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Coverage path planning and its tracking controller

design for an underwater mining robot

Jinwook Kim

Dept. of Interdisciplinary Program of Mechatronics Engineering,

The Graduate School, Pukyong National University

Abstract

This thesis proposes a coverage path planning method for an underwater mining
robot to cover a given underwater region effectively and a tracking controller design
to track the planned path generated by the coverage path planning method. The
coverage path planning method includes preprocessing of a given 3D map, cell
decomposition and minimal sum of altitude algorithm for minimizing turning
number, an algorithm choosing coverage sequence of each cell, generating moving
path between cells by modified sweeping line strategy to reduce an overlapped paths
and produce a smooth path. For this work, the following tasks are implemented.
Firstly, in preprocessing, a given 3D map is transformed to a binary map. Then,
Morse decomposition method is used for decomposing the transformed binary map

and minimal sum of altitude algorithm is applied to minimize a turning number. To



define the coverage sequence of each cell, comparison between depth-first-searching
algorithm and breath-first-searching algorithm based on spanning tree is proposed.
After defining the coverage sequence, an entire coverage path and a moving path
between cells using visibility graph algorithm are generated. For minimizing
overlapped paths, modified sweeping line strategy is used when the length of
overlapped paths is too long. Turning paths of the entire coverage path are
smoothened. Secondly, an automated guided vehicle(AGV) with two passive wheels
in front and back sides and two active driving wheels in left and right sides of the
mobile robot is proposed. Kinematic modeling of this AGV system is presented.
Based on the kinematic modeling, a backstepping controller is proposed to track the
generated coverage path obtained from the proposed coverage path planning
algorithm. Thirdly, to implement the proposed controller, a control system is
developed based on microcontroller AVR ATmegal28. A laser navigation system is
used to measure the rotation angle and its position information of the proposed AGV.
Finally, simulation and experiment results are presented to show the effectiveness
and the applicability of the proposed coverage path planning algorithm and the

proposed tracking controller for AGV system.

Keywords : Complete coverage path, Breadth-first search algorithm, Minimal
sum of altitude algorithm, Automated guided vehicle, Backstepping controller

design
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Fig. 2.9 Grouping of noisy cell
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Fig. 2.12 Relation between turning number and coverage direction
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i=1
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Fig. 2.14 Horizontal and vertical cell decomposition
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Fig. 2.15 Combination of vertical and horizontal cell decomposition

Table 2.1 Number of cell and the sum of altitude of each step obtained from the

proposed combined method

Way to split the graph ; | Total number of cell n Sum of altitude S(j)
=1 9 12
j=2 8 10
j=3 8 9
j=4 9 10
j=5 9 10
j=6 9 10
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J=7 10 14
j=38 9 10
Jj=9 9 10
j=10 10 11
]=11 7 8
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(a) Cell decomposition result
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Fig. 2.17 Cell decomposition and spanning tree

Fig. 2.17(b)oll YE}FH

dgok 2.

ojujolH, Awex F=



AHEHR PAY BRE =22 WE37] 935ke] Fig 2187 & 1
gz g g ES o]&et, 1 dagFol ;A AXE A
A dalg]F o2& Fig 2.18(a)9F 22 U4 &2 23|53 Fig,

2.18(b)¢t &2 dolv-a gA darglFo]l Stk Fig 2.189 YEd =&

MEE 7o daelEe ol gste] AFELE YA Hel £4%
B glolH, SR 2izte] SueFel AL AAs: PAS U
9 Flelth

(a) Breadth first search (b) Depth first search
Fig. 2.18 Comparison between BFS and DFS

Fig. 2.18(a)¢} #o] Y|4 &S 2EELE HE Aoz g4
o WA FE] A2S AR et ggo R FE A9 2}
2, & FEAA F Y] AAE AHA 2T F e == YR

th o s FERRE Al 9 AXE AA

2 FEAAS ALt e AR BEIT S Uued g 2

>
k1
e
_0|L
als
b
(r
Lo
My
>

gEe doguR) Foluste duE @k

Rl

33



EEER I EREE

E

;OO
=0

A~

Fig. 2.19&

& A= A

HUEs 5

T2 YERRATE

il

1T
S IS

3} 7o, Fig. 2.199l 4]

Ko N
i=1

= o

A =AM

%

)
(@]

il
M

(©):

1o
i

U
M

)

H

0|
G

1o
i

Nfo

i)l
N

ol

o7

/\]),

1 2709 =71 EA4

3
pul

K5 =

o] &4

E[l_

=
JS I—

71€]

(77t 6,7

o

SR8 = 3EA)).

o] =4

Ql_

=

o

)

H
o]
ok

npx] e o 7 - 8o

(e):

o 1 o

PEESE EETEIRE

o Avg vhehdie,

s

ol
=r
!
gl

o

34



(e)

Fig 2180)% 2ol Zo|$4 wae 2
S olEE UgEZd 5 e 27 g g ol uEzd £ ¢l
oW 9z HEolerhl YHZ Fol Yo’ =7 Yat = Aol
4w dueFe ohlREelR) & £ AE A gt 9

s=Zotebd oAl Werks FEE 9k

S

395



o

(b):

== 394 ¢

(d):

o

1
T

gtk Wb g A= HEolth k& 4, 3,22 EHEols}

ol

Aoty of

BN

o[

)

ol

T 602 Fopgith == 69

H

A A2 =E(=E el A] o] o]

36



(): 2t =25 Had o AEEHA S AAES AATGoEHA 2

o4 4 dmFe AvE ehirh

(@) (b) (©)

(@)

Fig. 2.20 Example of breadth first search algorithm

37



2.5 A Z7te] o|FH=E AA

I

s

17] $1%

Bds

=

—_
fife)

N

Mo

A BERA
)
4

|

)

P
fife)

il

ol A Al

al

2 3¢

=
T

o]

T3 el A o2 A=

A

)
)

A}
o

ﬁo
v
N

N
o<

°] TH26].

Np
™

E

2 7

o old 7HA

B
22|

—_—

file}

N

%)

~

J)J
oK
ojpy
i

7] w2t}

ki3

-
T

el

A

=
L

W

ﬂ.o

uj
oy

b

file)
=0

1T

of glvk. AF=

Hr

™

38



7hA %

o

T

Fig. 2.21

Goal

GG T o
noH T %
= ol o oo
T OB R z ¥
LGN T
[==0)
X i ) x cY
E =/ R ™o
= N g [N
= ; >
<, ok NN =
g zm o 3,
an m.o ey o n ‘m.ﬂ
O
: WP L o
g il o oA X
°© of U °
2 ™ gy ™ )
(=W _— Z_D —_— _ﬂ_ ~
= R o R
S ¥ R FoL I {a -
m R
R T S NF ﬂ_ ol
< ST B -
E 2 ~ g K o
S N Qv N W: o
) e~ =
¥ g _, M N
S .mm LS T W
ﬂnl —_— N —_— l
o K oy ~ o
ol
BN ) <

A Aol 7

4=

24 3}

]

A

Folzl el
¢
39

2=

t}. Fig. 2.2

T

9
yal

aLat

°©

o] oAl

==
%7



Start node Start node
*

iy
—

N
\H
Goal node Goal node
(a) Result of path planning (b) Result of path planning using
using A* algorithm visibility graph algorithm

Fig. 2.22 Path comparison between A* algorithm and visibility graph algorithm
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Table 2.2 Comparison between A* algorithm and visibility graph algorithm

Algorithm Total distance Calculation time
A 8.243m 12s
Visibility graph 7.837m 7s
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Fig. 2.24 Complete coverage problem using different method
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(a) Initial (b) Smoothing (c) Final

Fig. 2.29 Smoothing 90 degree turning path
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Fig. 2.30 Smoothing 180 degree turning path
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Table 23> 4 (2.8)°] YeEbdl zhzhe]l wizfdse] gt A

Jerd,

Table 2.3 Description of parameters related with coverage ratio

Parameter Description Unit
CR Coverage ratio %
d, Distance of all coverage paths m
d, Distance of all overlapped paths m
w Width of mining robot’s effector m
A, Covered external area by robot’s effector m?
4,, Giver area m’
A, Obstacle area m’
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Table 2.4 Numeric values for simulation

Parameter Description Value Unit
w Effector width of robot 0.3 m
w, Coverage interval 0.3 m
hg Given area height 6 m
W, Given area width 6 m
0, Threshold value 0.5 m

po)
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Fig. 2.32 Binarized map
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Table 2.5 Comparison of cell decomposition results

Sum of altitude

32

28

Number of cells

Direction

Horizontal

Vertical

Cell 2

Cell 4

Cell 1

Cell 3
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Fig. 2.33 Horizontal cell decomposition result
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Fig. 2.34 Vertical cell decomposition result
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Y (m)
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X (m)

Fig. 2.35 Cell decomposition optimization result

Table 2.6 Number of cell and the sum of altitude of each step obtained from MSA

algorithm
Way to split the graph j | Total number of cell » | Sum of altitude S(})
=1 8 32
j=2 7 28
=3 7 28
j=4 8 32
j=5 8 32
j=6 9 36
j=1 9 36
j=8 9 36
j=9 8 32
j=10 7 28
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Fig. 2.36 Spanning tree based on cell decomposition

optimization result

Table 2.7 Cell coverage sequence using BFS and DFS

Method Cell coverage sequence
BFS 1565552545357
DFS 1-6—>5—4—3—-52-7
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Fig. 2.37 Generated coverage path based on sequence of BFS algorithm
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Fig. 2.38 Generated smooth coverage path based on

sequence of BFS algorithm
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Fig. 2.39 Generated coverage path based on sequence of DFS algorithm
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Fig. 2.40 Generated smooth coverage path based on sequence of DFS algorithm
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Table 2.8 Comparison of complete coverage path using sequence of BFS and DFS

Method BES DES Unit
Distance of all
99.745 92.762 m
coverage path
Distance of all
11.296 1.515 m
overlapped path
Number of turns 32 32 times
Coverage time 4987.25 4638.1 N
Coverage ratio 92.13 95.13 %
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Fig. 3.1 Mechanical design of AGV
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Fig. 3.2 System configuration

6 2

-
T

21 9% NAV-200 #o]# & A]2~El(Laser Navigation System)©]

Mysen-M 7} AlA 71 A X o] i),

FRONT VIEW

REAR VIEW

y

=i



-

AGV A Wi-oll= A& 757 E (Industrial PC)9F 2719 12vE 2 H
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Castor
Wheel

MySen-M

Differential Drive Wheel

Fig. 3.3 Configuration of differential drive AGV system
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Industrial PC TANK 800
1 T
ACTUATOR ¥ Analog control
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{

< ) !

BLDC motor left BLDC motor right

Fig. 3.4 Hardware configuration of AGV
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green  red yelllow

Legend:
@ Scanner head, rotating

@ Light outlet/finlet aperture
@ Status indicator (LEDs 4 x)

@ RS 232 data cable
(see Tabie 10-3, Page 80)

& D-pin D-Sub socket for
Host/PC connection

& 14-pin cable socket for

yellow Q ® @ ®

M "RS 232 data interface” connection
{14-pin chassis-mount plug)

"Power Supply 24 V DC" connection
(8 -pin chassis-mount plug)

Fuse 13.15 A slow-blow)

Functional earth terminal

Tapped holes in baseplate (4 x)
(not visible here)
Laser warning label

8-pin cable socket

e® e8 @, ®

Fig. 3.5 Laser navigation system NAV-200
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Table 3.1 @l o)A &H A] =Bl A4

Reflector

Fig. 3.6 Position measurement of the NAV-200 by

detection of reflector arrangements

ALE ekl Aol

Table 3.1 Specification of laser navigation system NAV-200

No Parameter Value
1 Light source Infrared (855 nm)
2 Laser class 1
3 Field of view 360 °
4 Scanning frequency 8 Hz
5 Angular resolution 0.1°
6 Operating range 1.2m-285m
7 Max. range 10 % reflectivity 285m
8 Data communication Serial (RS-232)
9 Data transmission rate 19200 Hz
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10 Operating voltage: >24VDC=+25%

11 Power consumption: 24 W

12 Weight 33 kg

13 Dimensions 176 mm x 178 mm x 115 mm

Fig. 3.7& oA &H Al2dlo] 91x]e14] A2ES yehidl AHolt)
Rn(X,, )2 #olA & Azglo] A48 = 9l whalga 1 91X 8

e d, & 7wl ol A Az e] Aol ol o] A7}

oi

3 WhAlE]o] #lolA] 2sfuel ThA] AIE 7 74A] 9

Lo

FA50] Aol
ARk} dlol A &wol ols) AT w0, & AvHEAL X33
dold 2AUS] ZwE el g, & ol AU 0% HEAS

XZ3} 7b WAl dlolq 2AUE Qe Ade) ZEE b,

Y“ R2(X2,)’2) RIQSXI,H)
\ 7
d,) /
R3 (X3,5) 73 b,
~ \ b 4
- QA\
d3\\\3

~ \
. 0
Y, ; <X ‘\A

. 0, { K//’(}/f)
-0 Laser scanner
G - n
Rn (X, L)
0 X X

Fig. 3.7 Laser scanner navigation system
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714 WATE AANEES FEFAT. AVAEHE ol goje] A
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Power&
Data Cable
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Upper Case Axis
Indicator

Fig. 3.8 Acceleration Sensor Mysen-M

Mysen-M 7} AlA o] Al A€ Table 3.20] vERAT

Table 3.2 Specification of MySen-M

No Parameter Value
1 Digital interface Serial UART(TTL3.3V) / RS232
2 Operating voltage DC 5V
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3 Operating temp -10°C ~ 60°C

4 Power Consumption 1W(Nominal)

5 Data sampling rate 100KHz

6 Dimensions(W x L x H) 55 x 55 x 10(mm)
7 Weight =100g

 ATdAME Y8 AFE TANK-800S + AEEHE ARSI

2 dolMe HESHE AFSH T AY8 AFTH Tank-8009] T2+ Fig.

(a) Front view of TANK-800
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A

L.

2 x GbE

. CF Card
Power switch

4 x USB

2 X RS-422/485

Line-out/Mic

4 x RS-232

]

ATIATX mode

ATX . AT
VGA
ACC mode
Do it
T - ON
Power2

(DC Jack)

Power1

- W (Terminal Block)

(b) Rear view of TANK-800
Fig. 3.9 Industrial PC TANK-800

g FAFFE TANK-8002] A& Al o}&]2] Table3.33 7t}

Table 3.3 Specification of industrial PC TANK-800

No Parameter Value

1 Chassis Dimensions 136 x 219 x 188(mm)

Intel® Atom™ D525 1.8GHz
CPU

dual-core processor

5 Mother Chipset Intel® ICH8M

board
o Dual Realtek RTL8111E PCle
Ethernet GbE controllers support ASF

2.0

3 Storage SATA 2.5 inch SATA HDD bay
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USB 4x USB 2.0
Ethernet 2 x RJ-45
RS-232 4 x DB-9
RS-422/485 2 x RJ-45
System Display 1 x VGA
Function Resolution Up to 2048x1536
Audio 1 x Mic-in, 1 x Line-out
DIO 1 x DB-9
One PCle x4 (physical one
Interior Expansions PCle x16 slot) and two PCI
slots
Power Supply 1.5V(£0.3V) ~ 36V
Power
Power Consumption 33W(Without add-on card)
Operating Temperature | —20°C ~ 70°C
Reliability
Weight 3.0Kg
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323 155

TE&HE = EEHE=ZlolB] MR-J3-20A¢} BLDCE.E| SWIS BG90-S024 =
TAEO k. B Al Alg® REJ=g}loln= Fig. 3.100] YeERWITE
BEE=glolH o ol 8 7Fedt Hu AF= 20A0] T},

Fig. 3.10 Motor driver

Fig. 3.11:& . dFto] Ab8¥ BLDCRE] SWIS BG90-S024Z LHERJ
Zlolth, BE = 24VE A&t AR Al Table 3.40] HERHSIT

Fig. 3.11 BLDC motor SWIS BG90-S024
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Table 3.4 Specification of BLDC motor SWIS BG90-S024

No Parameter Value
1 Rated Voltage 5V
2 Rated Output 200W
3 Rated Current -11.9A
4 Rated Speed 3000RPM
5 Rated Torque 6.3Kgf-cm
6 Weight 2.7Kg
7 Voltage Constant 14.8V/Krpm
8 Torque Constant 1.4 Kgf.cm
9 Rotor Inertia 0.24x10-3 kg.m2
10 Armature Resistance 0.90hm
11 Armature Inductance 0.9mH
12 Mechanical Time Constant 10ms
13 Electrical Time Constant 1.1ms

Fig. 3.12 12V A Rocket AGM 80-125 YEFN™ Table 3.5 =L
ALS vebd Folth 2719 FHAE HAER dA3ste] 24VE AGVY

RE AN&Ho] &u3etth

795



Fig. 3.12 Structure of Battery

Table 3.5 Specification of Battery Rocket AGM 80-12

No b .-l-’;rameter Value
1 Nominal Voltage 12V

10HR 1.80(V/Cell) 80.0AH

5HR 1.70(V/Cell) 68.0 AH

2 Capacity(AH) | 3HR 1.67(V/Cell) 61.5 AH

1HR 1.60(V/Cell) 48.0 AH

0.5HR 1.60(V/Cell) 37.5AH

Length 332mm

3 Dimensions Width 174mm

Height 229mm

4 Weight 24.7Kg
5 Terminal Type Bolt Terminal
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Fig. 4.3 A castor wheel and its parameters
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51 AlEdElA 2%

Table 5.1-> AlEelo] el AREE 2713k viZWE veRd 3lo|th
AGVO E3 HEEE 0.096m/s01H, AGV7E -5 5= AIZEE °F 930%0|th
Table 5.1 Parameter and initial values of the simulation
Parameter Values Unit
Effector width of robot 0.3 m
Coverage interval 0.3 m
Given area width 6 m
Given area length 6 m
Initial position of the AGV (0.15, 0.15) m
Initial angle of the AGV wl2 rad
Reference linear velocity of the AGV 0.096 mls
Reference Angular velocity of the AGV 0 rad /s

Figs. 52~54= Ags AA 7AW eA B25 4T o H¥st= +
At e, e, e, 2 AEHNA AE YeRH Aolth AGVZE AFH 4
25 & FA31 Jd5S AT F Uk A 54 A 42 o] o
A ko] olF ARt A 3oA A 43 o]Fd uwf A Fte] o]FAHARE
AGVe FA3% A e pgdor g AR FEo st ot =
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Fig. 5.2 Tracking error €,
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PPAAA R A sA A 4% o] Fat

Table 5.2 Parameter and Description of each section in the simulation

Parameter Description
(a) Cell 1 coverage path
(b) Moving path between Cell 1 to Cell 6 and coverage path for Cell 6
(©) Moving path between Cell 6 to Cell 5 and coverage path for Cell 5
(d) Moving path between Cell 5 to Cell 4 and coverage path for Cell 4
(e) Moving path between Cell 4 to Cell 3 and coverage path for Cell 3
Moving path between Cell 3 to Cell 2 and outside coverage path of
¢y
Cell 2 for going to Cell 7
(g) Moving path between Cell 2 to Cell 7 and coverage path for Cell 7
Moving path between Cell 7 to Cell 2 and coverage path for the rest
(h)
of Cell 2

Fig 53 A7t @2 2407 e,
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Fig. 5.3 Tracking error €,
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Fig. 5.5 Linear velocity of AGV
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Fig. 5.6 Angular velocity of AGV
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— Reference coverage path ------ Simulation result
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Fig. 5.7 Simulation result of planned coverage path tracking
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Fig. 5.13 Simulation and Experiment result of proposed

coverage path tracking
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