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Development of the position estimation system of the hull
cleaning robot using the optical displacement sensor

Kang, Hoon

Department of Mechatronics Engineering

Graduate School of Korea Maritime University

Abstract

An industrial robot has been applied on the hull cleaning method to
enhance an operational efficiency of entire cleaning process. Especially,
autonomous robotic system is necessary for more efficient cleaning hull
cleaning and the position estimation system is indispensible part in this
system. Position estimation system of the hull cleaning robot, therefore,
was studied for the autonomous hull cleaning process in this paper.
Conventional position estimation method with rotary encoders is unsuitable
for the hull cleaning robot on account of slippage between the robot
wheel and the hull surface. Thus, a novel position estimation system using

optical displacement sensors was suggested to solve this problem.

Operation environments and drive characteristics of the hull cleaning
robot were analyzed to design the position estimation system effectively.

Reflecting the results of the analysis, a position estimation algorithm which

- viii -



based on the dead reckoning and instantaneous center of rotation theory
was developed. Performance test of the optical displacement sensor that
measures the relative displacement with a contact-free optical sensor was
implemented to find out the output characteristics according to the
operating conditions including direction, speed, acceleration, height and
surface type. In the position estimation system, two optical displacement
sensors were used to reduce the measurement error and also data
selection algorithm which choose more sensitive one in the two measured
data was added to error reduction method. Furthermore, the monitoring PC
operates the graphical based position estimation program that contains the
position estimation algorithm. Consequently, the results of the position
estimation are able to be displayed on the user interface screen in

real-time and save on the database simultaneously.

The developed position estimation system was mounted on the scale
model mobile robot which has an identical drive method with hull cleaning
robot for experiments because the large scale support units, operation cost,
high electric power, wide test area are required to operate the real hull
cleaning robot. Experimental results demonstrate that the proposed position
estimation system with the optical displacement sensors is more accurate

compared to conventional system using rotary encoders.

KEY WORDS: Position estimation system X574 A|2Hl; Hull cleaning
robot A HAZE; Optical displacement sensor 3 WAlA];, Dead

reckoning FZ31'H; Instantaneous center of rotation =%+3]% 54
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Table 1.1 Estimated savings due to selected measures applied to various
types of ships (Wartsila, 2008 cited in [1])

Ship Type Tanker Container Ro-Ro Ferry
Efficiency measures
Hull cleaning <3% <2% <2% <2%
Propeller clearing and
o <10% <10% <10% <10%
polishing
Modern hull coatings <9% <9% <5% <3%
Propeller efficiency
<2% <2% <2% <2%
measurement
Constant versus variable <59 <59 <59% <59%

speed operation
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Fig 2.1 Hull surface conditions
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Vacuum Grit Blasting | |AC Servo Motors
Suction Line Line for Drive

Vacuum Sector

| Adhesive Pad

(a) robot configuration architecture (b) cleaning tool with a retrieval functionality

Fig 2.2 Hull cleaning robot structures

Table 2.1 Specifications of the hull cleaning robot

Parameters Description
Adhesive type vacuum suction adhesion
Dimensions 680 x 980 x 380[mm]
Weight about 90[kg:]
Cleaning speed (moving speed) Max. 6[m/min]
Steering method skid steering drive
Cleaning method grit blasting and suction retrieval
Cleaning area width about 400[mm]
Control method manual
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Fig 2.3 Support units for the hull cleaning robot
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Fig 2.4 Entire system configuration of the hull cleaning robot system

23 AA Fa2ie] FYSA
NA RREEES F2 YW EE FEo| Ao AA EW 9E FYSu =

go FYAsge BRG] $AY

2.59} o] Hulgt &2 AXMAZE FYP3}
oq& Aiste Zo] nigAsith a8 E=R
drive)? A=tg] WA SHpoint turn)S &3t F2 &
HelstE 99 52 AFol FEHOE HnyAE A
(diagonal turn)& Ap&3tc} o] &3k Al 713 —?53‘%”?3—% =
ALHE ztolE o] &3tE MHAZRFS Tl 7AHM, I YL I19 2

Z2930]. FH=3 = AF59 IAEEVF 21 L3 Weko g I AHSTH 1
d 26-(@¢ o] BFo] AHdog gAolu, IHAEEE ZA st AW
o] wioietd 18 2.6-(b)9} o] AA A gt 18 2.6-(0), (D 2
W FHL AR Hro)] AHAOR F8HX

A gAY AR AAROR o BT F gt Aol #8357 AgaTh

_11_



AEstd, B AFNA dFoR e vy 2FE AMESte AA A=

Ado s Aol WFe AT wnt AR A 3]s
2o A& FAHS] SAsiAeE 2R
0]

slojok ahr, ole} HRo] myo] F

Wire Frame HISMAR Detected Ship”s
of Ship Hull Superstructure

o=

Landmarks

Undetected HISMAR
Landmarks Cleaning Path
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Fig 2.6 Drive motion of the hull cleaning robot
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Instantaneous Center of Rotation) ©]&<2 Z-83FHTH27-30,32]. =313 A FA)
o]2 WA o]lFsle EAY 2AUS &3 AFAclEE do HE
R i

A& AAstEd AHgETE HE SRS AFTA o]BL whx] ol HHA
AAFA AT FaspA T, B AFoA Udoz st AA HL2ES F2
B 2o HHY FAG P FEo RUS FYPOE NI AFAE 9
FA g Fod HLATh

A F4 dugEFe 19 329 2ol 3% 7|78 == (kinematic model)

AA FAEES AE T3 2de O7 32-(@9 2o
xy2t XY= ZH2F AoiEagA et dUHREAS e C o= A HAa=
Bol FAdS tEste 7lsksha A 3 e JEhdth =3, Pk
& =73 HFAl el XM E|(position vector)E omEta, R e 27 =3¢
S A Ao i3k & AWA(radius of rotation)d} 3|H Zt=E oJu]dt} AA A

2H HAH F Y F ‘344“1/‘17} a% 32-(h)et 2ol AA HamEo

A
A sl Axet Ay W ¥ stol] AAEo] o tadt 22 WU
o2 AA AaREe AAE FAY 7 Atk
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(a) coordinate system of the ICR model (b) relative position of the ODS

Fig 3.2 Kinematic model for position estimation algorithm on the 2-D plane

A, A BaREO) Gy Cuilxnys)® 016 W] 91X Wes
9] 2] ¥ ] (position vector)® ‘&@sA thSo] 2 (3.D)7 2t}

AQ+1 AP[OR"'RHCZH P[CR—}_R((SQZ‘).RZC;
(3.1
- (Aq _R(ez)'RiQ)‘l' R(é‘gi)'(R(ei)’RiQ)

o 71 A, A3 A (superscript) 49} RS PZ} sHDF W E] 7} FAE= A A
NHZA y)o FAHAEAXY, X YenS YERNM, 343 &K subscript) it
i+1 ZtZF o]lF A 2Eo 9X 9} o]F F 2O AXNFHZEAE gtk
=3, RO)E HUgAe zxoz 4uE HEAZ A= AL
(rotation matrix)= YEeERHH, o= Fx¥$a) € (homogeneous transformation
matrix)e] & THEZ FJUHAFAZ TdH HEHE FUIAFAZ H¥st= 9
gty 24 QDS JEE WFstY ZWEY oo 2 (329 Zo| I
AoH, o]F T3 2O A E dFH o= ANE F Ytk

4 o
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Tiy ; cos(6;) —sin(6,) 0| [R, cos (06,) —sin(86,) 0] [ ;- cos (6;)
Yisr| = Y| — |sin(@;) cos(d,) 0|| 0|+ |sin(d,) cos(,) 0 R:sin(0,)|  (3.2)
041 0; 0 0 1110 0 0 1 00,

21 B.2F AN AEsH Cixuy)olA 23 dFA e sty A
RE ZHAGL 00;%bF 22 Cou(xinyi)® o158 we] $12]) ®skE 4 B3
2ol BET £ 9on, ol FX A4t Z= Wl ‘Maple 150 2H¥H ¥
3.33% o] Mg oj<(linear algebra)E AH-g3le] AxtdE )

E z,— R,cos(0,) + R,cos(6,)cos (86,) — R;sin(6,) sin (56,)

(4 (2 2

Yt | = |y, — Rsin(0,) + R cos(0;)sin(60,) + R;sin(9;)cos(56;) (3.3
_9i+1 Hi +507
|> restart

|> # This program is written to calculate a 2D position of a two-wheeled robot with differential drive.
|> with(Lineardlgebra) :

|>#w ith( MTM) :
>Q = Vector(3, [x2,y2. 62]) :
> Gy = Vector(3, [R. 0. d8]) : # R denotes the ICR{Instantaneous Centre of Rotation).

= sz = Vector(3, [.\’I 7 ] ) # O denotes the initial position of the robot w r.t. absolute coordinate system.

> R, = Matrix(3. 3, [[cos(dD).-sin(db). 0]. [sin(db). cos(df). 0], [0. 0, 1]])

> g, = Veetor(3. [R.0.0]) :

> R, = simplifi{ Matvix(3. 3. [ [cos(8).-sin(8). 0]. [sin(). cos(6). 0]. [0. 0. 1]])) :
> 0, — Matrix VeftorMufnp])‘(Rim, q r.m.)

xl —cos(0) R
vyl —sin(@) R €}
7]
;> Eq = Q_g:z - (M’aﬁ'fx VecrorM’ufnplv(R 5 ﬂfatrixVeE!arA[ulnp[\'(Rim, qXYZ) ) + 0, — Matrix Vecrorﬂ{u[nplv(}imi, g m!)) ;
> Ox = solve(Eq[ 1], x2)
Ox = -cos(0) R + cos(db) cos(6) R — sin(d#) sin(6) R + xI @
> Qv = solve(Eq[2], »2)
Qv = -sin(0) R + sin(df) cos(8) R + cos(db) sin(6) R + y1 (@)
> 02 = solve(Eq[3]. 62)
62 :=df + 6! 4)

Fig 3.3 Linear algebraic calculation of the position estimation algorithm using
the Maple 15
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2 B3ollA & F ARol AA HAEER oFAAE FASH] HlA=

HEA] =34 o gk ARAR) A A A =60)S

d 3.2-(b)s} Zo] AA FazHo AAd 2de) F HaAdA

B 258 72 5 Atk F HgdAM= 2 BgS s

AAEHAR AXFA dagFeles o] Mol ¥FHA FoEE ©XA
g AAAMTES Y. A FazEe Tty A0 TIEL

2 3= %‘ﬂ]ﬂﬁﬁl XpYrolA B WM E o 4=E 7=

AAM2HE HASste 25 ¥9] HolHe AAM HEA XoYoE

ZIEo® ZF o st X, Yo= 2ED F du. ol & AR o= T|seE

é?—Z:Zﬂ(kinematlc constraint) & AR&3l] 3| HFA A g 2HE] A7

°
32
H
o&i
:L

¢ = a2l 2 BHEFEH ALE + Ao

— X, sin(y) 4 8Y , cos (@)

59i = ¢i+1 _¢i = \/A2-|——A2 (3.4)
X Y

b = tan~ (1) (3.5

sho] A4 5 9;0111 ot A 367 L WA oRNE A
AA AEE A= ux A Gl UdehtRe]l AAEANAY F WA
X Ztzolr, wA Aol W E 95t =YHA

— X sin () + 6Y ycos (i) = /(R + Ay ) +A2 -50; (3.6)
A
1 Y

= tan (Rf’—AX ) (3.7
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s A8 Sk & 04?011/3 MR gAolm, 71E9] 3 AAEAHE 7]
= Aol ofyg}t ALl #HolAE o] &5t

= ol AA HA2Re AEd A4 &9
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senson¢} ol& T3] A FHIERZ FAHEHY, FAAZFEE FSHE ©o]
HE &&3t7] faixdes wr=EAl dHolg HS5 HE(DAQ Board or data
acquisition board)& Al-&3lof grt.

F WA oA AFAoE HFHHAE FAHsE FAA= FYH HolA
VCSEL(Vertical Cavity Surface Emitting Laser) 33}
¢14)8t+= JAS(Image Acquisition System)E Ab&3to] T 7
o2 #ZYsta, d5xo=2 #9%H o|v|XE DSP(Digital Signal ProcessonZ #
Al Aoz 20 WHeE ARt HTH35-41] F HLAA oA HFiH
AE SAHsE AAS 7 42-@9% Zow, FdoA BEdHE AL #olA
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a9 3.2-b)oll Yt A Zo] AA HIEA XeYos 7IESE
E F(X,Y)E =H5H, o]& AH3Z 3/ E(resolution) atF A4St doltt
M) ol FHAX)Y)E Wt XFH dagFol AL

AA7AA olel FRe BAAE $EF FAT ATSel AYso] gow,
=5 FaAY 24 2 a A%4 Azde] Trd wEes AeHo] gt

[2,8-10,12,23,26,37-49]. & AFNA A&7 FAlA = Avago TechnologiesAtel
ADNS-95000] ™, %2 Lﬂlﬂ Ale] A(navigation) =<1 HIFH wlg2x = E
A E(track balDell F2 AH&HE AAjoltk & A9 F WHAA ] &

BAA ] AMF AFH35]H SA5H -2 Table 4.13 2t}

—/ Ilumination Lens

(1" Image) (2" Image) .

(a) structure of the optical sensor (b) operation principle with image
processing[37]

Fig 4.2 Optical sensor and its operation principle
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Table 4.1 Specifications of the optical sensor

Parameters Description
VCSEL illuminator wavelength (Infrared) 832 [nm] ~ 865 [nm]
Max. speed measurement 150 [inch/s] (= 3.81 [m/s])
Max. acceleration measurement 30G (= 294 [m/s*])
Max. frame rate 11,750 [frame/s]
Max. resolution 5,670 [counts/inch] = 4.48x 107 [mm]
Data read and write SPI synchronous serial port
Image capture 3030 [pixel]
Mode(firmware) Motion measurement / Frame capture

F HAAANA SAHT 25 G S tolH = FAlA WFe] 16-bit # A2
El(registen)ol] A&=1 22 SPI F4l& B4R HEL &+ ok s-A|9F SPI
FAle ZAYY A 571 FAl(synchronous communication)o]”] wj&of A
A FarEEAA Im o] de] Age AEE A-¢ HlolE &4Ho] At webA
Holel A5 REg F AgAe] stel ALY 4D3ke] SPI BAOE o
T HolHE H5T o]Fo o] RS-232C TAISZ W35t PCAlA Hlo]

il
1% FAR. &, Holy 5 HEd= SPI F4l3 RS-232C F4dle & <
_Hi_

!

MCUMicro Controller Unit-PIC18F2580)7} <13, MCU ul}-of SPI &4l o

B 53 HuE$] dHolHE RS-232C 54107 WH3lsl= °L—’Fﬂ%°l

289 Ho] Attt Holg HE BT o MCUE PCY dHolH HE H#ES
™

It

E

Astd FA| SPI BAo = 33 HAA e HEste] #lA2E e AdE d
9] dHiolEE ¢jo] 2t} SPI B41& AHg3sle] 3 WjAlA HolHE FAlsr] ¢
3 e 09 437 zZow, HolE &3 wWE(write operation)S 3+ o] 3o

9< ¢ =(read operation) A o2 FAHAT. F HAAAY TR H A
(firmware download)= o] gt WHE Fall o]Fofxm, E AFoAre} o]
Ao 7 AP HolHE HEY ud= A4 golg ¢7)(motion burst
read) 715< AFE-SHTH

r_& ol oo
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NG N\ /
éﬂ:lﬁ# [T s TaTsTel ] & JTolw[nluls[w]lns]el]
SPI SCLK
Mos! o /A O 0 A WM
Miso —\ yVAT 70 I TN I 0N 07
< tsuw »
Operation Address Data Address Data
\ v / \ v /
Write Operation Write Operation
|, Tswr o
Operatiun 4 Address Data i Address |
v
Write Operation Next Read
Operation
— +— tspap
Burst Read Motion_Burst Register Address .
il 8 Read First Byte P, % i y i
First Read Operation Read Second Byte  Read Third Byte

Fig 4.3 SPI communication procedures for motion data acquisition[37]

A% dolEl ¢7] 7se AHEst Hloly S HEdA HolHE F3 5=
A 9L 19 44-@)¢ 2o, olF i dA&FFom FAl W HolHe
1Y 4.4-0)2} 2ok SPI 54104 wlxE(masten) &S = MCUANA &
F(CLKE AAstdA dlolE MOSI(Master Out Slave In) £EE %3 to]H
84dHEs Hud &4 ]lﬂ_(slave)‘?‘i,@% = BAlAM oA MISOMaster In
Slave OuDEZEE T3 57]std 9450l ne} e vlolgE St
a7 4.4-)} 2o ?i% ol ¢7] 75 AMgste] HEJ HolH+ v

Z x3slu g Holy HE HTo MCUoA FAE A} 2
o] ZAHH FAYA AHH volHRE A FHAE FR I
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Ttik JL Trig’d M Pos: 38208 BYTE [00] = Motion
BYTE [01] = Observation
BYTE [02] = Delta_X_L
CLK BYTE [03] = Delta_X_H
BYTE [04] = Delta_Y_L
BYTE [05] = Delta_Y_H
i BYTE [06] = SQUAL
l_ BYTE [07] = Pixel_Sum
== BYTE [08] = Maximum_Pixel
g BYTE [09] = Minimum_Pixel
i BYTE [10] = Shutter_Upper
BYTE [11] = Shutter_Lower
CH2 2. M 50.0,us BYTE [12] = Frame_Period_Upper
CH3 2.00v 15-28-12 21:46 BYTE [13] = Frame_Period_Lower
(a) waveform of the motion burst (b) consecutive register of
read operation the optical sensor

Fig 4.4 Motion data acquisition via SPI communication

412 % HAAA 2 FHEA

F HeAME e ZIAFA B R TS FAHsE I d=H 9
98 d&5Her AT ouAEE vt FUWAE ALty Wi
I divets v $A5He U, 53] oluAE Edst= A @
de desEdAd, 29 A D)o g2 dFES wenh o3 4 W
AAe] S2A54L 3 A Ui FAMFE Frke2AdM S8A7)
dHd ATE T BAEHAA ston, SAYFXeYe F TP, &, VHE
T, tREAS F AANAY =o] Al tidEAY] 9 Ade] FFS W
=oAL gE A ArHI2,24,35-41,44] Hot AgstA olFHAE FAHs A
A BazFe AAE FAS A= F HedAM e FAELE £
T B mE F WA S4& Sl wIsfor dot

F A sA5EE 48] st 2 ATolA= 19 459 22
A ZAAE FASAeH, YT SFxdS HMIAA ThEA G A9
SHEHEA S 248t 43 FA= F HAdME TE2E AL
gly o] zHo]A|(inear stage)E T3 AHS wHols WAz dde P}
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ATh AR A HarEE F HANATE AEEH= A¢
o 3 F WM T} AXE HAZHEo] FYAT, A
HollAd & o AAle Fq3 gyo] ZHo|AE AHEFF A ¥
stEE AWS F2ole WA eE AYPS FPsuTh guo] 2H A= AY
3 XA 7} 7T AR olnE 3 WMo HHEAHS HIE
st7] fske] A AL, WY AEREE AoE ¢ EH “eto]HE AE
st 52 54 AP AHEE lUo] 2E|o]X 9 A 3 4
A8 PColA 18 4.63 #o] LabVIEWZ HAH 53 & 2
ARgste] 3 A HolE HE HE2RE =39 HolEHE RS-232C

o

% FdiEe] dolHE HH‘“/J PCell #EABtE &Alo =
Bl H] o] 2o CSV(Comma Saperated Value) %Y 2 A &st= oa+S 3o}

F AYAM B4 54 2Y
=9 ALE WSAA b g
At 3 AAAA Y Eol, EA A e
7 e s Aol S Biss

q
>

(P-DORD& AH&3te] EUEE PCollA Ao

ol

St

FEL N 7

Monitoring PC ety _ | Optical Displacement
e Data Acquisition Board Sensor (ODS)
0 r

-

= " ! — :

. Motor Drive

Fig 4.5 Experimental apparatus for performance test of the optical
displacement sensor under the various conditions
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Table 4.2 Specifications of the linear stage

Parameters

Description
Position accuracy +0.005[mm]
Position repeatability +0.02[mm]
Stroke distance 100[mm] ~ 1000[mm]
Max. speed 1000[mm/s]

Max. payload (horizontal/vertical)

7lkg] / 3[kg]

Drive type and lead

Ball screw, @15 (lead 10[mmJ)

Encoder

Incremental, 2000[pulse/revolution]

ODS Performance Test Program

Data Display ~ DeltaX 4% [~ pemy &% | Retive Position Plot
Motion SROM 5= = 25~ S Y=
| g =
X fcount] ¥ [count] B 1757 .E. ﬂ Z |
= 150 o 5
2 o g - B3 @5
viauy ll Hodl g g |
o — g £ RS
W34% 24616 8 75 ] B |
5wy Bos- A 03+
& x5 a \ | V4
e R oliaeadpiuengacet, (= ———
STOP 0 5 10 15 0928 30 008 o)1 225l 0 30 100 150 20 2%
Number of Data J Nu-_ﬁer of Data ~ Displacement-X
VISA PORT  Baud Rate Resolution Path to save the acquired data in CSV file format
Ecove | §imem 71620 ac and Setting I8 TEwsingle K500, testT cov =
(a) graphical user interface screen
)
Data Classification |
RS-232C 5;%
Communication Motion || £
Calculation Display
: 3 p— & Save
) | £ &
B = p| o=
g e e
% ol B

(b) program source code(LabVIEW)

Fig 4.6 Optical displacement sensor performance test program
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Fig 4.8 Effect of the measurement direction on the sensitivity
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Fig 4.10 Effect of the acceleration on the sensitivity
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Fig 4.11 Effect of the height on the sensitivity
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Table 4.3 Average sensitivity according to the surface type

Surface type Sensitivity [counts/mm]
[ron plate without surface treatments 66.05
[ron plate with heat treatment 65.97
White paper 65.93
Silicone coated paper 65.51
Plywood 65.24
Polyvinyl chloride(PVC) plate 65.10
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Fig 4.12 Measurements of the displacement after calibration
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Fig 4.13 Schematic diagram of the position estimation system
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Fig 4.14 Data flow in the position estimation process
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Fig 4.16 Circuit diagram of the optical displacement sensor
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Fig 4.17 Prototype PCB drawings
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Fig 4.18 Photographs of the manufactured prototype PCB
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Fig 4.19 Photographs of the data acquisition system with ZigBee network
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Position Estimation Program

RS5-232C Settings

Robot Position(x,y) on the 2D Surface

SROM | Motion —

Trajectory |/ Output Data

. 155
VISA Resource : %}EOMD v
11+
Baud Rate : g 115200 |[bps]
1
Input Parameters 0.5~
[Calibration Factor] 0.3+
KY: 1023 KX: 1109 07
: E. 0.6
Resolution : | 1620 [cpi] o
0.5
Tnitial Position [m] 2
0. ¥0)=¢( 0. o) 0.4-
Initial Direction 0.3
theta 0= 90 [degrees] 02-
ODS Mount Position [m] 001
(Ax A¥)=(| 004 _|oo75 ) i
02 0
Sampling Time : 200 [ms]

02 04
X [m]

ODS-Estimated Position [m]
(x.y)=( 0841, 1194)
Direction : 2276 [deg]

RE-Estimated Position [m]

(x.¥)=( 0833, 1057)
Direction : 2 2061 [deg]
Operation T : 318 [s]

Path to save the data

| C#Documents and
& SeftingsWAdministratoradr st

1 MEURAritinn Crbimmabinn

STOP

#cps’ means counts per second

*0QDS maunt position’ is a relative location w.rt the rotation centre of robot.
*Rescution’ and Initial Direction’ have a default value, 1620cpi and 90 degrees, respectively.

Fig 4.20 Graphical user interface screen of the position estimation program
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Fig 4.21 Source code of the position estimation program
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(a) hull cleaning robot (b) mobile robot for experiment

Fig 5.1 Comparison between the hull cleaning robot and the scale model
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Fig 5.2 Configuration of the scale model for position estimation experiments
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Table 5.1 Experimental conditions for position estimation

Condition Description
Starting point (Om, Om)
Starting heading angle 0[°]
Driving path 1.0 [m] X 1.0 [m] square path
Driving speed 50 [mm/s] ~ 100 [mm/s]
Driving acceleration Minimize, close to 0 [mm/s?]
Driving method 2-wheel skid steering(manual)
Driving Surface type . _PVC type floor
(sensitivity : 65.66 [counts/mm])
Height between ODS and surface Constant, 2.8 [mm]
5.2 x4 43 A%

SAEY olFEES AR AXFA Al2Hle] AeddS &F 519 =149
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Fig 5.3 Experimental result of the position estimation(Case-1)
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Fig 5.4 Histogram of the position estimation error(Case-1)
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Fig 5.5 Estimation of the heading angle(Case-1)
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Fig 5.6 Experimental result of the position estimation(Case-2)
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Fig 5.8 Estimation of the heading angle(Case-2)
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Fig 5.9 Experimental result of the position estimation(Case-3)
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Fig 5.11 Estimation of the heading angle(Case-3)
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Table 5.2 Experimental results of position estimation to the five cases

Experiment End Point [m] End Heading Angle [° ]
Case ODS Rotary ODS Rotary
Encoder Encoder
Case-1 (-0.033, -0.028) | (-0.154, -0.147) 263.9 255.0
Case-2 (-0.024, -0.040) | (-0.236, -0.155) 262.8 243.7
Case-3 (-0.100, -0.056) | (-0.368, -0.198) 264.9 247.8
Case-4 (-0.028, -0.03D) | (-0.277, -0.162) 263.4 252.1
Case-5 (-0.027, -0.033) | (-0.268, -0.174) 263.1 248.2
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