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Development of navigation system and control using
weight balance actuator for KAUV

BAEK SE HOON

Department of Mechanical Engineering

Graduate School of
Korea Maritime University

Abstract

This paper presents an architecture of a newly developed
autonomous underwater vehicle (AUV) platform, named KAUV, which
is designed as a torpedo with very light weight and small size,
suitable for use in marine exploration and monitoring.

The KAUV is equipped with a mass shifter mechanism inside to
make changes of the vehicle center of gravity from which the pitch
angle and depth of the vehicle could be controlled. The paper will
propose a new depth control strategy for the KAUV. The feasibility
of the proposed control strategy is validated through test of
performance of the vehicle.
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2. KAUV J|+18 24

2.1 KAUV &H 2

KAUVE &M 20| 1.572 m, =0 &AL 0.18 mOICt. Fig. 2.12 KAUVE =

O 200 me £=&0UAM Z=S0| Jisotl EHA, IMU, DVL, GPS, =& AlA

8l 2{d, weight balance actuator, AN, && == &Xl, S4& £ UHIAHOIE
A

ANAES HEgtotd QUCH KAUVIE =0 MU
o

o M0

KGFELH <2t 2 23.8 KGFe fHEE I R8e a2 KAUV Sa&
Al SSEU =2 AKX S22A 28 HOIH =0 Egt HFdS el
JI ol Ml JHel D& & rudderE =0 120 2tA2=2 X AIZTH KAUV

146 ’]‘ 164.5 ’|‘ 863 '|< 3985

1572

Fig. 2.2 Exploded view of the KAUV
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[a] X gt
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Fig. 2.3 Changeable actuator
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Fig. 2.4 Underwater propulsion



3. Weight Balance Actuator

3.1 Weight Balance Actuator &#4&

51

flet w

= KAUVE JIES AEHE HMOSHH 20l MOE ot AdeE CHEA weight
balance actuator= LM guideE actuator2 FASIR LD 24VEH=Z RS0 &I
Fig. 3.13t 20l LM guide0ll 2&0] D& & guideE Wet Z20| OlsZAH S
1 0| OlsE0l Mel KAUVE RHSH0I ¢2ez, FIZ2 0lsotAl &0 0l
H 2AHSA0 222, F2 0ISEHA =H KAUVY pitch angle 201 HHH &
=AML JtsotAH S0 £t 2x MIAS LGRS 2 2HEI 3 E™Gt
weightE OIS AIZIA =12 weight balance actuator 2&H0 Z& dNHE =2
ol 20| 88 HIE M= 1S YotE =02 OtLet O N&ES =
at OlAlGt) Z2HO R2E HDH G2 HAMS Sote 8 Z01E A
=0 weight& & Jt20 2IXIAIZIA = CH weight balance actuator | CH

£ 30mm/s0l2 OlSH2l= 200mmoOlCH. A F2 A= SH KAUV

C|

=4
CEAHIOIDI 201 JtH JtsotES MA6HALE

Fig. 3.12 20l HOHE eight balance actuator OICH. 2 HAIR0UHA JHE
E
=

2 2

r M

{10

+
|
|

o

H

AlS
=

o
oo

. LM guide Gear
> i

Fig. 3.1 Weight balance actuator of the KAUV



3.2 RH &8 AlE

weight balance actuatorE€ 0I&5t0H =& MOt ®IHA= Pitch MAHIE Jis

&t actuatorel 2HE AAGIHOF CH Fig. 3.22 M&ERAHES W4 £ KAUVSY
NHSAIL DHOI & OS KAUVE =x0 210 KAUV 2 S&2 JIEez
2

weight2| 0ls HMH&t2 20cme Z0| HMet2
= Al2112 weight® 2.5kg, 3.5kg, bkgZ B3t Al SO Fig. 3.3
&, 20/8 KAUVE PitchGlOIE Ol CH.

= U3 5cm 2222 weightE 0l
2 229 2

?

. /
N / ——
20
15
10
*
z 5 / —2 Skg
b T = ,  ==——35kg
-10 -5 o 5 10 —5 0kg
= 8
-10 /
s
- //
2
30 >

olEAE (cm)

Fig. 3.3 Angle variation of depending on weight position



3.3 weight balance actuator M& % 85 &&

Fig. 3.32 &l& 22 2.5kg, 3.0kg, 3.5kg 2H0 E 2% HSIF AKX &£
D=2 KAUVY HM LHE FAsto=Z 6t 2ot0 weightS 2.5kgZ & A6l
L. Fig. 3.4= weight balance actuator?l & &% & &M HZE AL&IOID
Fig. 3.52 X & AMAEZ 46l KAUVH & XMZ £=st AFRIO|CH.

oy

Ball .
Actuator ey Weight

LM guide Movable mass Gear Pitch motor

Fig. 3.5 Developed weight balance actuator



Fig. 3.62 weight balance actuator& KAUV W20 &&otH Jt2 4m, A&
10m =0l 5m &AW ==0 o 20l KAUV 282 2424

YleleZ KAUVE C‘-’=01| DHS ALKMOIN Fig. 3.79 &
JELZ weightg 222 9cm F2HUC=Z

HJIO

balance actuatorl &

SotAS M KAUVIE == Oil/\-l 20Xl pitch 22t &2 AlZE

SLOZ weightE 0l AIRE e 62 20l 670t JI20 "0 &Y

weight€ 0l AIS M= 6= 2H0l -65 It JI20 & s 2 = U
=

weightE &2 L= =222 0ISAARS M Fig. 3.72 S |A

Fig. 3.6 Developed weight balance actuator
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Fig. 3.7 Control result in pitch angle



4. KAUVE H& &)

MAY

Fig. 4.12 KAUVS UWER dM & GI=SIAM BHXIZOICH DVl d==20 2=
ot IMUE SLR0 SAMM= FTHR0 X JASH S 342 HHE =
Of E0IIH HL20 10AZ HiE2l StLt FEZ20 5AZ BiEel & ot 20
I SYR0= 2HCOE ZEEA 2H S20ld, g8 BE, dN BE,
weight balance actuator, 512 DC/DCII 2&E N U2H HO0IR0H= =&

ot It AFO00IEE & =otRUCt.

Batteryl,2

DC-DC
€ onverter

M

Weight Board1,2 Eetteng T
Thruster
DVL Control Motor Depth
Receiver
Meitor Controller Sensor

Motor RF  Sub-boards DC/DC Main LM guide
Battery driver muodule 152 converter  board driver Battery

Fig. 4.1 General arrangement of the KAUV
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1ot=q0 4

KAUVE WR0I= O MOoi2Jlet 2 MO0t 2940 SOIHAH =T B MO
£ <ol YHICIE ZFEI(Fig.4.2)E AIS5t0 KAUVE MO SHACH SHICIE
ZFHE Windows CE 6.0 JIBt22 AEXIL il 28H22 AMAEY ds
S 238 = gl 28 2cdsS WAHE = QI HE0 C#= S

o

o =2 M 8
GUI 22 ]8=s —_r“ééF = YUHICIE FFHN Z2OdS 4XE O I

AlAgR 278 R

232/485 BMARK l
L d AS485
{COM1)

| (—ﬂ_:szaa SV-TTL Level

: M)
| [- RS232(COM2)

USE HOST — LS WEC YIRS oF B =y RS232(COM3)
B | L RS232 5V-
(COM1)

SD CARD =7

TTL Level

POWER
DC SV Only

ag

Speaker  EXTENSION RTC DIPA 42| POWER
PORT -1l BATTERY (Booting Mode) pe'sy oniy

Fig. 4.2 Embedded system—IEC 667 Lite

IEC667Lite
CPU 32Bit RISC ARM1179]JZF - 667MHz
RAM 256MB
NAND Flash : 128MB(OS :
Flash
System 50MB/Storage : 78MB
SD Memory | SD Support
RTC RTC containing
A DC 5V
ZA ¢ -10 ~ 60°C
RS232 2 ch
RS485 1 ch 4 ch
Communicati TTL 1 ch
on USB Host 1 ch - USBI.1
USB Device 1 ch - USB2.0
Ethernet 10 Mbps

Table. 4.1 Specification of Embedded system—-IEC 667 Lite
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Fig. 4.32 AIEX ZFREH=Z2H KAUVH LRELE2 RFSEES SotH 8 Lot
Ct. KAUVOE =320l ASU= CHHILIOE 20 ==& RFS&I0| Jtsdko|
20 aAl2tez KAUVE EE2E MEAN BFEHZ dSE6HH KAUVE AMHE 2
dMe OO0IHE aAlZtez &0l 2 M & = AUCH RF 28 S& Fh=&=
2.4GHzO0IH = S4lH2l= 16KmOICH. RF 22 XtMg M2 Table. 4.2
et &Ch.
Fig. 4.3 RF Module(24XStream)
24XStream | 2.4 GHz
Performance
Power Output: 50 mW (17 dBm)
Indoor/Urban Range: up to 600" (180m)
Outdoor/RF )
. . up to 10 miles (16 km)
Line-of-sight Range:
Receiver Sensitivity: -105 dBm (@ 9600 bps)
Power
Supply Voltage: 5 VDC regulated (+ 0.25 V)
Transmit Current: 150 mA
Receive Current: 50 mA
General
Frequency Band: 2.4000 - 2.4835 GHz
Serial Data Interface: 5V CMOS UART - No configuration
required

Table. 4.2 Specification of RF Module

_12_



2 AN M2 =AM 2HE= 200W=2 4-pole BLDC Motor2 HEGSHULE.
JIHHl 6:1, E3 19.08Nm =l =& 2833RPM2=Z 0|2 F*& ot 22
AEAS 400W BLDCEEH ZS=C2t0IHE HEOIRULH 22 REAL EHECHOIH
LHS0 282 AXMAHY SEHAHE A8t Z0els0l HWEZO U

&I =& HOUHAI 2H HEEHE Sot0 MO T2 MLSH &L Fig.
4.4= &H =M HMOUHZ MEEZNEsE 2H S20IH AIRIOIN 2EFE2 BLDC 2
B ALXOICH Z2HEcCHOIHS M3 2 Table. 4.3 2 L.

Fig. 4.4 BLDC Motor & Driver

SECTION DETAILS SPECIFICATION
MOTOR Number of motor driver 1 ea

Minimum supply voltage 10V

Nominal supply voltage 24/36/48 V

continuous current 46 A
ELECTRICAL continuous Power 300/440/600 W
PWM frequency 20 ~ 83 KHz
motor coil driving
GWM 160 Module
MOSFET
speed range 0 ~ 30000 RPM
period of
speed )
real-time speed 2 ~ 100 ms
OPERATION MODE contr
command
ol acceleration/decel
eration set
encoder

SENSOR

o|Oo

analog hall sensor
analog input of digital

INPUT/OUTPUT I/O or 3 ea
fault output

_13_



RS232 speed 9600 ~ 115200 bps
COMMUNICATION RS485 speed upto 1.25 Mbps
CAN speed upto 1 Mbps
operating ambiedt
TEMPERATURE -20 ~ 50°C
temperature
) ) 80x50%21
MECHANICAL dimension mm(LXWxH)
wight 46g

Table. 4.3 Specification of BLDC Motor Driver

Weight Balance Actuator +sSol)| fot6d HEXXIZE 0188 DC Motor
Oriver& & SIUCH. DC Motor Driver= Fig. 4.52 201 HOHEz F24HE=E

motor controller? ¢ &= 222 FALZ= motor driver § 2222 LI=CH
MO 2= gEtdoz DIOIAZZZMAE 2HEIHN 2HS dAIH MSE 20t
e SER0 22 PWM 2 BH s 2 MsE Mdots dgs 0. I
f 2= Z2H Ect0IHE ZotH HMHRE2SRH 22 PWM & 2& S E
LY s MACT KNSE BELSOH 2HS MEE2 3280 Fig. 4.62 2H
Eclol I =229 225 0I0

Motor Controller "

Fig. 4.5 Motor Driver & Controller
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Fig. 4.6 The circuit of motor driver

88 B=E HiEcle cl&22l0 5.3Ah, 782 AL F 32 HIECIE A
t

KAUVOIIA A20ots 85S 325WO0ICH A& & BHEICIZ2 KAUVE S AI 1AI2
302 st 20l Jtsgt dF0ICH dEtECe =2 KAUVS £35S zIZ 20t
= A0l 22X I W20l 80%2 =52z XHHL2=Z 28 et JtEsS
5 Ol

& 2A12F Ol&h KAUVES 220l Jt=5otth Fig. 4.72 5A HHECI ARIAE
2

Fig. 4.7 Lithium Polymer battery
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Rated Capacity

Typ. 5,300mAh

Nominal Voltage 3.7V
End Of Discharge 3.0V
Max. Charge Voltage 4.2V+0.03V
Max. Conti. Charge Current 10.6A
Max. Conti. Discharge Current 10.6A
. charge 0 ~ 45°C
Operation Temperature Range Discharge 700 ~ 55°C
1 Year -20 ~ 25°C
Storage Temperature Range 3 Month 25 ~ 40°C
1 Week 40 ~ 60°C
Weight 102g
Length Max.97.5mm
Cell Dimension Width Max.64.5mm
Thickness Max.7.8mm
Table. 4.4 Specification of Lithium Polymer battery
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gl
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So : Initial position

Sg : Last position

: Total displacement

a © Acceleration
displacement period
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displacement period

Sd : Deceleration
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: Initial velocity
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| t/ period acceleration
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v - } } period acceleration
Fig. 4.13 Trapezoidal velocity profile
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Fig. 5.2 Body coordinate

X

FEH 2t XIEHSI0| 2 RotCH &EH

WsHEol 20 0l AFZ2D= 20l DCM(Direction Cosine
2 Cartesian &EHZIS XNEHES & & 2= U

S MEAZ HoE HEt SH HEHZ o= HEcHY, 0S4 2AH=

= —

=0 (5.1)

roll, pitch, yawOll CH&F A

=

=
25l P & YOW, x=° roll, y=
o s H

b_ b d 2
Cp = C(PIC (O, () = | €848, = C S, CyS, T 84845, €y
CoC,Sg+ 8,8, Cy88,—C

4
wie  CoCo (5.2)

_29_



HIIM, JlE Sit gg dige s 20

1 0 0 cef 0 —cwl oosyr sy 0
C@=0 omp sng |, GH)= 0 1 0 | C@)=|-sny asy 0
0 —sing ocsg csf 0 ocsf 0 0 1 (5.3)

2
He HE A BUINSE FPE THEOHE HSTH

e
= HME F, HEE Roll, Pitch Odeld XF2Q XD HE g2 E&ol=s 35
NI MHE 0lZ25tH YawsS #otH E L.
rolldt pitch& —otJ| iz ROl SHOIX =S M, SEIHSET0
a8 MEHAUM SH HEHZ HEotE DCME2 ZotH dM2 IJtsE & 3t
o Z2Ch= JHE0l 2560, Al(5.4)2 &0l EAIE 2= UCH[10]

a, 0 —&%g

a, =Cto|= 8C48,

a, 4 BCyCq (5.4)
ax,ay,aze 284N IS & gtez SHl HEHUWAL HEH 80110 g
= BEINETE LIEFHOE  roll(@) pitch(B)S &I(5.5)10 201 & 4= QUL
a, gC,5, 8
a, gL €,

a
=tan™ (-~
/ (az) (5.5)

_30_



H=Z2o
olelel

ESEE

SH

A0l A

1T
i

t

S

=)

Al(5.4) 01l A

MetM, It

Ct.
£ MolZ2 dMZ2 X2 Xrd

A A=t

o]
PN

i
2

Tl
1O
A1

ol
Bl

[l

o)
B

H
(=]

=C =2
L=

0l

HAS 01Z0l

CHE

d Motgez X+

HIA 2l

=
[

(5.6)

=

Ho

—.H_
110

o
L
N

BlIE x=E2 mi,ysS2 m2

A2l XA+

ZHHA 2
Hel XA dlA

=
o

4
72}
Eall
00

E

110

my,zE2 mz& &9

Sy

ol
K
S

ol

L

fr
K

SH

HAlz9

g MEAHNA SH

St
>

S E Ol
o Hd & =

NP

A2

o3

b

U

2]

t

(5.6)

roll,

’

1]
ol
21

ol
<0

L

<]

i

(5.7)

= & UCH

20

C,C,0128, 4/(5.8)%

b _
N, =

C

(5.8)

_3']_



== 2 any)
¢, -—-mX-mY (5.9)
q—mX+mY
W:taIl 1( 2 1 )
—-mX-mY
3 tan"l(_mz (f.:g}'?:rjr + 5,80, + .t:;a,slg.\':r:rz)-i-i‘:"‘s’1 (C;amy _S.;jmz)
—my(Cotti + 5 ,8gm, +C S g, )~y (C pm, — 5 m,)
—11,C M. — M8 8, — NL,C . 5.m_ + e amn —ns,m
:tan_l( 2bgtity g8y 27¢78 e ey ¢e (510)

—IC G, — IS 8 g1, — WC S i, — Iy Cym, + iy S am,

roll, pitch =J| H@gg &A8aE otH A(5.10)2 RH &2 &= 30| I2=2
yawl| gt2 & = UA ECh

QA 8t roll, pitch, yaw gt

2= 0IEo6t0 BICI 2AEHE AN 28 ZEAHC
AN+ HEHZ HZols dBS oA

_32_



ANAE XI&

52 &

10
£

X

ok

bl
00

Te]

(1) GPS

INE=PN

al
=<

GPS2t Global Positioning System2 2Xt0|04, OI=20A & IHRAX

’

CH ol et L1, L22 L0 XIm, €

oI

100

ulo

Ho
00

ol
xJ

AAE OICH.

O] =
M

A
e

ioll
Ed

]l
>

Ok

=
13

& =

X X+ 10~2001&

CHE Ol M

Rr

o

KIr

oll
RO

ok

H

ol
ar

i0)

0K

o

Klo

i
io

<

i

GPS #=&1D|0t

o]

®
i
=

ok
=
i
xr
il

i
10f
e

ol

Fig. 5.3 GPS, Antenna

OHHILISl 2R EEo =2 HMZESZ Teflon coatingS 0|28t 214=(3000ft NHX

g2 Jts) MAIE EFL Sl CHAILIOIDIOf

Al
™

-~

KO

G|
il

iof

| &

e O
= L —

_33_



Table. 5.1 GPS specification

latitude
Output longitude
altitude
time
Static < 0.7Tm
GPS Specificati (latitude)
pecification accuracy(latitude
Static < 0.7m
accuracy (longitude)
Static < 1.2m
accuracy (altitude)
Digital interface RS-232
Interfacing Operating voltage oV + 5%
Power consumption <1IW
(2) &4 HZAH(DVL)
ol M HIEHOIA BFAIEIN STe &2 SAS 0/80t0 =30A A&+
o 3XA =& E H=ot= AIAEOICH
TE AL HE AIZE Ot SE0 LIEFHCH S22 MAME B HO| BHAL
IIE H=oIE2 EHASMHE OfcHE okl A0O0F 5t el H=+H0| bt
ool 20t A= ZRUE HSF0| Itsotes 2L =& IHel2l 50ecmolae =
Olofl &XIZI0{OF STt EMAS ML 22 beaml! It beam3 AFOI2l < XIJt
Mets solloF SHCh

Fig. 5.4. DVL
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Table. 5.2 DVL specification

x-axis velocity

Output y-axis velocity
z-axis velocity
accuracy <1% + 1mm/s
DVL Specification
Maximum Velocity +20 knots
Digital interface RS-232, RS-422
Interfacing Operating voltage 24Vt 2%
Power consumption 2W ~ 5W
(3) IMU

IMUES MEMS MM Jigte] A8/ 28 =83 ZXZH 35 25
T8 3% XXI| MAE JlBo= ot

Al s S2 228 H

Fig. 5.5 IMU
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Table. 5.3 IMU specification

3D orientation
Output 3D acceleration
3D rate of turn
3D magnetic filed
roll <0.5°
Specification pitch <0.5°
IMU
vaw <1°
Digital interface RS-232, RS-485,
Interfacing RS-422
Operating voltage 45V 7 30V
Power consumption 350 mW
(4) Depth sensor
S3s 2o HEIU0 BisSlote BIEX LIOE NESESUE 0/=26H0, 20|
CHOIH =Y s BHEAIIH 2LATRA0 20 Az JtA SarErAlo] TI0E X
8to| g0l B3tStCt.
0l |2IE 0|25t FAEELZIX 22 FAHE 449 HHEXNESS HERZ
TSSO, 23S Yo ST 20 Hldst RS E 22 £+ YD, 2
CEAMSZE N UWEGIH &8 23 otH S AIZICH

Fig. 5.6 Depth Sensor
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Table. 5.4 Depth sensor specification

Output 0BV
accuracy +0.15%
Specification
Depth
Operating voltage 11V 728V
Interfacing i
Power consumption 0.5W

5.2.2 The Extended Kalman Filter (EKF)

Fig. 572 =2 =20 X&8& Kama filtere g12&S UEHD
(1110121 [13]1[14]1[15][16]1[17]1[18]. Kalma fiter= && AIAEHS H&2=2
g 212522 HldE AIAE0sE Heotkl &l AUVeE HIdE AIAEO0I
J HE0 = SF0AE BlaE AL 88 Jtse 2320 2HE HEG

measmvmem Update (“Correct™)

(1) Compute the Kalman gain

Time Update { “Predict™)

(1) Project the state ahead - - L - -1
e ) Ky = PLHE(H P HE + ViR VE)
"-.R' = f(":&—l' “k—l'{}) . . X
(2) Update estimate with measurement 7;
(2) Project the error covariance ahead j‘_k — "R‘ I K.l'{ — h{.i:i:. 0))
Pk = AI.-PJ(— IAE + W.{-Qk_ 1Wg (3) Update the error covariance

Py = (I-K:Hp)P;

\__

Fig. 5.7 The operation of the extended Kalman filter

Initial estimates for ¥ _; and Py,
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