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Rotating Arm Test for Assessment of an Underwater Hybrid
Navigation System for a Semi-Autonomous Underwater Vehicle

CHONG-MOO LEE, PAN-MOOK LEE, SEA-MOON KM/, SEOK-WON HONG', JAE-WON SEO”

AND WOO-JAE SEONG™
* Korea Rsearch Institute of Ships & Ocean Engineering, KORDI, Dagjeon, Korea,
™ Automation and Research Institute, Seoul National University, Seoul, Korea
** Dept. of Naval Architecute & Ocean Engineering, Seoul National University, Seoul, Korea

KEY WORDS: Hybrid Navigation System £33l A]2~E], Semi-Autonomous Underwater Vehicle R¥FAR&-F-Q12H=4 Inertial
Navigation #4381, Doppler Velocity Log 221} 457

ABSTRACT: This paper presents considerations on the results of the rotating arm test, which was carried out for assessment of an hybrid
navigation system for a semi-autonomous underwater vehicle. The navigation system consists of an inertial measurement unit (IMLD), an
ultra-short baseline (USBL) acoustic navigation sensor and a doppler velocity log (DVL) accompanying a magnetic compass. A navigational
systemmodel is detived to include the scale effect and bias errors of the DVL, of which the state equation composed of the navigation states and
sensor parameters are 25 in the order. The extended Kalman filter was used to propagate the error covariance. The rotating arm tests were carried
out in the Ocean Engineering Basin of KRISO, to generate circular motion. The hybrid underwater navigation system shows good tracking
performance against the circular planar motion. Additionally this paper checked the effects of the sampling ratio of the navigation system and the
possibility of the dead reckoning with the DVL and the magnetic compass to estimate the position of the vehicle

1. M 2 olH g i—.‘?—i} %“aﬂ M2RR $EAY 2899 23, UF
g 54 % g ofste X At ¥gHER &
AREAo] of AAHC HlEsle LA ZAEY, & dolE 5 1170

BARFRe] £FAN 2P A

94
ol 1em ot slolslexe Busks Aol Brmory,  ToIM A B HE o] L8HYIE Jrh wletA,
Loyol Mupopy msjshs Do) 229 Dolnsge As) %J}ﬂ%‘ﬂi‘%ﬂé 283 Aol dAS +5& AZst

i%ﬂr 3“%5*]*‘&14 "‘i FE Apolel TR 9A)
=S 3l PSRgE=WATSIPS o] FAAAME
’\% ﬁj’]‘ ?‘%pﬁ /\]i\—EtHE IB’V—{# Oi 0“ 0]%‘@" nn g\ J’ﬁ] ‘l"i —}JE_E{E%%A —/;\_55] ,_/‘é/}ﬂ/\i(h‘nerﬁal measurement
E 7HAR Sln olell met wFe] Y Aade 2E9 e IMU)E 54 AFgaka Qlok o]8ak IMUE AlAj9] who]
(Acoustic  positioning systems, APS)©Z#, LBL(Long ol SAEM o olate] Alzte] Aol wl 9x=2F X}
baseline), SBL(Short baseline), USBL(Ultra-short baseline) 5 7} 7jslg<4mog Solma S A A, Hlﬁq/&ﬂ}q, 244 A4

o
A

o A€ol ol +5E Folshs BARE AT PPAaEe
st

oot & B 4

& FE AEsigtow(Milne, 1983), #Q4ME 259 ¥ A, 2LuE=H|(Doppler velocity log, DVL) 3= LBL/USBL
Ao AHEA &gste REIPANR AL It FOoRRE FAE AXSHAE o)&% HAO wiEA &
(Woolven and Field, 1998). TEG H2o ATFFeE FAZFH] FHA % bHi&
mjoll GPSE o]®3te] XS HAE}I(Yun et al, 1999), 2&

AAAE 0T AR hAFGA HAT FE 171 ¥ YAz A IMUS §3sHAY, DVLE o)&3 B
042-868-7533 jmlee@kriso.re.kr PRl ~"lo] A m rHLarsen, 2000; Marco and

73



74 O - o|TE - AR - FHY - AAA - H5A

Healey, 2001; Kinsey and Whitcomb, 2003).

e dd L do|e BAALAY £ AYUIHS 9§
nEE AL fon, He 2S5 DVLE 84
IMUE ke s HEHY Z2vt BHE o838k
EUAAE(O1FF T, 2003)S ANEE 6) ok B
o 1% 'E?‘fﬂ"k"ﬂ—? o] sk dXd 5]%@%% o]

EFYRAIEE ] thste] AlAELE HF
B2 gAto) x|yl A3 =
ol WALl Hute} vlugtow
] Azde] Aes B2 & 5 Aok By *ﬂ*ﬁi’ﬁ
DVL olglelx AmAlg A AXE o] g8t 5%

& TS B HAaHe z2AMe o
Hl%o}oq Z53% olvA| 7& g AHelshks 39
Solu HER, B =79 9
g golE wisto] ot& 3
&, 2 =EdAE DVLH 3927 AMehs o) &g F53

THste] ole] PASHEL AESIIA Pk

o
.‘.4

l

O

-

o Hr oof x I

£
;;
rkﬂ
-1>

S%odp oo

Kl
m\m )

2. e A2
% % Qo

m\m r\o

_|_,OE
i

[e)

3
ot

2. ZFEDIQ XS OB THWE

FHA AL 7ler X9} zlojze] nlolojis 9%}, A
o 2 viAZE 23k T 2lste at wASHA dr Azt
o we} e 2L IMU Al2Ele] 3y x& Fig
19 22 7329 A=Y wAo g HyHnt

Indirect Feedback

Kalman Filter

Propagate S‘Zi‘;g;wn
Error Covariance Navigation
Matrix 9

System

4 Error Correction
Update

Kalman Gain M
Calculation State Vector

Update
Error Covariance — +
Matrix

Velocity
Doppler Velocity Log HSa'd_Ing
" Position
Magnetic Compass
USBL Position
Tracking System Corrected

Velocity, Position, Attitude
Fig. 1 Block diagram of the indirect feedback kalman filter of
the hybrid navigation system for an unmanned

underwater vehicle

x(t) = F()x(t) + w(t), w~NQO, Q1)

o71A,
(8L o1 on oV ¢T ~vI el s, by, a, ¢, si7

x =

@

w=[01x3 T/UZ WZ; 01><3 leg lez 0 leg 0 01x3]T

A)
[e]

o3,
o]

1A x(H e FARAFAY Az,

AT}, Ax

&£50% 2 z}xﬂ A2 79€ FHeAet USBLY w)

-—-—‘—X}/ UEﬁ]A B]' ]ﬂi_?_i]‘, E—%F’i

Axe] waA s

22}, A7)Zute] Hlolo]2Q R}, USBL 7]A 49 Bl EQ A}
Z A" AR olFoixl 253 Atepd

o] 00]al RNl Y AaHe

A9} Aol o] HAQAE VR
A=A} A 2L DVL ASAsER

Aol w( =

ALY Tk

Kol

=2
Coim USBLE MAFYLAE WATEes BAYY 2
prd

o
=2
ARE-S T8I AvhgE(Y] 24 Bd4o] dojRitt
= P
A% Vmeas
Y= a_ ¢meas (2)
L— Lmeas
7 - lmeas
0 122 1 0 123 0 12 0 O 16 0 1x2 ‘1 0 1x3 0 0 1x3
— 030 Ogq T35 = V™ 01 036 03 0 C5 0 034
0 19 0 O 1x3 0 1x2 —1 0 1x6 O 122 0 0 123 -1 1x3
TEw) 2413 134 03q 0355 05 Posx
uhgtg
v (¢
T V)
Ve £)
o 7)), Posx= 0 & *fvedt
—-n 0 [od

At

¥ Q2 7AE Zonde2RE e

9 % s PR 98 F Ak
O

o Qx}g update o} T dEELeE B
2003).

3.1

(1M
i

A

+Z SEEEALY 4
ST AlE

=M ASE BAANE  FEe shiaae
HG1700AGI19]8], 3%2] Ring Laser Gyro$} 3%¢] Resonant
Beam #419] 714 HAE viAela ek

ke Table 19] XA)¥ ule} Zch

o] IMU®] 734

x( tk)



Table 1 Specification of the IMU HG1700AG11
Accelerometer Gyro
Operating Range £37g £1074. /s
Bias (10) Img 1, /h
Random Noise(10) 50mg 03, /h
Random Walk 0.065ft/s/x/ h 0.125, /v/'h
Output Frequency 100Hz
Interface RS422, SDLC
(2) DVL
2 AgAM ARE 25T ERADVDE "= RD
InstrumentsAte] AES 2 300kHzo] ZS-uE ARSI A2
oA a7l AlXZE HARZRS Zta AR Fo] pFolA MA
o $%o] ME 2e7e) £ET WS o83l 35e| Sx
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DVL ZgA] At o] Table 29} 2t}
Table 2 Specification of the DVL RDI workhorse
navigator 300
Available Frequency 307.200kHz
Minimum / Maximum Altitude 1.0m / 200m
v=1.0m/s 0.3cmy/s
Precision v=3.0mys 0.6cmys
v=5.0m/s 0.8cmys
Accuracy +0.4%+0.4 cm/s
Maximum Ping Rate 0.5 to 7 Hz
Interface RS232
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navigation system

¥ AL G shdel AAE
5 Z7gste] A1y
o] o]FoiHth HFe FAHLEFHY HZo|7t 10u]E o]
v EEe] BEE ol&ste A& JPIE =i
Me ZAE 8rE Aol A3, £ Y NEEES
05, 1.0, 1.5, 2.0, 3.0m/s& Al AFo] =3 =} Fig. 5
© 3ol AHE FFFAY 1AL vepdoh

a9

Fig. 5 Photograph of the rotating arm test setting in the
ocean engineering basin of KRISO, KORDI



76 °]

NGe ABHAS 27 102 Sl 24471 34 Aus
A Py mEaPdx 2/19ES ST 5 WA A
om, 10 olFo] ANs FR4E Fo 7FExd bus
7] £55 28T o]|Tole ALog SxFH ok 1087+

A% o) m—e— ASIAAt PHE AT XA HHS A9

AAULE x, P SIYFE y, ATEAVTE 22 Fo)
Ak
4. BENS NHED W TE

AlFE 5719 £l diste] o]Fojont £ =RoXME
DA A&l 15m/s9) Zel it A=A 223
12} gt} Fig. 62 15m/s &0 tid 5 & AZ )
olElE Uehle Aoz, IMUERE H5H 7159 Ao
2 2159, DVLERE dojxl £t Mg el oA
AFE wlg} Zo] IMU AIE 100Hz, DVL A& 2 w9z
AsE 2HzZ #HEF Adolth Fg 6914 20x 2golA &

A7) 271 A 3] AR S« 9B o)
o Mg Yolskow), y wgos Aueo] 483w, 2

ot

O
JO_

T e ey g

2 B AEE BAY S5 E7K30) met Al
Ho) F7kska RoHs We] JAskE AFOE el
dgo] 28 FE AR A& Wolw 3k

% gtk 2gely MU

oo fo o Ip
N
N

9
[N

%“%ﬁ&z}i T74E ZTIE e AlLH
[o}

Aol AAMe e FAH4E 5 gloy, B AFPdMe £7)
o] A A44g ol gar 7] W 71X $AwS A
st

Fig. 7 DVLY] SAX|7} FoiA|x] o} IMU @502 9
o] AEiESEE FAT ZAus Jeidth 3y dase
100Hz2 ASSE #APNeTHE o83t fXE FHstth
agdA XY 23e VEEsALE wst e 4
Fg Holm itk o]#dt TadtS IMUS| VK& E B Ao
29| npolojx b9l AAY A wet 7)9lEkE ALENH,
BT AL BRAANE AS3iEEE EdeE @de] =3
4 ZAA7L ARIRAAE @A HER LAHE BAS)
A8 2B ASNE7 Hh=A] FQsich

Fig. 82 2Hz= Aoixle 231 HEA A7 e A
TE 0|83t ealFEate] update®} JEwSgre] HAGo] o]
X Ao I3y 3’—]'~ Ro|x gitk Fig 7oA A}8-3}
a9 BEET MUE l%— Ay Al sl BRxd)
H AR 239 &5 1%01; 792 BEEgHAILE
£ oF 108 AH#s @4 3 4 237F 1.0m EH o]
EAste] 9% 3 A4S Btk o] dHAERY FF9
PHS YeME 54T} BEA] Badte A8S &
= 9on, o FEPHE d7-shs EoldlA DVLE o]
std LBLY} &y A%< A9 MUY LBL 3 GPSE

;ﬂ uu

—’o{l

o]r o m[m F

Fav)

F7 ol - AT - FHY - AR

dg
oL
o
B

|83t B} FHE o £5 A9 AXFHd HE =
Ate|(Kinsey and Whitcomb, 2003; Larsen, 2000; Marco and
Healey, 200))5-2 $2)6Q) W2 Bered,

z-Acc [vs?]

time fsec}

(@) Accelerations

IMU-DVL (new) * vel=1 5ms, angle={deg

x-Gyro {radss)
&
3 ©
=Y
gr ‘
L

y-Gyro [rad/s]

2-Gyfo [rad/s]

time jsec}

(b) Gyros

IMU-DVL (new) vel=15m/s, snyle=0deg

DVL: x-Vel {rmfs]
Lo e
| —
-

=3
[N

DVL: y-Vel [mvs)
o &
2N e

DV 2Vl [mss)
o

=)

time {sec
(c) Velocities

PAU-DVL, (new) © vel=1 Smis, angie=0dey

&
8

DVL Heading fdeg]

=)

©

DVL: Pitch [deg]

3

8
Jgr:

=

8

8

- T I N - L

DVL: Reil [deg}

400 500 81

al
]

time {sec]
(d) Heading and Attitudes

Fig. 6 Rotating arm test results of a fish equipped with an
IMU and a DVL



R R

MU Nav * speed=1.5mJs, angle=0.0deg, (Ns15hDDaN)
16000

10000

y-pos [m}
g

Jo 8 @5 mo w0 @8 7w
x-pos [m}

(a) Estimated position

IMU Nav - speed=1 5e/s, angle=0.0deg, (Ne18600aN)

) L

2
Vg [mis]
(b) Estimated velocities

Fig. 7 Estimated positions and velocities of the fish with
the IMU-only navigation system

4.2 DVL IS8l Msma

W £ MY 253 FEAE o] 8% F5FH(Dead
Reckoning)oll #alo| HES}Y] 9jste] ¢4 W94z M) &
A& AESIYLE Fg 69 (d)olM Bole wejzte A%
AR oA H0H WHE Holx 3
I Utk ole sfFrzd] 9N FRER AR A
A7t AFEEZ HEoAA Ae] wsles fdkaly] Wil
o dubzeg RS Wi 4% Azt st
A gshE A7 WstE st &) Ao w9z
< 2UE AR F A ol RBAI A ARSsopt il
Fig. 99 (@)= % A7t 2714 ZE st YA el
WA AEE JehH, (b)) laye #F A7 g

of ojate] Fakn QU= FEie] WS vehllE 2go)tk
b olfde W7} HHEES AAT A 23}
E Yl Aezn 2x 01 23 ¥ ojuye] Wizt 4l
T7F #1107 ode] A Holi Stk webA Bz AME
olg3 HA FAHL ¥ A= AHste] wE W 2
A BAske Aol w=A] g7E:

Fig. 10 DVLs} DVLel #=t= “‘HZ} AXME o] 83 5
el A7E Holn itk Welde] exat o] EghEo]
deonz Wyy Yo FeYg 2w SY2E = ARE
Holx gtk A fLAuElo gy =g ZESH= ko] =4 uvt
Ak glom, ol DVLAA ASHE = volols 2
AR AL A7F EAsr] etk B =EolA AMSg
DVL2] @A+ 04%+04cm/s7} ©l22, DVLE ¥rgjalo|zqt

I\

]

o
1o
-
o
i
o
o3
e
>,
[
nd
oX,
o
o
N
i
RS
)
ok
X,
g
>,
i)

77

x-pos fmi

(a) Estimated position

IMU-DVL Nav - speed=1 Em/s, angle=0 Ddeg. {Ns15h00al)

(b) Estitmated velocities

IMUDVL Nov speed=t Sm/s, angle=0 (deg, (Ns15H00a0)

¥R [m}
o 3

- o

& Error {m)
@
o &

)
)
w
IS
@
o

(c) Estimated velocities

Fig. 8 Estimated positions and velocities of the fish with
the hybrid underwater navigation system

2 olgt PWA2HY Aol SAMFGe AR 4
A Aol 7Pssht S NP L §ols

A ACIZE cIgSiel YA 2418 13YTa sl DL
3 917 Aol gre olgaiel gy Al
=
AFA =ol gF ol Eaih

@9, DVL 97 Aol2E olgd whAsdolAe]
DVLe| AEe dole waje] e by A5l wae HE
8}l Fig. 112 DVLe] A&7 Ho|EE 2Hzo|* 04Hz=
FEQE A ANFR 0AE Uehis T8eRH, 94
24927t A9 QA Jepde ¢ 5 Atk B wRelE
Aot 02Hz S URUPE AY BAT ANE Ko
DVLs} 3917 A4S o83l 59 Axde Taske
ASole AEY doES WAAIHAT PPN A%
o= =7 o) glek

o2
o
-
o
ek
o
o
o



78 0|2 . o|YE .

gz

N

a1 IU-OVL {new)  vel=0 Snvs  (Initial Hoading Signaf)

Mear{=B619797 Std = 0 Q4525

5205 -\ -1

&2

Heading [geg;

@195

(a) Static errors

IMU-DVL (new) - vel=0 Smys (Onginal & Detrended Head [n=161~259])
00 T T T T T

8

Heading [deg)
[ 3
38

8

0 i i
40 60 23] 100 120 140 180
time [sec|

T T
! Mean=0.72077 Std 61481

Heading [deq)

100 120 140 160
time {sec]

(b) Dynamic errors
Fig. 9 Static and dynamic errors of the magnetic compass
embedded in the DVL

4.3 DVL MZ2 FulpQ| HEt

2 A ME DVLY 4EY dolee] me P Axwel
A5 wslol thstel mBSHATh Fig 12 IMUS| 4E3
oJEx 100HzZ xYA17)3. DVLe] MEY #Ho]EE 1.0Hgz,
05Hz 2 02Hzz Rdt Aol 4% Lok dajold,
SgelX) DVLY) 9 delest @oide wet AX54 o
A7} A S5 9ee & & Yk ol DVLAA &
AN &E est Yol 2] HolH ARl Lol
S2 IMUS| 13153 oAt Agel vlaste) Z7ka7] wE
oz BEHT Webd, B TN ASH FAT IMUS
olgshs Aol HYFWAZH A5E Fol] AHE
wzgy AAola Aol dolE)d) HelEs wY Bast
2k

4.4 IMU MEgl Fulso| Hst
2 AFoA= MU =8 glo]Erl & AlxEle] Ao
o)xe 93-S AESYcE Fig. 13& DVLe A& A7t 314
2 05% Z, 20Hzs mAsta IMUM dojxE dlojE 9]
ZolES 20Hz, 10Hz ¥ 4HzE WHFE A4 BFPPA~
o] Q%< Uehle 1gelt)h Fig 8(a)9} Fig. 13(a)E vl
& By, MUY dZ8 go]EE 100Hzo)AM 20HzZ Y3
ol ARAFH LAt gt Stk R
& 4 gloh skXwk 10HzRE 2 olste] HMEHY

ﬂJIO ox
£
i

2 2o dr

F5A0] AAsE Zozd Fale) Swel HE 914 2
Astel Foe jdE wo Yo Fia g FoAe I
9 )

X

A1 - 349 - MAY

Fig. 10

XX

OVL only Dead-Reckoring Nav : speed=1 Smy's {(Ns15h00aN)

B — A .

— 0F B

E AVAVAVAY |

X-ZO q
200 300 400 500

o 100

AN . l
) \N\‘/ i \/A\N\/\/\/ V \l\f\ i

30 =T
o]

600

¥ ]

——e—-

S A
= e
E 0 e N
N —
of — 7
10 a—a . L L.l -
0 100 200 300 400 500 600

Time [sec]

(a) Estimated position

DVL only Dead-Reckorning Nav . speed=1.5mvs {Ns15h00aN)
- v — B

¥-pos [m)

(b) Estimated position in x-y plan

DVL only Dead-Reckoning Nav . speed=1,5m/s (Ns15h00aN)

Ximi <107 .ap

Yl

(¢) 3-D trajectories

DVL only Dead-Reckoning Nav  speed=1.5rvs (Ns15h00aN)

820
r .
0l o
) 100 200 300 400 500 600
.-
E or-
£ ’\J»«f\
2 -5‘» [‘khy
1 - [T
100

‘fb’”w"\fwww'"‘“mf\’"

200 7300 a0 " T

@
B
8

30- e eewe -

P
A M

‘_,M

i P
100 200 300 400 500
Time [sec]

(d) Tracking errors

[P

Pos. Emmor (m]
.. a;-

§L44

o

Tracking performance with DVL-only navigation



AR ARFA Y 55 SR AxE AeBUHE AT g A9 79

Y-pos (m]

R S Y T T S P 1
35 -30 25 20 15 -10 5 0 5 10
X-pos [m]

(a) Estimated position in x-y plan

DVL only Dead-Reckoning Nav - Freq Effect speed=1.5m/s (Nskip=5)
10 - P R

AN
w20 \/\(\
o 100 200 300 400 500 600
5 B e
E® /\/‘
> s
£ J
looo o o a
0

Time [sec]

(b) Tracking Errors
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