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A Study on Control of an Unmanned Surface Vehicle based

on the Wireless Internet

Hyo-I1, Kim

Department of Navigation System Engineering
Graduate School of

Korea Maritime University

Abstract

Unmanned system has been introduced to many fields. In the beginning,
the majority of the system consisted of simple and repetitive automation
technology that can perform tasks that are difficult or dangerous for
human. Recently, however, other systems such as unmanned car, aircraft,
submarine, ship have been researched and developed thanks to the
advancement of technology. Google, the world's largest Internet
searching company, has developed unmanned car and succeeded in test
running. As can be seen here, unmanned system technology is ubiquitous in
our reality.

So far, researches on unmanned system have been mostly performed at
national level for military purposes or by some universities due to high

development cost. However, the fact that such researches have been
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performed by commercial enterprises such as Google implies that the
unmanned system technology will be commercialized before long.

Meanwhile, researches on USV are behind those on other unmanned systems,
and Korea is no exception. However, surveys on market forecasts of USV
indicate that such researches are urgent. First, American market forecast
agency, Visiongain, estimated in 2008 that the market size of USV in 2009
will amount $160 million. Secondly, Moire Inc. estimated in 2003 that the
market size in 2011 will be about 300 ships and $1.8 billion. Finally, the
most recent survey performed by Research And Markets in 2010 estimated
that the market size for the next decade (2010-2019) will range from 1,144
ships ($2.3 billion) to 1,870 ships ($3.8 billion). Altogether, this has
been the background for our research on USV.

When USV carries out 1ts mission at sea, every action including status
check is taken by radio communication. Thus, selecting an appropriate
means of radio communication is a crucial step. So far, VHF and/or UHF
communication modem have been used for controlling USV, which need a
separate operation console. Also, their communication range 1s greatly
affected by antenna height, which decreases the mobility of control
station and increases the development cost.

Thus, in this study, I would like to develop 'wireless Internet-based
USV' that can communicate without such operation console and used for
surveillance of major shore facilities and observation of marine
environment. Control station will move the USV connected via wireless
Internet to desired position. At the same time, the ship will transmit the
data gathered by equipped camera and sensors to the station to enable
real-time monitoring.

In order to develop such wireless Internet-based USV, we have applied

- Vil -



wireless Internet service that has a globally established standard for
communication and commercially available. Wireless Internet services that
are currently available in Korea are WLAN with IEEE 802.11 b, g, n
standards, WiBro (Mobile WiMax) with IEEE 802.16e standard and HSDPA that
uses 3.5-th generation mobile radio communication network. WLAN is
theoretically very fast (54Mbps) but has a very small coverage of 100m,
and the lack of hand-over feature is its major weakness. WiBro has
hand-over feature and can be used while moving, but its theoretical
coverage is still limited to lkm. On the other hand, HSDPA has rather slow
(theoretical) download speed of 14.4Mbps but a wide coverage as it uses
mobile radio communication network.

Meanwhile, in order to apply HSPDA wireless to USV, it is necessary to
figure out its actual Internet speed and service coverage at sea. For
this, I have performed quality test of HSDPA wireless Internet during
anchoring and navigation. As a result, the average download speed and
average upload speed were 4.87KB/sec and 6.05KB/sec, respectively. Also,
ping test result showed that both download and upload were free of data
delay or loss, indicating that the data transmission was slow but very
stable. Another interesting fact was that, although I had expected before
test that Internet speed would depend on distance, the actual speed of
HSDPA did not differ very much depending on distance.

[t 1s Iimportant to note that upload speed 1s more important than
download speed in operating USV. The data sent from control station to USV
are text data that do not exceed 1KB, so the average download speed of
4 .87KB is more than enough. However, data from various sensors such as GPS
and camera image should be transmitted from the ship to the station, and

the camera image data far exceed the average upload speed of 6.05KB. Thus,
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when designing communication program for USV, image size and transmission
interval of image data should be considered. In this study, I have set the
image size to be 105 x 75 pixels and the interval to be 3 sec. to resolve
this problem.

Although I could verify the potential of HSDPA wireless Internet in
controlling USV, it 1is thought to be more or less slow to be
commercialized. However, once the 4th-generation mobile communication,
LTE (Long Term Evolution) is commercialized, theoretical speed of HSDPA
will increase by about 12 times. Moreover, the Ministry of Land,
Transport and Maritime Affairs as well as 3 major telecom companies have
been installing 45 mobile communication repeaters 1in coastal areas,
1slands and lighthouses since 2008, and have made an agreement that they
will further 1install repeaters in 49 lighthouses until 2013 so that
mobile phones can be used within distance of 30~50km. This will, in turn,
increase the coverage of HSDPA. Thus, control of USV by HSDPA is thought
to be practical in Korea's territorial waters.

Another feature of this study, along with the use of wireless Internet,
1s autonomous navigation. The goal of USV is not only to protect people
from marine danger but also to save cost. Thus, USV without autonomous
navigation feature does not have much economic profit compared to manned
ship, as it should be monitored and controlled by someone at the control
station. In this study, autonomous navigation 1is that the control
station sets the waypoints of the ship through Internet, compares the
ship position gathered by GPS and true course obtained from waypoint to
heading gathered by heading sensor and enter it to controller, which will
then autonomously adjust the rudder angle and navigate toward the

waypoint .



In this study, in order to implement autonomous navigation, I have
assumed the wunmanned ship as discrete system and used ARX model
(Autoregressive model with eXternal input) as linear I1/0 model of the
discrete system. For estimating parameters of ARX model, [ have used
rudder angle (0) and turning circle angular speed (r) data that were
gathered from the ship's turning circle test. Also, digital PID
controller was applied to discrete system for autonomous navigation of
the ship. Designing a digital PID controller requires K (Proportional
Gain), T,(Integral Time) and Tp(Derivative Time), which were determined
by Z-N tuning method. The wireless Internet-based USV was then

successfully verified by actual tests at sea.
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ASCII
ARX
BLDC
CMOS

COLREG

DAQ
DOF
ESC
FFT
GPS
HSDPA
LTE
MEMS
OP Amp
PWM
RADAR
RPM

SOG
UHF

Abbreviations

American Standard Code for Information Interchange

AutoRegresive model with eXternal input

Brushless Direct Current

Complementary Metal-Oxide-Semiconductor

Convention on the International
Preventing Collisions at Sea

Data AcQuisition

Degree of Freedom

Electric Speed Controller

Fast Fourier Transform

Global Positioning System
High-Speed Downlink Packet Access
Long Term Evolution
MicroElectroMechanical Systems
Operational Amplifier

Pulse Width Modulation

Radio Detecting and Ranging
Revolution Per Minute

Speed Over Ground
Ultra High Frequency
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usv
VHF
WCDMA
WiBro

WLAN

Unmanned Surface Vehicle

Very High Frequency

Wideband Code Division Multiple Access
Wireless Broadband

Wireless Loacl Area Network
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Autonomous Driving

Google's modified Toyota Prius uses an array of sensors to navigate public roads without a human
driver. Other components, not shown, include a GPS receiver and an inertial motion sensor.

LIDAR POSITION ESTIMATOR

A rotating sensor on the roof A sensor mounted on the left
scans more than 200 feet in all rear wheel measures small
directions to generate a precise movements made by the car
three-dimensional map of the and helps to accurately locate
car's surroundings. its position on the map.

VIDEO CAMERA

A camera
mounted near the
rear-view mirror
detects traffic
lights and helps
the car's onboard
computers
recognize moving
obstacles like
pedestrians and
bicyclists.

L NARE i .
SN L

i . -

o - . L A

" - a D
Wy .
- .
; + B RADAR
~ Four standard automotive radar sensors, three in front and one
L in the rear, help determine the positions of distant objects

Fig. 1.1 Unmanned Vehicle of Google
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N - Surveillance
- USV Control gl K B - Remote Sensing
- Field Monitoring ¥ “\ i -

) f""“"—‘- u-nqq

s —

-
|

Main
Controller

(PQ)

Control
Station(PC)

Sensor
System
L] 1
Propulsion Steering
System ~ System

Fig. 1.3 Configuration of USV System based on the Wireless Internet
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Table 21 The Features of Different Mobile Communications

WiBro
HSDPA Mobile Fixed WLAN

WiMAX WiMAX
Max. Speed 14 4Mbps ~50Mbps ~70Mbps 11~54Mbps

Ave. Speed 500Kbps 1Mbps 7Mbps 1Mbps
Mobility High Medium Slow Indoor
Hand Over Possible Possible Uncertain Impossible
Cell Coverage | 3 ~ 4km 1km ~ 50km 50 ~ 100m
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Table 2.2 The Performance Comparison between WCDMA and HSDPA

WCDMA HSDPA
Channel Dedicated Channel Shared Channel
. Adaptive Modulation and Coding
Modulation QPsK (QPSK or 16QAM)
Max Speed 2Mbps 14.4Mbps
Frame Size 10ms 2ms
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Table 2.3 Specification of Mobile Router

Item Feature
Wireless Standard IEEE 80211 b/g
Size 29 x 56 x 8.8mm
Frequency 2.4(Hz
Rx Sensibility -78dBm in 54Mbps, -93dBm in 6Mbps
Tx Power 15dBm + 2dB
Modulation OFDM, CCK, BPSK, QPSK
Security 64/128bit WEP, WPA-PSK, WPA2PSK
802.11g Speed 54, 48, 36, 24, 18, 9, 6 Mbps
Antenna Chip Type Helical Antenna
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E ZHo|th

b
i
rr

P

i
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m
o
=2
|1
o

E = ES WEI | 2010-03-09 2% 251:19

E3=8
@ Download / Upload T
LIz E 43.63 Kbps (5.45 KB/s)
HEc 59.75 kbps (7.47 KB/s)
: | : |
MR A
o e h il H n Il ! | |} SR = il l \
{[1] pan ) ia a [7x] ] mN?ﬂn:} pui | [n] [=1] B N?_lqm

@ Ping HIAE (XHE [ ZAR)
B AHAZ 0.00 ms 4 AHAZH 0.00 ms O A A2 0,00 ms
95% A M AIZH 0.00 ms EF A 0.00 ms = 0.00 %

HA H2E< Sasfdista A5 “shieta”7r zlafirtel gut
9 w9l 2010 9 62 19417 JAHTh AE YA+ Fig 229
Test 22 FA|®E Fog AutolM 744 77k sfit7bA1e] A= of
33kmol itk HZEE % 33d AAstdon, By eRE £re
38.25kbps(4.78KB/s), YEE £EE 41.67kbps(5.21KB/s)o] Q1 o™, Ping
H2E A7 dolE Adelt £40] glE Ao vehyth

>
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Test 32 99 139 BALS Z3)sle] T3]z sty Folw Test 3 A
stk Agle oF 12.6kmeo|¢th Test 4= 94
15¢ F3lls 3ot FAte =R Fejatd Folw F b AYPinh
Test 4 X FHNA 7}F 7172 st A9l AxE zHzh 12.0kmeb 13.4km
o]t} Test 3 A A HdEAH} hEEE &%+ 39.35kbps(4.92KB/s),

ko)
=2
X
N
)
o3
N
)
N,
Mo

PEE £EE 6242kbps(7.80KB/s)o] 1L, Test 4 A A AH A7 H
T ThERE= &£ T& 3746kbps(4.68KB/s), Q2T £EE 4595kbps
194

2

° T A4 ZF Ping Hl2E 23 HeolE Ado &
do] gle e

LB T

Table 24 Results of the Internet Quality Tests

Distance Speed(KBy/s) Ping Test
No Test Date from shore Ti Dat
Sites Time 1me ata
/ (km) Download | Upload Delay | Loss
2010-09-09
1 | Test 1 14:5119 0 5.45 747
2010-09-06
2 19:04:23 5.45 5.37
2010-09-06
3 | Test 2 191725 3.3 4.64 4.67
2010-09-06 9
4 19:20:07 4.25 5.59 Oms | 0.0%
2010-09-13
5 | Test 3 16:95:02 12.6 492 7.80
2010-09-15
6 171333 12.0 5.33 7.37
TSt 001009-15
7 19:05:21 13.4 4.04 411
Average 4.87 6.05 Oms | 0.0%
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Table 24+ HSDPA 91Ul ¥4 HAE ZA7E A3 Aotk H2E Z
I J|AZFo 2 RHE Y A Ab#glo] HSDPAQ o]&4 £=9l 500kbps?)
oF 78% o2 UEgon, Fto2RE oF 10km7bA= HolEH A 4]
L} =4 §lo] HAg 30kbpse] £E2 QIEUE o] 8T F e AR ot
= Ak

P

2.2 240 RF Backup EAIA| A€

i
4
_\'L.L
0¥
ot
=2
X
1
[-'0
rx
1=
o
o
)
ol
o
X
okt
i
ol
o
N
do
2
X
&3
aq
N
ul
o

Internet

(TCP/IP)

4
kL

Control
Station PC

K
- Application USB | NIUSB-
l \S"‘k“ >" > (LabVIEW) 6210
. 7 L

Digital

RS-232 Output

|

I

I

L

I

I

I

I vy A 4
S

: Co :trr‘:i.l er E’B

I :

|

|

1

I

I

I

I

1

Application

RF 2.4GHz
Transmitter

Backup Communication System

_ PWM
ﬁ |
l perr [ PWM
eceiver
Servo —]
‘ L = } LMotorJ

*ESC: Electric Speed
Controller

Fig. 2.5 Block Diagram of a Backup Communication System
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No(Relay On)

Yes(Relay Off)

2.4 Gz RF Control Internet Control

Fig. 262 ol g ARE A% dugSS el 3=, T4
J ddo] BolH=A ARe mizeith 1P 45 FHS 1P
HAE A=A gofets Aot

FALEY AlojR=9} Backup T4l Ao]RE=ALo]] HELE TFAA
W A oA 2B 22O 29X E o] §te] FEoR HET F
ot Z2aW s AdstH 7] AL Backup $ARE0|H, o]F ‘Ao
RE’ 29AE FFAZIH Relayol] ofsir FAJEHU AojR== A%
gt olF FAJEY ddo] BoAZAY i LA Al AEHo=
RelayE &4 27] A7 Backup SAERE=ZE HIHoh

Backup BAIAI2E 0 2 = Fig. 2.73 o] FutabaAl®] 246 RF £4-21
7](Transmitter: T8FG, Receiver: R6008HS)E A}&-3IATE SFAl7]9] &
A Jbs BAE Betals]l AAA F44 A 2RARL AT A7



AE, Uik 22 Zollsol e A S00molhol M= g4lo] o] Fof
A A gk whHd] Fig 283 o] AR Hofgo] =S TAW(ALA
detw =A% o, 3= 18m)dlA AaE 4T F-¢ 25km ot 4
o]l Z(EIAIHE R £4, A= 25m)olM = AL F4lo] o] FoHn

Futaba
,:;;-_;:.n:’a':?

(a ) Transmitter (b ) Receiver

Fig. 2.7 246k Transmitter & Receiver Set

i
S AT g el

Fig. 2.8 Range of 240k RF Communication System(Image Source: Daum)
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Al 3%
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1,325mm, A1Z 380mm,

g

F

)

pizl

34

= A

FAH(Similitude) A 7] Fej= A

Q) t}.

o

X7} WalA FHE=,

o] 1w} 4= (Displacement) ]

4

A Z 3| ALl A |

#H7F 97] wjEoltl Table 3.1&
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T
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]

=
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T
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Fob TAE AU Aolth Fu FolA g B TAZ AAsE 2
S Laptop PCo} HEAAZE 747t 1.3kg? 1.14kg S A&l 7153 A
o] TA F4 MEE 947] gAML Aol ANe YW AA F
Frol T gulE WA sAT
Table 3.1 List of Equipments Installed on the USV
No. Items Weight x Unit Usage
1 | Gigabyte M912M(235x180x42mm) 1,300g x 1 Laptop PC
2 | NI USB-6210 206g x 1 DAQ Board
3 | Lead Accumulator(12V) 570g x 2
Cooling
4 Cooling Pump(lndudmg Hose 437¢ x 1 System
& Coupling)
5 | Lithium Polymer Cell 180g x 2
6 | Brushless Motor 302g x 1 Propulsion
System
7 | Electric Speed Controller(ESC) 165g x 1
8 | RF Receiver 21g x 1 RF System
9 | GPS(Including Cable) 6dg x 1
C e . Sensor System
10 Electr.lc Circuit(Including 5328 x 1
Housing)
11 | Cellular Phone(SCH-W720) 106g x 1 HSDPA
12 | Mobile Router 25 x 1 Internet
13 | Unknown Weight Max. 500g
Total 5,158¢g
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g, FAAE Az AHG A f 7] Rk A FUtE BE 2 AA F
& ‘Ew = (Unknown Weighty o2 7138 29 =&AE AH|e} RE9)
A A B2

F S22 5158kgeldtt ol# g LZHE TaElA B AT
& AMEke Fig. 313 Zo] WorldModelsAloll A #|2Fgk “Valkyrie o] t}. o]
2y Hdure £ T 586kg, A 1,325mm, A1F  360mmo]H,

V-shaped A& o] FRP Mulo 2 24cc 7}&d A70] gajso] g}

Fig. 31 A Model Ship
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T} 32 FRAALF A AAE] A E AT dube] g LA
A2 YA 71ed AdAAN2HEL Ay|-RE Alx"oz Afzsget uf
2} Table 313 o] F7} gAlEe] F ol F% 5158kgollA 7&d <
AA 287, Muffler, S8%|, A5 B3 F)9] 2% 3.07kg2 w <k 21kg
o] F7Fo] T/ Ao R A gHnt $HH, Avte] 47} lem F718H7] %
FFE T

wn O12F 3hH, ThEat o] AeojstH e, 2004].

T, =LXBXAdXC,X~

=1.12m X 0.36m < 0.01m < C, X 1025kg/m” (3.1)

=4.133C, kg

4714, L2 AFoz 2 EFHddM= BE A3 FRP AR

Zol& 112em, B+ AZE22 36em, Ad= S5FHSFOZ 1lem o)W,

»
Rt
t
[-'0
et
rx
=
1o
2
o3
—d
X
o|\
N
>
ol
S
;
)
=
5
Na}

2
=
[0}

ok
£
£
=2
E)

_ AW 2.1 [kg| _ 0.508
T 4.133 G, [kg/cm)] C,

cn

[emn] (3.2)
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21 (3.1), (3.2)9 C,thal 0.1 ~ 1.09] ZES thyste]l A st Table 3.2
o At G, & 032 7t & 712 2om e R mEMuks

ANzg FAAute] ou o] FRI Ao A=Y

Table 3.2 Ad according to C,

Gy T,, (kg) Ad (cm)
0.1 0.413 5.08
0.2 0.827 254
0.3 1.240 1.69
0.4 1.653 1.27
0.5 2.067 1.02
0.6 2480 0.85
0.7 2.893 0.73
0.8 3.306 0.64
0.9 3.720 0.56
1.0 4133 0.51

Fig. 3.2 RddE /Hxste A3 AL FdAddte FHa
Aot AlHE FlAdute] dA F FA= 816kge =, A FWH F3|
Boh 212g ¥ @okth AEFL FAAdEre] A FEE 2s)A 20mm
S7Fe 380mm o[t} FH FE2ELS HHFEH PVC HH §7]

HE sl

i
T
a

1o
i)
IR
[o
fu
-z
v
22
fols
ol
ol
N,
o
:(n)l'_',
i
2
et
S
o
vl
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Camera is built in Laptop

Fig. 3.2 Self-made USV
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3.2 F=A A 2 Hl(Propulsion System)

TAMe AL 98] TYF 2P Aute] FPALHE 2AUce 71
g o] FAHo] glom, throttle cableg 7|AAo2 FolFA AH

o] RPME AoJ=S slof gink. ol 3 Hedde n2Ho My

=
A 4
d
ull
™
offt
P
mjo
=)
re
flo
ol
oft
o3
=
=2
o
L)
ol X
[-'0
rbr
o
l'e

PWM
Li-Po DCI111V | Electric Speed
Battery Controller(ESC)
30 AC
TYYY
BLDC
Motor
Propeller

Fig. 3.3 Block Diagram of the Propulsion System

FH g2 DC A71E 30 AC Ad7]2 wEste] BLDC EHl &+
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3t} o] Wl ESCE PWM A5 wat AC A¢S 2&3de] BLDC
o] RPME Alojdte 982 dth 181 RE Eas AZE
A Z2EE o HAgEHo FHEoR HIEHTY AFHHE £ 9 AEH
© 8 BLDC 2H, ESC, Z2" & tsir g2 3ot

E

=
3l

mlm

3.2.1 BLDC % H

B A3E BaA st st FoAduke 5kts(2.57m/s) HE

N

i

s FEE s, o 10kts(5.14m/s)74A] £HE E F UEF HAS
uA gk g, 2Rk BAE 24cc vhEUARY] HUEEe
12ps(895.2W)ol™, mEFHutel Ho F3F £32 50km/h(13.89m/s)ol
ot wetA Hof £3& HwsiEs W Bag BLDC REHE 232

l

V]\/lax. Speed(USV)

Pusv.aptor = v X P todel Ship. Engine
Maz.Speed(Model Ship) (3 3)
5.14m/s
= — X 2W=331.
13.89m/s 895.2W=2331.3W

agd, B d7E AsA AR T SR P A EY of
2.2kg(37.5%) B2, BLDC EE| HU &2 456W o] Hofof 3t

oo EY FF TAMM] 3712 GAE FUSS Pobshed, Toluu
. K

.wCIQ
.4;



Water

Cooling
/ Jacket

Qutlet

Inlet

Fig.34 BLDC Motor with Water Cooling Jacket

Table 3.3 Specification of the BLDC Motor

== =
Iten&eature
Manufacturer Hobbywing
Max. Power 560W
Max. Current 90A
RPM 3,060/ V
Shaft Diameter 5mm
Weight 302¢g

AP

Aube] £8€L x93 BLDC EE9 RPML RE| FFEE ACHS
o 9&|A AA=E =], Table 3304 B0 1]V]E 3,0600RPMOZ R E

ZEeE ALS AojgteozM ZE Q] RPMS Aojdt 4 gt
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3.2.2 A A} £ 7] (Electric Speed Controller, ESC)
AR L7 (ESC)E 111V Li-Po HjE2le] DC A7]2 3¢ AC H7|=
H sl BLDC RE | FFdlade Fxlolth. s, AAAL 7] 45

rr
-
=
<
[
fols
lo
il
[>

BLDC =El¢] AM&-2 melstel Ho) 180A74 AFE 2T & & A
2278 gt Fig 355 ARl A2 Apzo|w, Table 34

= AAHET9 8 EAS g Flolth

1

PWM Signal
Input

Water
Cooling
Heat-sink

Fig. 3.5 Electric Speed Controller with Water Cooling Heat-sink
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Table 34 Specification of the Electric Speed Controller

Items Feature
Manufacturer Hobbywing
Continuous Current 180A
Output
Burst Current 360A
6-18 cells NiMH/NiCd
Input

or 2-6 cells LiPo

Suitable Motor Sensorless BLDC Motor

Low Voltage Cut-off Protection
Protection Over-heat Protection
PWM Signal Loss Protection

Running Mode Forward / Backward
External Diameter of 5. 0mm
the Water Cooling Pipe ’
Weight 165¢g

FaMe] FET SxAE fJsA= BLDC ZE<e RPME d}ofa)
ofgt gtk uwEkA PWM 4159} Motore] RPM #AIE mhopstr] 91
AL Fig. 367 #Zo] 4% FAE 7St w3t LabVIEW =
2O oA HBAFE ASCH ZE= =2 Servo Controllerd] A&

A~

3}, Servo Controllers &% FAZ S WA A7 EH), ©] o=
LS olgste PWMe HxZg ST £, PWM A58 ¥

ESCE DC #A7|2 3¢ AC A7|2 #HE3le] BLDC Motoro] FEF3t=d,
ol wj TAE HIZE7]E ol&3ld AC 7|9 AdS SAHT
A3tof] Table 332] 1V RPM 2 Z&td PWM H~Zof| ulZ BLDC =
B9 RPME & & Utk

=
BI)\G
ol
i
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LabVIEW

RS-232

L 2

Servo
Controller
PN ‘j Oscilloscope
Li-Po DC 111V :E:Lectricl I:p:es%
Battery ntroller(
e Digital Tester
(AC Voltage)

Yy

Propeller

Fig. 3.6 Configuration for Measuring the Propulsion System

20,000

18,000 /
16,000 /

14,000 /

12,000 /

E 10,000
Z - /
S Counterclockwise
: /
6,000 .

4,000 v\ /
2,000 \ /
; g, /

v » L v g > ad

1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560

PWM{[us]

Fig. 3.7 RPM of BLDC Motor according to the PWM
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re

Ao AMEE AHAAHE 7= B2F7]7F 50Hz(20ms) ¢l PWM A&

= J4StER Aol gon, WA 15msd WE FHOR ol

H2Fo] 15msEt HAAH Motorg 3141 Al71™, 1.5msHE T} Zrolx|H
F3A Aty AHL PWMY HAZS 545(0.005ms)8 Z7HA 7] HA,
% 33 w2 AAste Paghe TerRow, Fig 37 A% AnE 1
Hz2 vebd Zlolth 9379 A 1.52ms olHE, I A H¢
1485msol 8B RE 7} SAEHJAL, 2 T F9dds EEHIF AN
HE fASAT 28 =8 2 BE FF Jgore PWM H2aZd
E RPMo| HA¥Ho 2 wiglele A ¢ F Utk E3, H3H] 7

2]
§ H2Fo] i3k RPMe| wH3ako] 3 dE T of 389 14% 27 4

3.2.3 = 2 9 & (Propeller)
A7 7 A7ledAE A

=
!
2d9E AL FUPoR HBANATE

do] TAZH= Zolth B dAFdAM=
Fig. 3.83%} Zo] #7 50mme] 2¢ = =ZH &
o] &3ttt} Table 35+ Z=ZH#He| FQ
=4g @ Aol

il

Fig. 3.8 Propeller
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Table 3.5 Specification of the Propeller

Items Feature
Manufacturer Octura(USA)
Name X450
Diameter 50.0mm
Pitch 70.0mm
Shaft Size(Inner Diameter) 4.76mm
Material Beryllium Copper

3.3 ZE}A] 2 Hl(Steering System)

B A7E gaA AGH TAAY BgAcE A Anl|

® ol ol olFoldtk HEkA BHE Aol 9% 2EA

FAA LR ZAGA FAAdEe] AoE flsiM Fasith

RS-232
Li-Po Servo
Battery Controller
ey
DC111V PWM
F
Regulator
(7805)
T

Fig. 3.9 Block Diagram of the Steering System

_30_

2

=



Fig. 395 ZEfA2H9 EETtolojaso R Efe] HHAR Alojs A
HEEHEZE EA o|Fojxt. MEREE #HZHolEHd oA HIH
DC 5V Hte® TAEHM MEAZIZEREH dHEE PWM 450 ¢
A Azt =T ATt HFHOR AMEREE AL AYE 2=
(Connecting Rod)E &34 EIZ HEdTh AFHEe £ o AFFHo

2 MERE 3 ABA 7] theljA drI

3.3.1 A W R H (Servo Motor)

>
s
kd
i)
rr
do
il{
2
2
il
do
ek
=
[
1=
=%
>
o,
o
kd
i)
=
-z
-
-1
oX,
R
2

A&z 4Ys) 2 EAE d 5 9ol ATolE 2R B 23

42 5 B 2ol AHEHED AT
MEEH Q7tEl= PWMel F7]

15ms¥ w 90=(Fd), 0.7msoldto]H 0E(FHZo 2 90%),

rr

50Hz(20ms)o| ™, HAZo]

2
A 180E($2 02 90%)E A3t} Fig. 3109 (a)= FAZo| 1.2msY

o HZFo=2 30° (b)) 15ms¥d w FTEH, (= 1.6msd w o=
15° 8 A% A4ES LEpac
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Pulzs Ampiiucde

(a)

[="
o
|
|

[ Tiene Babe - -

|
i'l'F'i-"\,;Iu: WaRh In Meutral Postion

Il-';_.I

(b)

Puize Ampitude

H
rj-i-
i

A

]

I

|

|
PR e Wi In Meutral Position L

i

Fulge Ampluce

(c)

[
At
&

|

- —Tire Bate - )
!
PP e Wicith In Mewtral Position

Fig. 310 The Principle of Servo Motor

5 g4t Edoth B A7E FAA AP TAMGe 0=



St BFE AJAdSHA] Eotd Addbe] HEg By
Fig. 311<& B ZQlxute]l ZEA~HS TAF7] $]8|A] e

REo|t}h o] ARREEHE ¢ 5
E WA, 60° =5

7FAIAL Q. Table 3.6 MEEES F8 545 A3 Aot

5V Ak Q7FA] 7.8kg - cme] %

e

7hest7] wE ol

.

o},
gk A
=

24z whol AT A== mE $EHEE

Fig. 311 Servo Motor for the Steering System

Table 3.6 Specification of the Servo Motor

H

lu

=
=

Items - Feature
Manufacturer RoboBlock
Name RBD-707MG
at 4.8V 78 kg - cm
Output Torque
at 74V 9.8 kg - cm
at 4.8V 0.24sec/60°
Operating Speed
at 74V 0.18sec/60°
Weight 60g
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3.3.2 A B A o] 7](Servo Controller)

ll

O

MBEA 7= dst= PWM AEs TANAF= FA2 FAH
Aols Y3 293 FXo|th LabVIEW Z2aaeo] Agld BAL o
g3led Y3t =Av]o] WAZ LS ASCIH Z=z A
o) dgete BAE wEolA AMEREEE AEI3th Fig 312 ZE

NS A AFE3E A B A o] 7|(NT-SERVO-16CH) 2 A B Aol FTH
1671¢] PWM 255 AAAZ F Ut

GND
SERVOQ VCC
SERVO SIGNAL

| SERVO VCC

PC Interface ()| Common GND
- ,

/| Controller VCC

UART2USB Converter
(Optional Parts)

I (%) —_:
= =
S o

(LD LY

Fig. 312 Servo Controller
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3.4 Y7z} A 2~ Hl(Cooling System)

HHO ZE&E EHO TR/ wat thah Zo|rb ot dwrroR
70~90% AtolZ2 dEA UTHAWE £, 2008]. wEtA EE O FHEE
A7l A2 oF 20%= 2EFH §loiAE, I F YREL A=z
A EEHE FdA7e fo] "o o3 RE #HdE WAE] §
A Aol AHEE BLDC EE o= 1 A (Jacket)o] A F o] vt

rl

4 (33)% ol &3to] Sktse] H& FEHL ZRE AME FAMube] &
2L 456Wol 2tk whEtA 456We] 20%<1 oF 9OWE HoluAZ ARF
Tk 9OW7F o= Az o] wd#EAA 7HEstr] A &9 BArS shd
ohs A7 g

1[W]= &, 1[J] = 0.238[cal] (3.4)

714 lcale & 1g9 =2 1THF S7HA
olth. wata, OWE 1% H¢F ljouled] UL T
Zz a2 FAetH 1% 59 oF 214cale] EFo] HAlstE Aol

aev olEg 2= BLDC EEHE H YA A< dFol=
2, ¥kl ¥ A BLDC EH A HAEE 7S dotry] 93 4
¥& 3tk BLDC EE 9 Ao = 100gs A1 HZE 5274
%2 A 1,530use] E2E 7hste] BLDC REE SZAIFH T

Y

I
A3} Fig. 3133} o] of 627t BLDC EH9 W 27} 16T 7[5
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Engine
Temperature Sea Water
38+
36+
34+
32+

o]
830-
® 28-
B 26

]
24~
22+
20+
18_I ] 1 ] ] 1 1 1 ] ] 1 1 1
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Pump Start

e

1530-

1520-

Pulse Width
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1 500 1 ] ] 1 [ ] 1 1 ] ] ] 1 1
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Time(sec)

Fig. 313 Temperature Measurement of the BLDC Motor

E 100go] 16T 453t ez, 67 &<t 1,600cale] d=Fo] A=A
T, 122 Akl oF 444cale] €3Fo] BLDC EH|A HHAISEA T o
213 $X& BLDC RH7 HYZEEA) 12 ¢ TAHE EF 214cal
o of 21% sFEolnt. olsh Fo] BHE WEFS olEH At B AA
AEE TA FAEEY WZo] gtEAl dedte & F UAT O
of we} Fig. 3.149F #o] YZAAARE T8, HZY T2 WA
(10mm)7 AAM<7]st BLDC ®Ee &2 WAGmm)o] gatd #HEe
(Coupler)E ©]-&3FHTh
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usv I SeaWater
DC 12V I
Accumulator I

I Inner Diameter of Hose
:10mm

Coupler

Heat-sink )—

Li-Po DC11.1V Electric Speed
Battery Controller(ESC)
yYYyYyY
BLDC
Motor
|

Water Cooling J'acket/) i Inner Diameter of Hose
:5mm

Fig. 3.14 Block Diagram of Cooling System

Outlet

Inlet

Fig. 3.15 Motor Pump for Cooling System
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Fig. 3155 WY ZtA]2ld] AS-® Hxzo|m, Table 372 Hx9o F3 A}

Table 3.7 Specification of the PMP400 Pump

Items Feature
Manufacturer Coolance
Name PMP-400
Maximum Flow Rate 7.6 ¢ /min
Maximum Head Pressure 6.1 m
Maximum System Pressure 1.5 kgf/cnf(22 psi)

Brushless DC, electrically commutated,

Motor spherical motor
Power Consumption 18 W
Voltage Range 8 ~ 13.2 VDC
Startup Voltage 9 ~ 132 VDC
Hose Connection Hose of 10mm Inner diameter
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Fig. 41 Block Diagram of the USV
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o= OFEE7} 487KB/sec, YEREVF 6.05KB/seco] it} uwhahA,
HSDPA FAQIH & o] &3l Table 413} Zo] 100x75 pixelsZ H©]H

st TS 22 ago|

Table 41 Data Sizes according to the Image Pixels

Compression e
Format IPes
Pixel 160 x 120 120 x 90 100 x 75

2

Real Image
Data Size 23.6KB 15.5KB 12.1KB
Upload Time > 3.90sec > 2.56sec > 2.0sec
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4.1.2 GPS ¥ Heading Sensor

GPSt AANAHRE AY: HEEZ BAHNFE AMEA thkdt Eofd|
Aody] AEER Atk E3h, Heading Sensor= Fig. 4.37 Zo]
MEMS(MicroElectroMechanical Systems) 7]&& ©|83 txg v}
o2 TAMe] oW F2E whe LIFHEZ Aosty] FAA wE

A Bas

Fig. 4.3 Principle of Heading Sensor

Fig. 44 GPS & Heading Sensor(GH2183)
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Fig. 44= 2 AFoA A3 GPS ¥ Heading Sensoro]™, Table 4.2
+ GH21839] T8 AFYS Ak Hot).

Table 4.2 Specification of GH2183

Items Specification
Manufacturer Airmar
Name GH2183
GPS Satellite Tracked 12 channels
Position Accuracy 3m with WAAS
Cold Start 3bsec, average
TTFF(Time To First Fix) Warm Start 3sec, average
Hot Start 1.0sec, average
Static Compass 1° RMS
Heading
Dynamic Compass 2° RMS
Accuracy
Static Compass <1°
Pitch and Roll
Dynamic Compass < 3°
Display Heading 0.1°
Resolution Pitch and Roll 0.1°
Pitch and Roll Range +50°
Data Output Protocol NMEA 0183 / 2000
Communication RS-485

Fig. 45+ GPS ¥ Heading Sensore] Hlol¥ 43 & $3lA RS-485
AYd 54 Z2a¥9S LabVIEWRZ T3 7ot} RS485 Aldd %
AL ¢4 Baud rateE 4800bps, HiolEl H|EE 8HE, FHaHE ‘gl

o/ AR HEE 10, 32 Aot ‘gleom MAsY)

_45_



T
ElE] 549 |EE .
Bums™sdo

(=24
Gupesy  [EEa| AR
Gug-Buipeay
[=0=4 [194%
PN 4

Bumsapng

['Wod o} uoissas 850(0)|

A~ SERHM

SN Bt

"uonelado peal agy Joj pouad noaury
pUE JaaelelyD UOlEUILLIE) UL 185
foau0d aoj) pue syg dogs Caped CsHg

Elep “ajed pneqy yod |euas ainByuon

EEEREN
ndu)

- s

L

rs
QU030 MO

I ER RN

E]
1

Jed

THIHTY

uopy
I}
- ']
Sq dOy5
M
8

5]

BB B2UN0SE! YA

S1q EjEp

9601

—l

1
]

JSEW Jagng
ahaaay /]

0l

{SW) Jnoawy

=

(47 = Udh = ¥=0)
Jeya UopeUiuLE)

ing LabVIEW 8.6

Program us

Fig. 4.5 GH2183 Data Acquisition

_46_



L AlA= FolAute] AR Ffer FHE A AL o,
Fig. 467} o] LM35DHE o|&3t¢ith. LM35DHE 0~1V Atol9] <t
Toll, 1VE 100TCe] S3t=sE: dAFH o)
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9|4 Fig. 4.7¢] LM358 OP AmpE o|&38}o] Fig. 4.83 o] ulukd
ZEZH2E 75 A4 2E2 10 S

Fig. 4.6 LM35DH Fig. 4.7 LM358
L J
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Fig. 4.8 Non-inverting Amplifier Circuit using LM35DH and LMB358
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Fig. 4.9 Non-inverting OP Amp

L Z2EZEL WE 5 Uk 2 @79 AD WS 9% DAQ Boardd)
FIEI YFWST} +10VelHE, ZEEL 102 AT, ol HAA
R42= 10kQ, R43L 90kQe = 3ttt 108 =ZH oidza &S
USB-6210 DAQ Boardz < #®ro} LabVIEW =2 18lojlA thA] 10H)

2 AT AFEE 2= AXE AA FE olEE ¥ DC Hge
2 E93th. wEiA oz dHolEE AD WHEEr] $3 DAQ
Board(Data AcQuisition Board)”} € Q3slt}. E Ao A = LabVIEW=Z
z2 o] 7}53k NIALS] ‘USB-6210& AMgslth Fig. 4103 Table
432 77} USB-62109] A2AUT 8 Algg e Aolth
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Fig. 410 DAQ Board(NI USB-6210)

Table 4.3 Specification of USB-6210

Items Feature
Analog Inputs 8 differential or 16 single ended
ADC Resolution 16 Dbits
Max Sampling Rate 250 kS/s
Timing Resolution 50 ns
Analog Input Range + 10V
Digital 1/O 4 DI / 4 DO
Interface USB
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Table 44 RPM and Average Speed according to the Pulse Width

Pulse Width[gs] Average Speed (")
1500 ~ 1515 0
1520 1.39
1525 1.60
1530 1.81
1535 1.97
1540 215
1545 2.27
1550 2.38
1555 248
1560 2.56

Table 4.5 Rudder Angle according to the Pulse Width

Pulse Width[gs]

Rudder Angle(°)

Pulse Width[gs]

Rudder Angle(°)

1500 0
1150 Port 35 1550 Stbd 5
1200 Port 30 1600 Stbd 10
1250 Port 25 1650 Stbd 15
1300 Port 20 1700 Stbd 20
1350 Port 15 1750 Stbd 25
1400 Port 10 1800 Stbd 30
1450 Port 5 1850 Stbd 35
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Fig. 411 Remote Control Program using LabVIEW(Front Panel)
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HAE Y] Zsged, QB £ HAE A Fig 415

J_:"__
2= 56.03Kbps, 2= 41.06KbpsZ ‘2.1.3 HSDPA
4 27 gaE Assh 2 Fol7h YA

&) http:/ e benchbee. co, kr/l2

|

SRSV [ o010-10-22 27 10:04:30
BE&HE 23

@ Download / Upload £&

PR i e B T N N
s=c : : Mbp
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HHEELD : 1,35 ZHrLD ;1.38
p— UL FUkE
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2 2

w3 ul 5
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i
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Fig. 415 The Internet Quality Test of Control Station PC

2 OlEY 2 =FHN0)] - Windows Internet Explorer

v benchbee,co kr/

E BRI | C0i0-10-22 27 11:48:25 5 =02 |

© Download / Upload £

FHIEE @ 5477 FHUIAL : 5698
2EC 1 ; e
22 56.03 Kbps (7.00 KB/s) Kbps Kbps
THEA T : 40,99 FHIALD : 41,13
o= e T
HES 41.06 Kbps (5.13 KB/s) b Kbps
: E )\ n n
a a
u £}
ar ] ar
" 158 ! o
Ei] &0 =1 120 150 120 1 & @ 10 150 180
Ay N2y
© Ping HIAE (XS [ £A1F)
B AHA 0.00me =4 AHAZE 0.00 me FHH XHAZH 0.00me
95% K™ A ZH 0.00 ms ExER 0.00 ms Bt 0.00 %

Fig. 416 The Internet Quality Test of USV PC
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Fig. 417 Trajectory of Remote Control USV

Control Mode Temp. Sensor
- True: Internet Left: Engine
- False:RF Right: Sea Water

HE(E) EI0 Al MA0 ZSRH)

HSR #  @o B { \‘g
221010 35138 55074812 1290843935 1157500 25220000 26641230 18039454 15 1560

>

TRUE 221010 35139 35074822 129.084997 1.183222 17.940000 26533755 18101931 15 1560
TRUE 221010 35140 35074835 125.085003 1.147211 47.610000 26652257 17.8986783 15 1560
TRUE 221010 35141 35074845 125085015 1.018600 52200000 26637115 18073958 10 1560
TRUE 221010 35142 35074853 129.085020 0.884844 58410000 26585310 18092354 10 1560
TRUE 221010 35143 35074865 129.085027 1.013456 44740000 26460515 18011453 10 1560
TRUE 221010 35144 35074873 125.085032 0933022 58520000 26627404 18083034 10 1560
TRUE 221010 35145 35 0?4885 0. EI?ZSDD 57.610000 26651434 18073080 10 1560
TRUE 221010 3§L46 3504 0353400 §1.760000 26420521 18 029556
TRUE 221010 : 0748 J 11200 8? 540000 25662132 18061632
TRUE 221Nk | ) 1=70,200000 26.585764 18093707
TRUE 221010 ! 90.660000 26541655 18023793

CEES B8 <Fl- 718 ==

GPS: Date, Time, Latltude Longitude, SOG Left: Rudder Angle
Right: Engine PWM

Fig. 418 Data Log File
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Fig. 419 History of Rudder Angle during Remote Control
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Fig. 420 History of Pulse Width during Remote Control
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Fig. 421 History of Temperatures of BLDC Motor & Sea Water

Fig. 4.22 Continuous Still Images
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4.3 A& ¢33 X =(Autonomous Navigation Mode)
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Fig. 4.23 Harbour Patrol using an USV at Port Kiel, German
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< wotaly] Yaia £HE Hlo]EH = FFT EA3l9th FFT 24 A 3
4 992 AMEslgen, Fig 429 O 232 vehd Aotk
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Fig. 429 FFT Analysis of Turning Rate(r,)
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re(z)  0.1667+0.5002" +0.5002 % +0.16672
r(z") 1+0.33332 2

(4.13)
ri(k) = —r;(k—2)+0.1667r,(k) +0.500r,(k—1)
+0.5007, (k—2) +0.1667r,(k—3)

HolE(d, r;)7F A=W Fig. 4313 Zo] HgAE o] &3t ol r
o] QxtAFo Fo| HAvl HEE ARX =Y dnHE 71 5 9
o, ol SRR HAASHS AFSSIAT 2 ATolA= MATLAB
o] A (System Identification) E¥r2E o] &3, o|RRE T3+ o4t

Nde) getnEE e 2.
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4

ARX Model | )

Adjuster «—

Fig. 4.31 Model Adjustment Technique
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Az r(k) =B(z ) (k) +e(k) (4.14)

3

o, A(z ') =1.0132—0.61512
Bz 1) =0.0881+0.09142"!

= (0.6151r(k—1)
1.0132 (4.15)

+0.08816(k)+0.091416 (k—1) +e(k))

40- Rudder Angle(s)
l‘ ARX Model()

22 ‘Ii' ;l“ T T Turning Rate(rf)
=y

J ‘1 .
B / \

g, (AT
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Time{sec)

Fig. 432 Comparison between r; and r for Verification of Discrete Model
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Fig. 4.33 PID Controller for Autonomous Navigation of USV
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up(k) =ep(k) (4.18)

o ARNTHE A daH ABFE Gils)=1/s ol s=

2(2=1)/ Ty (2 +1) & thQs},

1 (T/2)0+2"1)
Gl2) = —5—— =" P (4.19)
?Oz—i—l

e(2) 1—-z (4.20)
up(k) =u(k—1)+(T,/2)(e;(k) +e(k—1))

Ao R 4 (416)7 #o] 12k AYEHI A8H HE(D) sFol s=

2(2—1)/Ty(z+1) & tHY3l] 2A 35,

2 (z—1)
() = b1y (z+1) 2T, (2—1)
D\? 2 (z—1) Ty(z+1)+2T,(z—1)
1+ Tf?o (z+1) ' ! (4.21)
2T,(z—1)




up(2) B 2Tp(1—2")
eplz)  (Ty+2T,)+(T,—2T})z"

(Ty+2T)up(k) = (T)—2T)up(k—1)
+2Tp(ep(k) —ep(k—1))

(4.22)
- (Ty,—21))
g ek = eplk—1)

(T, +2T;

HAE PIDA|e|7] AAE AZ riAS GA= Kp, 1) Tp #t& AH3] 5%
(tuning)alf 4 (4.17), (@4.19), 4.21)& dst= Zolth & dATolM<= Ziegler-
Nichols #H 32 TxH& ol&ste] PIDA|e}7]e] detnHE A48t
[J.G. Ziegler and N.B. Nichols, 1942].
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Fig. 4.34 Ziegler-Nichols Closed Loop Tuning Method using Relay Feedback
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Table 4.6 The Calculation of K, T}, T}

Kp Ty Tp
PID 1 g —5851 L —2.000 L — 0500
17 e g Tu T g v
- p 0.5
JNFA T AAIH(Ky T, T Ty=1, Tj=—7=--=005%
4.17), (4.19), (4.21) t3hE,
Gplz)=1
() = (T,/2)(z+1) _(@/2)(z+1) _ 052405
! z—1 z—1 z—1 (4.24)
2T5(z—1) =1
GD(Z) _ D v
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Latitude Longitude True Course
Waypoint_4(start) 35.074848° 129.085610° 230°
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Waypoint_3 35.075226° 129.085225° 0
Waypoint_4(finish) 35.074848° 129.085610° 140°
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Fig. 4.37 Trajectory during Autonomous Navigation of USV
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Fig. 4.38 History of Rudder Angle during Autonomous Navigation
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