thet uid:
E Ot 2Y + U] WREolt) olgst Ade Od 139 &+
HH AR AL BESHA SQIET). 7|E Bl Z, oY
A B2ldo] 98] I SEeilo] 95 DVL BIZkE F3t

S AT SAGi) oler g, MetE dHE Al
gl 40e e 2840 Exisie AN E 4
H Ag]l @RZF OF 400im] £EOZ ASHELE ol 1Y 99
T QAL L4lkm]oll HISH tHEFEOZ £E3 H50] 70%
7} A= Aot}

T AN

54 B
2 =RoMe AR ZEstol Gps 5 QIFoIN ASEE
FIRGHE ARgE & Qle AUVY +EFHE fld, AUV 59
s Hdo] 7jdet M2 g9 £k FEEHE M.
20N £k FEIE = AUVOl BAE S2AAM B SHA S
= 800, AUV AlgdolH @A Fdstyl, o8 I oY
o]

ol gHIE HYohe FAE Zeth DVL £ SR B
golME 2F #F9 £EFF Hsg 850 o, AUVY
F8-7EAE S50l FFH0 rke o Aekslo] 71E |
Mk 28] $4A 2 EML ZEVE HSEo8 S8Hlt Mot
H SEgH9 f8ds =Qls] flel ubEel 15ZF SDINS
@i FFUHE Aol BEgHe Aot HoAHES
Sl AoHE SEFEYET DVL HIZLE AR ohel g
Az BP0l Exshs B0l 7IE diol Hish thE o
2 e 245 SE25E dsg ASge g 5+ Asitt Al
Ol £LgEE QIR S2 AW AA9 ARO] AlSH = Az
ols AUVY ZARE +58Wdss okt RIECR AR

g 7 Ade ZeE oyHEL.

U

=1
=

4

31E0A AUV 88t g AJEHOIH9 2XIHEs |fLot
7] 8l 2Qst dde ka3t 2o] HoErh

1876

f g .
Ve =" ]l/[RB(wgB)X - QJV[RE(Q'Wé‘w}}E)X

1o}

of —zgr 0 —zgp
wI;B =M, (VP) +m| 0 —zgr—z2.

Owpp 220 2204 0O

oh zgr 0 —Z,p

—Vﬁg =m| 0 zgr —2,4

9 00 0

oh —mz w ([y*L{)r ([yflz)q-ﬁ-ngu
“;B = ([Z*IT)T —mzw ([Z*IT)erszv
Mes (1, —1)q(L,—1)p 0

HO o, = ViF +u? Ol2} B
2HE TS Alg gsr),

==

oF" [oF? oF? oFP| oF” [oF? oF” oF”
av?s ou w  ow | s ZB B ap aq or |’
oM” _ [aMB oMP oMP| oM” _[oMP oMP oM”
B ’ =
ov ou v ow owyy, op  oq  or
017141
V) V) V)
BFB 2()(5,6,67' +‘XVJN6H55 +‘X:5,,6,,6b )u+2Xu uu+2a1u + bluc
= Yo+ Yor+ Ypp+2 Y; ud, + YM(S 70,
ou r
22u+(Z,+ 4, Jwtza+Z, 55,05
2XI,’I'/U + XHT'T
2
— B ur 2% +u?
oF = )/'vu+ )/muw—i_ )/'qu+ Y;,MS”;”U_—F )/L'IU\R
o h ’
vq vw
2ZU1;,U+ZWT+vap+Zuf\q|susq? wws“,v_h
2AX;L’ w w + XU) (]q
3FB vu-’U+ Y;;p+ Ywrr + Y;\r\q s ﬂ+ Y;h'\]?ﬂ
= ] oy, Uy, s
ow y
+2u?
(Z,‘*‘%,\‘)U"'Zw Is ﬂ Z U—
w wls,, wlgls,sq ) wws,, v
L h h
oF ¥ ot
B oy Y Vs Yo,
22, p+Z,r+2,v
oF B XygwT2X,,0
=Y, pt Y, rt¥, vl
oq ]
unJrqu,squaS
5 2X r+X p+X, v
0 — |Yu+t Yoat Y, wt Y, on+ Y5, ud,
2 S h 5 )
" 2Zr7'r + erp+ qurUJrZwlq\s 5.0

A (99] 428 weo] Ho

|



2lu+Ky+ K p+ Kr+2K; ud,

aM? ) / , )
= 2w+ (M, + M, Jw+ Mg+ M, b, +2M; ud, + 20 us,
2Nu+Np+Nr+Np+2N; ud,
20" +u?
K,‘u+1(1m,'w+](7,'qq+](r|ﬂ\ !
oM* vq L ow
£y = 2A[z}bv+ﬂfwr+ﬂ{u\qv_h+(ﬂu\u\R+A1u/wakl)Z+A[7Vpp y
20 +uf
NU“JrA@w“’*Mw-%*j\’fmmvi*%qq
h
vw
K,‘u'v+I(g1p+[(117rT+](7,'|1v\U_
h
7B 2
+ 2u?
oM _ (M, + M), Yut My, L+ (M, + M, )2 ,
0 ols., v, ols) "y,
N,yot Ny pt Ny 4 Nyt N,y s
vw wp wr vl ,Uh viv ,Uh
oMB 2[(1)\p\5,})+[(pu+[(pqq+l(pw
5 = QJWWp-&-M,_pr-&-]V[Upv
P M)qq+MJw+Mu
oM® 2]%\1)\5,,:”+1(pu+[(;1qq+[(;1w
™ = 2ﬂ€\q\54‘1+]%|(5ﬂspu5s+M;“+Z%;\q“hq ,
]\/;}qp+]\/:"7'+]\/;q’l)
_ Kut+K gt K w
8MB T qr wr
P 2M,,r+ M p+ M, v
‘/V;'u—,rjv;]rq—i_]viﬂ\rvh +2]Vl\r|5 r +]Vw7'u}

2 Aqe LIGHAHe A1

A 2

LIGNEX1-2015-11-0038)

(1]

(2]

(3]

(4]

=3 A20ISH 2 TAZE FEEH M

References

J. N. Sur and J. L. Choi, “Autonomy levels and trends of
unmanned underwater vehicle", The Magazine of the
[EIE, 2011, pp. 20-29

D. H. Titterton and J. L. Weston, Strapdown inertial
navigation technology. 2nd Edition, The Institution of
Electrical Engineers, 2004

J. C. Kinsey, M. E. Ryan, LW. Louis, “A Survey of
Underwater Vehicle Navigation: Recent Advances and
New Challenges,” IFAC Conference of Manoeuvering and
Control of Marine Craft. 2006

J. J. Leonard, et. al. “Autonomous Underwater Vehicle
Navigation,” IEEE ICRA Workshop on Navigation of

=
>SS

(5]

(6]

[7]

(8]

[9]

Trans. KIEE. Vol. 65, No. 11, NOV, 2016

Outdoor Autonomous Vehicles, 1998

C.-M. Lee, P.-M. Lee, S.-W. Hong, and S.-M. Kim,
“Underwater Navigation System based on Inertial Sensor
and Doppler Velocity Log using Indirect Feedback
Kalman Filter,” International Journal of Offshore and
Polar Engineering, 2005

Y.-G. Park, C. Kang, D.-H. Lee, C.-G. Park, “Reduced
Error Model for Integrated Navigation of Unmanned
Autonomous Underwater Vehicle.” Journal of Institute of
Control, Robotics and Systems, 2014, pp. 584-591

M. Koifman, I. Y. Bar-Itzhack, “Inertial Navigation System
Aided by Aircraft Dynamics,” IEEE Transactions on
Control Systems Technology, 1999, pp. 487-493

@. Hegrenzes and O. Hallingstad, “Model Aided Inertial
Navigation for Underwater Vehicles, Model-Aided INS
with Sea Current Estimation for Robust Underwater
Navigation,” IEEE Journal of Oceanic Engineering, 2011,
pp. 316-337

M. Gertler and G. R. Hagen, “Standard Equations of
Motion for Submarine Simulation”, No. NSRDC-2510.
David W Taylor Naval Ship Research and Development
Center Bethesda MD, 1967

(Z3HD).
NG

DO
(]
—
(9]
am
rol
ot
2
o
El
)
)
Z
2
ot Ok
ol
qI

L} ¥ A (Won-Sang Ra)

1998 AAoistnl W7 SSHIHESIAD.
2000d = diskel RVIAFEHI NS

Ab. 2009d = tistd WA7IRRRSSHE S
HIAD. 20008 3€~20099 2¢ =Eutsted
T RERSE AU 20098~
orstistal ZIAMolSsHE Rule, #HlE

OR= 29 YEIFHOIE, BAEH TH, f

o

1877



H7|etsl=

1878

x| 65 1132 2016 114

Z & & (Kwanghoon Kim)
2006 Algthstu A7 AFE IR (St
AD. 20143 10€~SA} LIGUAY A
o ROk TEE

HY, 188E S

o

)

ot ¥ 8t (Myonghwan Ahn)
20128 HIAthetn  A71-AEG S IHESEA]
AD. 20009~SIA} LIGHAY S8ETH.
ABEOok= MEAA, BEFEA, 4L, A1, U

EQ3 s

0] ¥ & (Bum-Jik Lee)
20049 HIxthetn  A7)EA LSS (G S
AD. 20138~SR] tHRARAHE AHa A
ol AEAA, 3858 4 FJH88, &

U, 2EE 5.



