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A Basic Study on Convoy Navigation System

Choi, Wonjin

Department of Navigation Science
Graduate School of Korea Maritime and Ocean University

Abstract

This study proposes a convoy navigation system in which one manned
ship leads several unmanned ships as part of the development of Maritime
Autonomous Surface Ships(MASS). As a basic study, we developed convoy
navigation system which is configured that if a master ship sends its GPS
data to a slave ship via wireless LAN during a master ship autonomously
navigates along the predetermined waypoint, or manually sails, the slave

ship navigates along the master ship with proper distance.

To develop convoy navigation system, two commercial RC model boats
were remodeled with propulsion system, steering system and data
processing system. Routing algorithm for calculating course and distance,
PD controller based on the Nomoto and ARX model to control the rudder,
and speed control algorithm for maintaining the distance between ships

were designed and integrated into the boat.
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In order to verify the validity, sea test were conducted using two RC
model boats equipped with convoy navigation system. Despite the influence
of the external environment such as waves and winds, the slave ship

follows the path of master ship while maintaining a certain distance.

However, it was difficult to obtain accurate data for experiments with two
model boats of about 1m in open waters directly affected by external
influences such as wave and wind. This will be supplemented later by
experiments In open and calm water where GPS signals are received,

thereby improving the reliability of convoy navigation system.

KEY WORDS: Convoy navigation system; Path following; Nomoto model; PD
controller; ARX model.
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Al 2 7% AdAdE

2.1 AHkA|

SEGAANLES st st Al F9d F tie] RCEF R ERadio control
of =rA 7fzstHTh Fig. 212 & AHuks o]lnis &4541(Master
ship 0.2 AFg" wsAMonohul) FEje] RCEER eHRudder)7} AA] FAoA &

zoz AAYE %7801 ek Fig 226 S0l A28 FEoE FEUGae

Fig. 2.2 Remodeled boat(slave ship)
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RCH Eo|+= BLDC =EBrushlees direct current motor), A X =E(Servo motor), A
2 < 7](Electric speed controller) -s©] WAEo] lom, 7)o AlA(Sensor) Z A
o]7] 5& F7I2 g5t} Table 2.16] T HEQ ME ALkS vlwste] UeRATH

Table 2.1 Ship particulars

Feature
Master ship Slave ship

Boat type Monohull Catamaran

[tems

BLDC motor, Electric speed controller, Propeller,

Built-in equipment ,
Servo motor, Rudder, RF receiver

Additional equipment GPS sensor, Microcomputer, Microcontroller
Hull material ABS(A,CWIODMHG Fiberglass
Butadiene Styrene)
Speed 50+ kn 5o+ kn
Length 914.4 mm 1,245 mm
Size Breadth 279.4 mm 440 mm
Height 161 mm 252 mm
Weight 3.7kg 8.9kg

- ﬂ191 HAPREE A2" F40] s, Fg 2.33 o] A& r]et BLDC

2H2 AR FZA 2= (Propulsion system), A2 2B ¢ ENRuddenz
TAE ZERA| 2H(Steering system), wle] 227 FE{(Microcomputer)$} wpo]|AZAEE
Z(MicrocontrollenN 2 A% dlolejx]g] A ~8l(Data processing system)3 GPS AlA]

gl RF(Radio frequency) 41712 o]Fo& )t}
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Li-Po Batt. ‘
- | [BLDC motor | [Propeller]
[Microcomputer] | Microcontroller |
[RE receiver]
reeel

Fig. 2.3 Experimental boat system configuration

FRANZHE AAAZLY) BLDC RE, Z2dag FAR gon, H - Z Wz
(Pulse width modulation) ]2 ARg3}e] Ao}l Table 2.20] FZA| 210 ]
AFFS YERH, Fig. 249 FA2HS] 4S5 YeRd,

Table 2.2 Propulsion equipment specifications

ltems Feature
Master ship Slave ship
Pole 4 6
Brushless DC motor RPM 1900/ V 1000/ V
Output current | 120 A 160 A
Electric speed controller Input 2-6S LiPo battery | 2-8S LiPo battery
Running mode | Forward / Backward
Propeller Diameter 40.64 mm 35.56 mm
Pitch 43.94 mm 50.8 mm
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Li-Po Batt.

DC11.1V1

| Microcontroller| | BLDC motor | |Prope|ler|

Fig. 2.4 Propulsion system configuration

2N 2E AAEL= g% Zaw e l(Lithium-polymer battery)oll Al 23
= 11.1Ve ARFDO) #A71E 34 1FAC) A7]Z WH3kA#A BLDC RE| F&3}
™, 2E EA(Torque)e AFZE(Shaf)E Saf Z2He|2 dDEo] FIgith wlo
ARAEELE FH57F S0 K} AZo] 2 F5 WA AARE7]| A BLDC
A3ty oo wet gz IJHF 9 3
A ko] gEtAm, P Zo] w2 Z2dAy AefE Table 2.3¢] Vbt

>, Hd
A
utl
of
%‘#
FiF
El
Hu
)
r«\o
1o
Y,
A
o
PN
o{

Table 2.3 Propeller condition according to pulse width

Pulse width range Propeller condition Propulsion direction
pulse width < 1,450 ps Anticlockwise Backward
1,450 us < pulse width < 1,550 ps Stop Stop
pulse width > 1,550 ps Clockwise Forward

AARE717F A% Aae) H2e Zo] BS7F 1,450 psoll Al 1,550 psolH 242

7, 1,450 s Bt} Zropxd 2= AAMEo 2 3
Ast, 1,550 ps Bk AR AAEFe R 3|ttt w5, @2 Fo] 1450 s He #
LAY 1,550 ps Rt} A& +E BLDC RE o] 3] 4<(Revolution per minute)”} T
Fopxith
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2.2.2 ZEFN2H

ZEA 2Ee MEEESL Bl FAH] Jlon, SN2 ryiA e 22 £
Wz e ALgste] Aojsldth Fig. 259 FERAAES] FAS YERNH, Table
240 MEEE ] AFS YERAT

DC 11.1 v;

[ Microcontroller | [ Servo motor |

Fig. 2.5 Steering system configuration

Table 2.4 Servo motor specifications

Feature
Items , _
Master ship Slave ship
Servo motor Torque 161 oz/in @ 6V 490 oz/in
Speed 0.24 sec @ 6V 0.216 sec @ 6V

ZEMA 2] R REE @AH4] o] BEC(Battery eliminator circuit) S Eaf 5V
25 A7)E FFiton, AHREY EdE BlE AYHo S x2E3dt 18 B

- 8 -
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Zte mlolARAESHo| M AREEE S B E Wz A5 s
=

o gebaTh B7he W2 Zo) 1500 U o B1Ze 0°%) S (Midship) 4ol
[e)
4 578,

2.2.3 dlo]El X g A| 2H

HolH A 2 A 28-S ufo| A2 FE9} nfo|AZAHEEHZ FAF ] AAHoH 4
F, HE Alolo] BAl Fx @ ZEAAE Ao, A2 AL 5o 98-8 sl GPS
AAE AR At Q3 REQ 93 HAKRE 331, RF 417]& RF 2579

A ASE Yol 3oz APHES £Fo] JhesiAl k. AlA B HolH

Li-Po Batt.

GPS raw da
8 Shipinfo I
—

PWM signal ESC

DC5V
' Ship info

[ Microcomputer | [ Microcontroller |
PWM signal

[Master or Slave ship]|

Servo motor

RF receiver

Fig. 2.6 Data processing system configuration
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ol ARAFEE S5V ARF Aol il FEetH, wlo|lARHEERSE AE
Seria) 41, T8 REQ9] nlo|a2HFH = FHWB(Wireless LAN)S T3l 914 4
BE Fadest Fadke 5 HEY folHe ZdlAl W2 (Fash memory)?l SD
7F}=(Secure digital card)oll Bl~E u}A(Text file)E AAHT) Fig 278 2 Ao A
nfo] AZHAFEHE ARESE gk=zu|g]gto](Raspberry Pi 3 Model BHolH, FQ AleFLe
Table 2.59} 2t}

Fig. 2.7 Microcomputer(Raspberry Pi 3 Model B+)

Table 2.5 Raspberry Pi 3 Model B+ specifications

[tems Feature
CPU Broadcom BCM28/37B0,
Cortex-A52 64-bit SoC @ 1.4 GHz
Memory 1GB LPDDR2 SDRAM
Input Power 5V, 25A DC
I/0 Pins 40-pin GPIO
Wireless Lan 2.4 and 5 GHz IEEE 802.11.b/g/n/ac
Bluetooth 4.2, BLE
Operating Temperature 0-50 C
Storage Micro SD
Weight 50g
- ’|O -
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no| ARAEEH =
GPS 414 % RF 41719 HolHE
=t =3 B2AEY 9

Fig. 2.8

=z
T o

B AFA vlo|AZHFEHE AR
8 Aleke Table 2.6 Zt}

Frolw

nfo| A2 AFEHERY 5V A{F AVE FF
SAE A, nfo]l a2 AFE S X AR
AV ES Fdste] F 2 ZEA2HS xﬂOﬁPE}.

Y (Arduino Uno)e|H,

Fig. 2.8 Microcontroller(Arduino Uno)

Table 2.6 Arduino Uno specifications

lgl:Lo

Items Feature
Microcontroller ATmega328P
Operating Voltage oV
Recommended 7~12V
Input Voltage it 620V
I/O Pin 20 mA
DC Current 33V Pin 0 mA

Digital 1/0O Pins

14(include PWM)

PWM Digital 1/O Pins

6

Analog Input Pins 6
Clock Speed 16 MHz
Weight 25g
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GPS AlA+= NMEA 0183 x=ZEZ(The National Marine Electronics Association 0183
ProtocoDell 9Jall 2+F 9] BEE At mlo|a=2HEEHE D3ttt Fg 2.9+
H Ao ARESE GPS AlMo]lH, Table 2.7 s GPS AlA 9] 2 AFYFS YERdTH

GPS MODULE

M8N

Fig. 2.9 GPS sensor(NEO-M8N)

Table 2.7 GPS sensor specifications

Items Feature
Receiver Type 72-channel u-blox M8 engine
Operating Voltage 33o0r b5V
Frequency of time pulse signal 0.25Hz - 10 MHz
Velocity accuracy 0.05 m/s
Heading accuracy 0.3 degrees
Horizontal position accuracy 25m
Weight 33g

- 12 -
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A 3R ZFEFIAN2HE

SEFHAN RS JPEE] f8l, S5 HEE HReRE FFAY ARE 2R
}7(Sailing distance)& Al4tehs AZAA daElE5S AASA
FAE7] 913 vo] AZFAFE Y HoJEl A

i=] O
A, JE 9 e Adste vo|AZHEEH Y =LY &

of
O
£
u)
b
(@)
o
=
wn
e
o°{'

A, HolEHE4 dugEe HE| g =Multi thread) o] &3ty HE uUjFe] AHx
W3S 93 UART(Universal asynchronous receiver/transmitter) 413 o2 HE 9}9)
AR S 93k TCP/IP AA(Transmission control protocol/internet protocol socket)
Ae BEE AR, 28" (Programming) o1& o] W (Python)& AH&-3f
Meyer, 2017).

30
o

At d2e ZIvE s Aoz ARG o714 ZEtolAE(Client) 7} Aol 2
= 8AsH, & S WE Aue STo|JEY dAS FEstal, FHoldE)
19E

7} HHH AAL S FetoldES AME Aol

vlo| A= AFEY} A2 S5 TOPP B2lo] A2} HolE B4 #07l $uy
W, 544e A8 AL 5o violandEsyeie REel X RE S48
T g FRE TCPIP 54 53] 32402 4090k 3248 TCPP FAL
53] BES 91 ARE SFHOENH FAST, FAR ARE HY BAS T
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Master ship(Server) Slave Ship(ClLient) - ,

‘ l
OpenTCP/IP server &
Open & connect serial | Waiting for connection | Open & connect serial
]: --------- === -IRequest connectionl
Acceptance of connection| i i _ __ _____ N
& Request connection

B F
Receive master ship's Send master ship's

GPS data _ii_-----—C )] GPS data
Send Master ship's | !
GPS data ] .
Receive master ship's
GPS data
End End

Fig. 3.1 Data communication algorithm flowchart(microcomputer)

AZAAA LdauglEe no|a274FEH} AR 23S 9% UART 541 71538 4=

A2AY duelE E55E Hg 329 Yepdit 548 4% GPS ARE 1
AParsing)ste] A%, Y%, A& (Speed over ground), thA]H Z(Course over
ground) 59 YA ARE FEot] AE TS 33 vlo|AEZAFHE AFTTh 1

23 RF 4712289 257} glod vlel 438 MIde et 4502 Pahs
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Master ship(Server)

Check GPS sensor

N
Serial available? Check serial comm.

Yes

|—>1 Yes
| Send GPS data by serial |

Slave ship(Client)

‘

I No
Check GPS sensor

GPS available?

Serial available? Check serial comm.

1 Yes

|

I Read & parse GPS data |Read & parse serial data |

|

Registered waypoint

Send GPS data | Register waypoint |

by serial

exist?

Yes

| Calculate distance |

!
] |ves

| Change waypoint |

Coll

-
e

Fig. 3.2 Course setup algorithm flowchart(microcontroller)
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HAF7A 9] A2 9 LS ALlshr] A8l AR FE =3 HMiddle latitude
salling &  “%F AAH Alolo] FAADeparture, p)= F AHe HFFEYE=Midde

latitude, L, )o14e] A4 2rh = 714 ol o]Fol7 FPos FRIE(L)

(244 5, 2013, 714 FAAPE T Aol 2 A=Y W 1 F Mo Ao

H Abole] A, BREFRAL,)E F AMelA SI=e] B e ofnlsinh

b

Fig. 33& =4AHAY A= 2 A&7 L, Aola, E3AF(DY 9= 2 7
VL, AN o, ERAEA)T =R H()AFele] M Difference of longitude,
DL, ¥ %|(Difference of latitude, 1), SAA(p), BdFTEAE(L,) B J=(O% &4
(DS Yl FEA=Ho| i3l sgk=olt). o 7|4 WHZDifference of longitude,
DL)E F ARe Aus A4l Aele] A=e] 35 ofu]sta, WHe|(Difference of
latitude, D= F XS Aves ASd Aol Ao 35 Yrlsiy, J=(09% 3
A= T3t7] A7 A S 4 (D, @2+ 2ol vYerd = ok

Fig. 3.3 Middle latitude sailing
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p  DLcosL,
tanC=+ = ——— (D
l I
D=1lsecCx60x1,852 (m) 2
o, DL, =)\, — )\
=L, —1L,
L =(L,+L)/?2
p =DL,cosL,,

FTEAETHS FaiAG I 20088 HHeE 2 5o AHgshe HHEH(Plane
sailing)} Hlwste] AAMFS S UA|TH A4tE 349 A2 9 Agsith. +
o HlwE el 2 AolA A 49_—5}7] sl AR HA™HTG ARH Alo]g
g 9D HZE T A o3 AxkgE A3E Table 3.1 YeEbATH AAE HHH

Afole] ZHAo] 80m SIHALONE T el AR Aolol o 56°, HA FHoIME
oF 34me] Aol7h WA ol HHIY 2'2}230] ZuolEayuT o 129 o
A ACE, aUE FEEENY AT} O B AL ojndtk

Table 3.1 Comparison between Plane sailing and Middle latitude sailing

. , Plane sailing Middle latitude sailing
Latitude Longitude ; ;
Course \ Distance | Course \ Distance
Waypoint 1 | 35.074445° | 129.084722 °
315° 87m 321° 80m
Waypoint 2 | 35.075000 ° | 129.084167 °
064 ° 69 m 059 ° 59m
Waypoint 3 | 35.075277° | 129.084722 °
135° 87m 141° 80m
Waypoint 4 | 35.074722° | 129.085278 °
244° 69 m 239 ° 59m
Waypoint 1 | 35.074445° | 129.084722 °
- ’I 7 -
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r(s) K

5 1+ T ©)

S AYRES] A9 2EAAS K9 TE & 5 93, AT opd ol4kA]

7+ A 2~"lel #AAE ARX(Autoregressive with Exogenous Variables) =28 283}
2 09 AEgrE FASAUTE ARX 2dS J8ztel tig S49its A7) IAE
B3 Fgshs BES oulste (Ljung, 1987), £ AFolA AHEE ©]2kAZF ARX =
g2 Al gH), 28 Ag4EE(r2t A -2(White noise disturbance, e)oll
isted 2 6)3F 2o] yehd 4 ot

Az)r(k) = B(z) (k) +e(k) (6)

ARX 2do| s2trlH 4, by, bt YEY HolER] 8o H34EE(0,)E &
At AT 5 gk ol JHES] ASAES Algste] APRES] EFZH6)
3 GPS AMZRE A4d AIAEE(,) HolHE 539tk 4Y & 5
zEdel RE W2 o 717 1560 s 1690 s E AAEA FASRAL, oF 6
knB5m/s)9t 7.0knB.6m/s)e] £¥E BFH o2 KA Fig 345 AY L
s Fistn AT s1-S Yehd Google Earth | &=olH, Z4As} 349 4

A& 84& Fig 35 2 Fig. 3.601 YEbdth
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Latitude

35°04'29.5"

35°04'29.0"

35°04'28.5"

L I 1 | 1 1 | 1 1 | | 1 L

129°05'06.0" 129°05'06.5" 129°05'07.0" 129°05'07.5"
Longitude

Fig. 3.5 Master ship trajectory on turning test
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1 I | | L I 1 | | | I | | I | 1

129°05'06.0" 129°05'06.5" 129°0507.0" 129°05'07.5" 129°0508.0"
Longitude

Fig. 3.6 Slave ship trajectory on turning test

AN T S5A7 F3HY AR e B2 o) 9 HA34<4%(,)E Fg 3.7
% Fig. 3.8 UYehdth AN @A F AP ko] 43
HAS = A F AT oA 3|
H SdelM REF e FES @o] ol Yehus ddez oAzl
T Agdde] Ao B2 60°2 AAE o] AT, S 40° oY AMEEE A%
23 AHStalling)o] 2HAY3te] (Rawson & Tupper, 2001) &-&°] & Ao E UepTH
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Fig. 3.7 Rudder angle and turning rate of master ship on turning test
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Fig. 3.8 Rudder angle and turning rate of slave ship on turning test
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getnle] FH s AAR(r, ) FERY 23 AF ol HAvt He HAA
<W(Least-squares method)o] AREH  MATLABO] AJ~8l 2 Eul(System
identification toolbox)& ©]&3tth. ©]ZHE ARX =g deluHE Falden, &
a3} 2EMe) ARX BdL 747t 4 (D), 9% 2ok

(1—0.59772 1) r(k) = (0.03551 +0.34952" 1) 6 (k) +e (k) (7)

(1—0.61682 1) r(k) = (—0.002571 +0.65192 1) 6(k) +e (k) 8)

ARX mdle] HE4E AF] o), BHMT FEHe) HANYE L ol
A ANBRAG. AE F EEHT FFA] =E "2 Ee 247} 1560 us o} 1670 ps
2 dASA AL, oF 6.4kn(B.3m/s)9t 8.4kn(d.3m/9)Y] £8 e HTAHCE {A
STk A5 EZHO) HolElE B3 ARX R M3A&EE(NE AL, olE
A M3 745 )9 vlmstel Fig 3.9 2 Fig. 3.100) vehath

54 AYAs, ARX mdo] M3ZEn(r )9} AA HNIALEE()e expt B
o= oF § deglsecq] ASE Ueptouy HAEF 40°F A3)ek= 5~45% FIHAA]
= B 18 degfsecd] 927} BAEITE ol A&EAACF <3 HOE B} o2
02 X9A AAEHoQe TR A v HdELE AHgste A o F
2t/ Yehs Ao2 AAZY. 549 ¢ ARX 2o HA374&5(r, )9 4
A A3 AEE()e a7 HFHo R oF 9 deg/secel Ao Uehgtou fgids
ZH30 °)& AHE3h= 80~105% FXrellA= FHoi 61deg/sece] a7t AT o=
2% EFZE AR Al @Elo] wo] Aste] UERd QA1Q1 Z1o® oA XITh
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Fig. 3.9 Turning rate by sea test(r,,) and ARX model(r) of master ship
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Fig. 3.10 Turning rate by sea test(r,,) and ARX model(r) of slave ship
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3.2.2 gAY Ao7] AA

it om AukE PD e &5 o] 7719 PID Alo)7]|E AsZebdA| o A
kol Qo PID Aloj7|= X3}7](Saturator)el] 23+ &5 2HIntegral action)e] <4<l
Td(Windup) @48 ®WAsb7] gk <HElI=(Anti-windup) 71W  (Astrom &
Hagglund, 1995)< #g3fok 3H= 5 PD Alol7|9} nlmate] A7 Bdaby 1ol
o} a8y o]dY T (1985)9] Aol wiZ® PD Alo7|7} PID Aloj71we A4
(Time constant)+ FAW, 2 H% T+ E(Overshoot)7} 2rar A A1 7KSettling time)o] o}
H54Y OM T o YRt mEt £ dreMs dYRE
& B4 ARX RES 7Hto 2 BA|olE 93 tXE PD Ao)7]

Proportional Action Sh|p
Steering
e (@) I 1 up (@) Saturator Model
+
+ e(2) u(z) r
by () I P Derivative Action Y G,(z) ——
- LA ) +

en(@| (Ts+ 2T;)(Ts — 2Tf) | @

4 GPS |
Course

Fig. 3.11 Digital PD controller block diagram

o714 Kp= wldo]5(Propotional gain), 7, P& Derivative time), 7= vl
A1 4(Derivative time constant), 18|31 7.+ AEHAZHSampling time)o]t};.
AN AT UAR PD Ao FEFRE,)7E JHRNE SADRW)S st
of 2 o7k PD Aoj712 4¥Erk PD Ao}7]ell A Hl#5ZHProportional action)
3} m &5 2K Derivative action)e] Yojutal, Z3}7]o] ols) Z=2o] AgtE o] Mutzxx

=1 1=
2% WHAoR JUuEn. Mieses 1AL Q98 BHed Ud d8nEs

l:l

O
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ofF] o= @2 F EYo| WA= mEZF(Derivative kick) @o] HAE = 9
orvg 1x AYIE(Low pass filten)E &3t 4 (995 HXE PD Al|oj7]o] &3}

Aok 714 NS Y HIEs st AlTEA, BE 894 20 Atole #he
7FAH (Astrom & Hagglund, 1995), £ ATollX+= N9 #& 1002 A3

27, (2—1) ©
(7, +27,)(T, —2T})
TD
= L=y

a8, ©AE PD Alojzle] mepuEQl BlH o] E(Kp)H WEAIHT)S %
(Tuning)E &3l HAY @<= = Zo] Tasith oo & Aolse o] e
sZH(Relay feedback tuning method)-& ©]&3st] A|oj7]e] IvHE AASAH
(Astrom & Hagglund, 1984). d#o] F=m F2H-2 Fig 3.12¢} 2ol do]Relay)E
H 3 2o Frlsle] E88 ZAZ AEAAA A 2%(Critical oscillation)o] Ay
ufj o] &kA| o] S(Critical gain, K )3} 3A57](Critical period, 7)E ZA3sh= W olth

Input +O % GP(Z) Output

Relay Transport Ship
Delay Steering
Model

Fig. 3.12 Relay feedback tuning method block diagram
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1

BT 230 AureERgAd WE(do] 109 dalolst 129 ARAA
A7 E] BT,

(Transport delay)< F7}sh4 Fig. 3.13 2 Fig. 3.14¢9} #&

Amplitude

0 5 10 15 20 25 30

Time(sec)

Fig. 3.13 Critical oscillation graph(master ship)

Amplitude

20 25 30

0 5 10 15
Time(sec)

Fig. 3.14 Critical oscillation graph(slave ship)
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TEAH FFA AT 44 4x9 62011, IANEF I (a)S 44

4013} 12.65%2 yepdtt. 283 Ao S(K)S A (10 o) Alttdt.

K =— 10)

A71A ddolo IE(d)> A A7 3 100H, aF4AH FFA9 A ol5
(K)<S 27t 31837 1.012 AtELh F RES| SFAFII(T)9 dAC|S(K)ol AA
=™, PD Ao)71Y A4S 243} Ziegler-Nicholsol W& PD #lo)7]9] debn|g A
2 (Ziegler & Nichols, 1942)8 ¥ 4rE(Overshoot)7} =34 wAske] Auke] %
B} Alojoll AgstA] gtol 4= wWH<l No-overshoot ®H(McCormack & Godfrey,
1998)ell w2t PD Ao17]1¢] serEE A4S o] etrEE o]&st i A
S= oY AZFFo] AR o] FoJA|A| gFot, FAHY wHE AFS Faf 2AEg)

ey ghs rollilal, o] & Table 3.200] A Elste] YeRAT

Table 3.2 PD controller parameters

No-overshoot Fine-tuned
K T
’ © | Kp=02K | T,=1,/3 Ap Tp
Master ship 3.18 4 0.635 1.33 0.458 2
Slave ship 1.01 6 0.201 2 0.302 2
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323 €xadE A5

Table 3.3 Predetermined waypoints

Latitude Longitude Course | Distance
Waypoint 1 35.074445° 129.084722 °
321° 80 m
Waypoint 2 35.075000 ° 129.084167 °
059 ° 59 m
Waypoint 3 35.075277 ° 129.084722 °
141° 80 m

Waypoint 4 | 35.074722° 129.085278 °

Fig. 3.15 9 Fg. 316, Fig. 317 ¥ Fig 3182 44 &A% 349 4= 9 A
ol M2 BHp= WEhd ol d=et wiE & o7 2 <ls) o] Z(Deviation)
7b s ou AAE WMAHES AR FFate] Falatal, 4 WA
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Fig. 3.15 Master ship trajectory during rudder control algorithm test
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Fig. 3.16 Master ship rudder angle during rudder control algorithm test
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Fig. 3.17 Slave ship trajectory during rudder control algorithm test
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Fig. 3.18 Slave ship rudder angle during rudder control algorithm test
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Aol AH8E RCEFHEE EHO EF3AFE A A= vk, |
A, kg Bl o3 Z=de) F3]H(Propeller racing)o] W3] 49 &9 43}
A FAS] dEdh 53] EFAL FFA vls] 2717F Zof sl JFe wol
om, o] wE £ Wty F M Atole] A 2x3= Ao ol Lol w
=t mEkA Fg 3199 Zeo] 349 &£¥& Alofshr] 9 dadEs A

.

GPS
Position

Calculate Distance between ships(Ds)

| Increase motor RPM | ‘

| Maintain motor RPM |

| Reduce motor RPM | Motor stop

End

Fig. 3.19 Speed control algorithm flowchart

FEAY SRl YRAFE BHUF AMe] WA AR B A= ARE U
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AS7HA AR B=A

o
o
Kl
i)
IN

A WA AR SEMe] 2RHIN Astel mel H4E WAHS vt A
Ao A5PASY, FEH] SHHe ARE A FFHEA AFH)

Table 4.1 Starting point and waypoints of master ship

Latitude Longitude Course | Distance

Starting point 35.074753 ° 129.085420 °
242° 72 m

Waypoint 1 35.074445° 129.084722 ©
321° 80 m

Waypoint 2 35.075000 ° 129.084167 °
059 ° 59 m

Waypoint 3 35.075277 ° 129.084722 °
141° 80 m

Waypoint 4 35.074722 ° 129.085278 °
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Fig 41 3 9 489 B9 8% REY Holge] Y¥E vrhi Aol
AR dolEE a4 BA, dole A8 B Az A, A%, A%
LA

A=, MEEH 22 & By @2 & 5 Uiz F45HY, 48502 728t

* Data format
Vessel ID,Data ID, Time, Latitude, Longitude, SOG, COG, Servo motor pulse width, Motor pulse width

@ @ ©) @ ® ® @ @
] Sea_Trial_1.txt - Windows 0§ 2% - [m] X
ogE EEe MAY4O EBEliv £8%
vessel 1,WPT,143036,35.44952,129.50558,3.84,319.20,1488,1560 A
vessel 2,DATA,143037,35.44897,129.50587,3.70,318.40,1400,1680 @Vessel ID
vessel 1,WPT,143037,35.44960,129.50550,3.66,319.80,1444,1560 — vessel 1 : master ship
vessel 2,DATA,143038,35.44904,129.50578,3.86,314.10,1400,1680 — vessel 2 : slave ship
vessel 1,WPT,143038,35.44969,129.50542,3.80,323.10,1400,1560 @Data ID
vessel 2,DATA,143039,35.44912,129.50569,4.15,318.60,1400,1680 — WPT : registered waypoint
vessel 1,WPT,143039,35.44977,129.50535,3.59,321.60,1400,1560 — DATA : others

vessel 2,DATA,143040,35.44922,129.50561,4.12,326.80,1550,1680 (3 Time [hhmmss]
vessel 1,WPT,143040,35.44985,129.50527,3.59,320.30,1355,1560 @ Latitude [deg]

vessel 2,DATA,143041,35.44932,129.50556,3.83,334.10,1542,1680 () Longitude [deg]

vessel 1,WPT,143041,35.44992,129.50518,3.69,317.80,1800,1560 506 [kn]

vessel 2,DATA,143042,35.44941,129.50550,3.75,330.20,1550,1680 ) (0: [deg]

vessel 1,WPT,143042,35.44999,129.50510,3.32,314.30,1800,1560 .

vessel 2,DATA,143043,35.44949,129.50541,3.88,317.70,1400,1680 31;; i moltor P ’.‘és Z width [us]

vessel 1.WPT,143043,35.45005,129.50505,2.62,325.10,1800,1560 & Motor pulse width [us] y

Ln 240, Col 67 100%  Windows (CRLF) UTF-8

Fig. 4.1 Log data at the first sea trial
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Fig. 4.3 Master ship rudder angle and motor pulse width during the first sea trial
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Fig. 4.4 Slave ship rudder angle and motor pulse width during the first sea trial
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D |34 E 2

7] Sea_Trial_2.txt - Windows 2% - [m] b 4
oE HIE MANO BV £E8%

vessel 1,WPT,144412,35.45006,129.51216,3.42,352.10,1300,1560 A

vessel 2,DATA,144413,35.44955,129.51225,3.09,343.90,1450,1650

vessel 1,WPT,144413,35.45015,129.51215,3.21,352.30,1320,1560

vessel 2,DATA,144414,35.44964,129.51222,3.88,343.00,1450,1650

vessel 1,WPT,144415,35.45032,129.51210,3.26,345.40,1480,1560

vessel 2,DATA,144415,35.44973,129.51218,3.02,342.104,1450,1650

vessel 1,WPT,144416,35.45040,129.51207,3.13,345.00,1480,1560

vessel 2,DATA,144416,35.44980,129.51216,2.60,346.80,1458,1650

vessel 1,WPT,144417,35.45048,129.51205,2.83,347.40,1390,1560

vessel 2,DATA,144417,35.44988,129.51214,2.94,347.70,1450,1650

vessel 1,WPT,144418,35.45056,129.51204,3.14,349.80,1320,1560

vessel 2,DATA,144418,35.44996,129.51213,2.82,348.10,1500,1650

vessel 1,WPT,144419,35.45065,129.51201,3.03,347.30,1480,1560

vessel 2,DATA,144419,35.45003,129.51211,2.76,350.00,1500,1650

vessel 1,WPT,144420,35.45073,129.51198,3.31,343.30,960,1560 v

Ln 445, Col 65 100%  Windows (CRLF) UTF-8

Fig. 4.5 Log data at the second sea trial
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Fig. 4.7 Master ship rudder angle and motor pulse width during the second sea trial
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Fig. 4.8 Slave ship rudder angle and motor pulse
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