creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Doctoral Dissertation

A Study of Autonomous Navigation System
of Unmanned Surface & Underwater Vehicle

Advisor

Professor Kim, Joon-Young

August, 2019

Graduate School of Ocean Science and Technology

Korea Maritime and Ocean University

Department of Convergence Study on the Ocean Science and Technology

Hong, Sung-Min



We certify that we have read this dissertation and that, in our opinion. It is
satisfactory in scope and quality as a dissertation for the degree of doctor of

philosophy in Ship and Offshore Plant, submitted by Hong, Sung-Min

DISSERTATION COMMITTEE

Chairperson : Professor Choi, Hyeung- Ko

Department of Mechanical Engineering, K%rea Maritime and Ocean University

Supervisor : Professor Kim, Joon-Yo

Department of Ocean Advanced M tials Convergence Engineering, Korea

Maritime and Ocean University

Reviewer : Professor Sur, Joo

: \tPx3/
Department of Mechanical Englﬁeér o

Department of Naval Architecture anfl} ihe Engineering, Korea Maritime and
Ocean University

Reviewer : Professor Cho, Yong-Seonﬁ%\gﬁl
{ Jac

Department of Electronics Engineerin“g’f%{yungnam College of Information &

Technology

July, 2019

Graduate School of Ocean Science and Technology

Korea Maritime and Ocean University



CONTENTS

List Of Tables .......................................................................................................... HI
List of Figures ......................................................................................................... V
ADSHFACE  ++++++eroveresresssessresstrnstentenitentesstsestestee st es st e st esstssst e st e st e st e st esstesntesnt e st enssensns IX
1. IIMEOAUCHIQIL +++++++-srrrrsesersrsrsersrsrsesessssesessstssesesssesesese s se st e s e s s b e b e st ebebassesebeanssesesaanes 1
1.1 BACKEEOUI #+++ev+++eeessseeessss s 1
12 ResearCh Trend .................................................................................................... 2
1.3. Objective Of RESEArCh « s wrsssrrrsserssssrssssrissisiissisiissi s 6
1.4. Organization Of the thesis w s wwsssrrrssssrrssssmissssrissssi ]
2. Modeling of Dynamics of Combined Unmanned Ocean Vehicle -«-:xeeeeeeeee: 10
2.1 Dynamic Modeling of Unmanned Surface Vehicle «-wroreerreerrreemeeeneeneee 11
2.2 Dynamics Modeling of Unmanned Underwater Vehicle -«:--woomeeereeeseeeseees 26
23 Cable Dynamic Model ....................................................................................... 32
24 Combine Wlth Underwater Cable and UUV ................................................... 43
3. Guidance and Control for Combined Unmanned Ocean Vehicle ----xeoeeeeeeeres 45
3.1 Guidance Method fOr USV et 46
32 Guidance MethOd fOI' UUV .............................................................................. 51
3.3 Designing Controller of the Combined Unmanned Ocean Vehicle -+ 54



4. Dynamic Simulation of Combined Unmanned Ocean Vehicle «--:xcoooeeeeeseeeseseee 68

5. Hardware System Configumﬁon ........................................................................... 80
51 Hardware Conﬁguration Of USV ...................................................................... 80
52 Hardware Conﬁguration Of the UUV .............................................................. 85
53 Conﬁguration of the Control System ............................................................... 87
54 Operate System ................................................................................................... 90

6. Sensor performance and Field test of combined unmanned ocean vehicle - 93
61 Sensor T voveerer e et 93
62 Fleld B AR T T T P P TP PP PP PP PP PEPPLP 103

7. Conclusion ............................................................................................................. 110

References .............................................................................................................. 112

ACkllOWledgemellt .................................................................................................. 1 26

- II -



Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

I-1

2-1

2-2

2-3

2-5

2-6

3-1

5-1

5-2

5-3

6-1

C-1

C-2

C-3

C-4

List of Tables

Combined Unmanned Ocean Vehicle e, 4
Limitations Of marine exploration equipment .......................................... 6
The notaion Of SNAME fOI' USV&UUV .............................................. 10
SPECIiCAtion Of USV ++eressserrsssssersssissrissiis s 13
Parameters for Wlnd load Calculation ..................................................... 19
Beaufort number and corresponding wind speed -:«oeeeeeeeeeeeeeeeeene 20
Speciﬁcaﬁon Of UUV ............................................................................... 27
Specification of Underwater Cable - wsrrsssrrsssrmmmsmmissrisnisinae. 40
Calculate a desired heading angle -+ ressssersmssrmssssiisssiisnen. 50
Notation in Fig. Bl ceeeee e e 52
Specification Of the USV wreressserrssssrisssssrisss i 81
Speciﬁcation Of WinCh System ................................................................ 83
Specification of the wireless communication equipment --::-:weeeeeese 85
speciﬁcation Of the UUV ........................................................................ 86
Data Values & Output Coordinate from Navigation Sensor =« 94
SpeCiﬁcation Of the GPS ...................................................................... 116
Specification of the AHRS rrwssrrrsssrrrmssssmmsssissriissssiis 116
SpeCiﬁcation Of the USBL .................................................................... 117
Specification of the Depth SEnSOr «+ - rrssrrsssrrsssersssressssiisriee. 117

- 1T -



Table

Table

Table

Table

Table

Table

Table

C-5 Specification of the Multibeam Sonar -«
C-6 Specification of the MCU s weeersressessesensscenn:
C-7 Specification of the Antenna - wwssersessee
C-8 Specification of the Thruster -+ -wrssseesesse
C-9 Specification of the Thruster - wweeeeeesees

C-10 Specification of the Motor «weeseeseseseeeeees

C-11 Specification of the Tether Interface Boards

- IV -



Fig
Fig

Fig

Fig.

Fig

Fig.

Fig

Fig

Fig.
Fig.

Fig.

Fig

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

List of Figures

. 1-1 Operational concept of combined unmanned ocean vehicle ---e--weeeeeeeee

. 2-1 Unmanned Surface Vehicle (USV) ..........................................................

22 Coordinate System Of USV .........................................................................

2_3 Measurement fOI'CG Of USV thruster .........................................................

D4 CULVE OF TRIUSE FOICE +++rewreesersrersersrmsemssantesiesstaitentestiatieste st eseese s enee s

2-6 Define velocity and

2_5 Deﬁnition Of Wlnd Speed and direction ....................................................

dire CtiOIl Of CUTTEIL rwrerrrrerrererrormrresmrrenseeeeeeenens

2_7 Simulation ReSult Of USV Straight motion ...............................................

2_8 Simulation result Of USV turnlng motion ................................................
2-9 Simulation results of turning motion of USV including wind load

2-10 Simulation results of turning motion of USV including current -+

2_11 Shape Of Unmanned Underwater Vehicle ................................................

2-11 Water tank test for

3-2 Pure Pursuit Method

2-12 Coordinate System OF UUV  cooveeeermmm
2_9 Coordinate System Of the underwater cable ..........................................

2-10 Simulation Result of Cable Motion with Current =-----ssssseerereerreeeeeeenn

measuring tension force .........................................

2-12 Cable Angle Wlth CUTITEIILS  rrorerrrereorerroseseeseste sttt ettt ittt teneeaees
2-13 Tension 0On the cable rrwreoreerrrmrmmrmm e

3-1 Block diagram of leader-follower of combined unmanned ocean vehicle -



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

3-3 GEOMEtry Of PUIE PUISUIL «weereereessessersesemssumemiimitiitiitiititi e 48
3-4 Look-ahead Point and Minimum Turning Radius -:eoeeeeeeesemeseeeneees 49
3-4 Define geometry between UUV and USV «eeeeeesmnnns 51
3-5 Block diagram of Anti-windup PID CONtroller - - swrssseosssermssssesssninns 55
4-1 Flow chart of Dynamics SIMUlAtion e, 69
4-2 Straight Motion of the combined unmanned ocean vehicle --w-eeeeeee 70
4-3 Velocity of the USV&UUV and Depth Value of the UUV (1) - 71
4-4 Straight Motion of the combined unmanned ocean vehicle «--weeeereeeee 71
4-5 Velocity of the USV&UUV and Depth Value of the UUV (2) -+ 72
4-6 Way-Point Tracking Simulation NO.] -+, 72
4-7 3D Trajectory of combined unmanned ocean vehicle ««--weeoeeeemneeerneens 74
4-8 2D Trajectory of combined unmanned ocean vehicle «-wwwwooeeeemreseeeeess 75
4-9 Velocity of each axes of the combined unmanned ocean vehicle. -+ 75
4-10 Thrust forces of the USVY «eeerrmmeimimimimieiiinisisseeeesesssseses s 76
4-11 Thrust forces of the TV -eeeeeemeemmmeemmtmmiiaiaie e 76
4-12 Heading Angle of the USV wrerrsssrrrmmssnsiissiisiiissiiii s 77
4_13 Heading Angle Of the UUV .................................................................... 78
4-14 Depth Of the ULV et 78
4-15 Relative distance of USV and UUYV e, 79
5-1 Shape Of the TSV rrreeerrsrssmssrsiriitiitiititi 81
5-2 Launch & RECOVEry SySLEm rrwswrsssssromsssrersssssrisssssiiisiss i Y
5-3 Winch System of combined unmanned ocean vehicle -«wwweeeeeeereseeees 82

- VI -



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

5-4 Configuration of the WinCh SYStem «we e 83
5-3 Electric system of the USV rrwrserrsssmsrmmssissiiississiiiss i 84
5-4 Shape Of the UUV ettt 85
5-5 Electric system Of the UUV «ererssrrsrmmssrisss s 36
5-6 UUV and Underwater Cable connection method «---reereeereeereeemneennnn. 87
5-7 Control System configuration diagram <« ’8
5-8 Communication System configuration diagram - s 89
5-0 OPEration COMSOLE « e sessessrestestessis ittt 90
5-10 Control Program for Remotely CONrol s ewssserrssssemsssssenisissniis, 91
5_11 COIltrOl Program for Autonomous COHtrOl .............................................. 91
6-1 Number of Satellite & HDOP from GPS sensor «oeeoeeeeemeerremeeeenees 94
6-2 Trajectory & Heading Angle e errssrrmmssssrmsiss i 95
6-3 Stationary position error & HiStogram e 96
6-4 Heading Angle Error while moving trajectory e 97
6-5 USBL Sensor Test in Water tamk c--e-eeeeoseeeereessemsemssemememnieniesininnsanies 08
6-6 Radius of the UUV accOrding to s eressssersssssssemimssssisisssissniissssninss 99
6-7 Histogram of distance result from stationary test no.l oo--eeeeeeeeeseeee 100
6-8 Histogram of distance result from stationary test no.2 «eoeweeeeeeeeee 100
6-9 Histogram of distance results from moving test --w-wweweerreesereeeeeeee 101
6-10 Voltage measured at 0.66m (left) e, 102
6-11 Site Of Field Test «wwrwrerererererermrmrmimimimimimissisisisisississss e 103
6-12 Field TESt SCEIES -+++++rerrserrsersrersersressemssemstanttstattateststeseatesseessesseensenes 104

- VII -



Fig. 6-13 2D Trajectory Of the platform « - e eserssemssmssmsiisseisiiiiisisiis 104

Fig. 6-14 Attitude Values 0f the USV e 105
Fig. 6-15 Attitude Values Of the UUV e s 105
Fig 6-16 Velocity Of the TSV swereeessesssessesiimssiiiiiiisiiitii s 106
Fig. 6-17 Depth Value of the UUV wrewssersesemssemssiisiiisiiiiiiissiisiniii s 107
Fig. 6-18 Thrust Input Value of the USV wreeeesesmsmmmiiiiiiiiiiiiis 108
Fig. 6-19 Thrust Input Value of the UUV et 109

- VII -



A Study of Autonomous Navigation System of
Unmanned Surface & Underwater Vehicle

Hong, Sung Min

Department of Convergence Study on the Ocean Science and Technology

Ocean Science and Technology School of Korea Maritime and Ocean University

Abstract

In this study, we developed a combined unmanned ocean vehicle for real-time
marine exploration and designed a guidance law and controller for autonomous
navigation of the platform. The developed unmanned ocean vehicle is a
combination of unmanned surface vehicle, underwater vehicle and underwater
cable to overcome disadvantages such as position accumulation error, limit of
battery capacity, and inability to secure real-time data of existing unmanned

underwater vehicle.

The combined unmanned ocean vehicle, Global Positioning System(GPS) and
Ultra Short Base Line(USBL) sensors mounted on unmanned surface vehicle,
unmanned underwater vehicle can be used to know the location of current
exploration area and power supply for a long time on unmanned submarine using
high capacity battery. It is also possible to check the terrain information of the
exploration area, the status of unmanned underwater vehicle, and camera
information in real-time using underwater cable. However, such combined

unmanned ocean vehicle, in which the surface and underwater vehicles are

- IX -



connected by underwater cables, will encounter disturbances such as current,

waves, and other disturbances due to dynamic movement of underwater cables.

In this study, equations are derived for the motion of a combined unmanned
ocean vehicle. Simulation was carried out using the developed equations of
motion and the motion of the combined unmanned ocean vehicle was confirmed.
Movement of the unmanned underwater vehicle was also observed according to

disturbance generated in the underwater cable.

In addition, autonomous navigation system required to perform a given task
was studied, The unmanned surface vehicle follows a given way-point through
the Pure-Pursuit method which is a geometric path-following method. The
unmanned underwater vehicle is geometrically defined by the relative position and
the relative orientation angle of each platform so that it can maintain a certain

distance and direction angle.

Combined unmanned ocean vehicle was designed to take lead-follower control
from defined geometric definition. Therefore, anti-windup PID controller and
backstepping controller based on disturbance robust Lyapunov function were
designed in this study. Dynamics simulation was performed to verify the designed

induction law and the performance of the controller.

Finally, to verify the proposed algorithm, we constructed a rubber boat hull
and a torpedo type unmanned underwater vehicle and constructed a hardware
system for autonomous navigation of the platform. We investigated the
performance of a combined unmanned ocean vehicle and controller by performing

field tests and performed tests for sensors mounted on the platform.

KEY WORDS : Unmanned Surface Vehicle, Unmanned Underwater Vehicle,

Underwater Cable, Leader-Follower Control, Dynamic Simulation, Field Test



1. Infroduction

1.1. Background

Among various studies related to marine development, marine exploration is a
basic physical exploration that is needed for various purposes such as resource
and energy development and management, navigation safety, and military
operation. With the development of science and technology along with the
necessity, studies wusing unmanned robot technology in an underwater
environment that replaces existing ships or humans are actively being carried

out.

Marine exploration is being used directly for engineering purposes such as
marine civil engineering and offshore plant installations throughout marine
development phases, ranging from the initial exploration stage of resource
development to the production of equipment, the change of terrain in the
production process, or the change of submarine lipids due to internal fluid
reduction[1]. If information of the undersea topography or depth of water is not
accurate, it may cause damage such as stranding of ship, damage of underwater
optical cable, and damage of offshore structure. In addition, researches and
equipment development for a deep tow survey system are being carried out for

precise exploration of seabed topography[2].

In Korea, coastal lines are complicated. Coastal fishing nets, farms, and so on



cannot be used for large-scale exploration. Therefore, marine exploration using
small vessels is being carried out. However, if the ship is stranded in a fishing
net or a farm, it may cause not only human injury, but also environmental
pollution. Therefore, it is necessary to develop an unmanned platform capable of

operating in a complex and narrow coastal area.

Thus, the objective of this study was to develop a control algorithm for
platform operation and develop a combined unmanned ocean vehicle that could

improve the accuracy of submarine geomorphological exploration.

1.2. Research Trend

It is difficult to explain all methods and types of equipment because marine
geological exploration method and platform use different equipment and methods
according to the purpose. Therefore, research trends will be focused on ocean

exploration platform related to this study.

In the case of marine geophysical exploration techniques for the purpose of
resource development, most of them are operated by large-scale marine probes
and marine exploration equipment in the deep sea. In addition, as the depth of
exploration water deepens, the accuracy of the acquired information is lowered.
To solve this problem, explorations are carried out using underwater human
bodies or an unmanned underwater vehicle. Unmanned platforms have been
developed to perform ocean surveys on behalf of human beings in accordance
with the development of technology. They are being used for various purposes.
A combined unmanned ocean vehicle is a platform in which unmanned surface
vehicle is combined with unmanned underwater vehicle. Such an unmanned

platform can be operated in a small watershed. It can work on behalf of



humans in a dangerous environment. Most platforms listed in Table 1-1 use
Remotely Operate Vehicles (ROVs) for the purpose of operation, and marine
structure inspection in specific sea areas or ocean exploration using underwater
towed platform instead of ship role. The motion of a system in which
heterogeneous platforms are interlocked is a multibody dynamics system where a
plurality of objects move together. Thus, the behavior of one element can affect,
the behavior of other elements. It is difficult to analyze and control the motion
of the entire system. Therefore, various studies are being carried out for motion

analysis of related systems[3][4].

SEA-KIT provides unmanned and autonomous solutions to the maritime
industry to perform a variety of missions. However, SEA-KIT does not have a
separate underwater cable between the unmanned surface vehicle and unmanned
underwater vehicle, although it follows a given route and transmits information
through underwater communication at close range. The amount of information
that can be transmitted through the underwater communication is currently
limited. Studies are being conducted to solve position error problem of

underwater navigation of unmanned underwater vehicle.



Table 1-1 Combined Unmanned Ocean Vehicle

Platform Specification

= MARINE TECH co.

sl x W x H[m]: 42 x 21 x 1.7

m Draft [m] : 0.5

m Thruster : 2 electric engines

m Remote Operating Range [m] : 5000(Max)
= Navigation sensors :

Gyrocompass, DGPS, Autopilot, Camera

m Sea Robotics co.

sl x W x H[m]:25x1x0.15

m Draft [m] : 0.15

m Thruster : 2 BLDC electric thrusters

m Remote Operating Range [m] : 6200(Max)
m Navigation sensors : GPS, Compass

m Inspector USV

m ECA group

sl x W [m]:9 x 295

m Mass [kg] : 4300kg

m Thruster : 2 diesel waterjets

= H300V

sl x W x H [m] : 0.84 x 0.53 x 0.6
m Weight in air : 70kg

m Thruster :

Horizontal(4 vectored thrusters)
Vertical(1thruster)

Inspector USV with H300V




m Subsea Tech
sl x W [m]:3 x 1.6
m Weight in air : 270kg
m Max. speed : Sknots
m Thrusters :
2 outboard brushless electrical motors
m Batteries : 2 Li-ion (12h autonomy)

m CleartPath ROBOTICS

sl x W [m] : 1.35 x 098

m Communication : Wireless 2.4GHz

m Weight [kg] : 28

m Navigation sensors : GPS, IMU, Lidar

SEA-KIT




1.3. Objective of Research

Marine exploration using existing research and development equipment

described in Section 1.2 has the same limitations as shown in Table 1-2.

Table 1-2 Limitations of marine exploration equipment

= A lot of operation cost
Ship m Error of terrain information due to water depth,

m Difficulty in exploration at the coast or port.

Towed | ® Difference in motion depending on the speed of the mother ship

platform | w Difficult to grasp the location of the area to be explored accurately

USV m FErrors in terrain information due to water depth

= Mother Ship is needed

ROV
m Narrow range of search

m Difficult to transmit real time information

AUV = Navigation Error

m Battery Limit

Therefore, this study intends to develop a new type of combined unmanned
ocean vehicle and an autonomous navigation system to overcome limitations of

previously developed marine exploration equipment.

The combined unmanned ocean vehicle to be introduced in this paper can
transmit real-time underwater exploration information. It wuses USBL of
unmanned surface vehicle to reduce accumulated error of the position of existing

unmanned underwater vehicle. Previously, there was no separate propeller for an



underwater towed platform. However, in this study, the propeller was installed
to increase the degree of freedom (DOF). In addition, the unmanned underwater
vehicle can control water depth by using winch included in the launch and
recovery system, thereby reducing error of the topographical information
according to water depth. In addition, a leader-follower control is applied to the
autonomous navigation of the developed combined unmanned ocean vehicle.
Leader-Follower control includes a guidance law's and a controller to follow the

way-point of the unmanned surface vehicle and unmanned underwater vehicle.

Before performance evaluation of the platform and control system, dynamics
modeling was carried out. Influence of the underwater cable on the unmanned
underwater vehicle was analyzed and the validity of the applied -control
algorithm was verified. Finally, we verified the performance of the platform

motion and control algorithm developed through real field experiments.

% Performing Mission

®7 Ocean @ Move to @
initial Recovery
Explore position

Fig. 1-1 Operational concept of combined unmanned ocean vehicle



1.4. Organization of the thesis

This paper is organized as follows.

CHAPTER 2. MODELING OF DYNAMICS OF COMBINED UNMANNED
OCEAN VEHICLE

The combined unmanned ocean vehicle developed in this study is composed
of unmanned surface vehicles, unmanned underwater vehicles, and underwater
cable. Equations of motion for each component are derived and disturbance due

to wind and tidal loads acting on the platform is explained in this chapter.

CHAPTER 3. DESIGN OF GUIDANCE AND CONTROL LAW

Guidance and control law for performing Leader-Follower control and for
tracking a waypoint of a combined unmanned ocean vehicle will be described in

this chapter.

CHAPTER 4. DYNAMIC SIMULATION

We verified the validity of induced equations of motion and induction/control

algorithms through various simulations in this chapter.



CHAPTER 5. CONFIGURATION OF HARDWARE SYSTEM

Hardware configuration, control system, and operating system of the combined

unmanned ocean vehicle developed in this study are described in this chapter.

CHAPTER 6. SENSOR PERFORMANCE AND FIELD TEST OF
COMBINED UNMANNED OCEAN VEHICLE

The validity of the basic performance verification experiment and that of the
proposed induction/control law of the sensor mounted on the combined
unmanned ocean vehicle are verified through actual field tests and results are

described in this chapter.

CHAPTER 7. CONCLUSION

Main results and future plans of this study are described in this chapter.

APPENDIX

Characteristics of system matrices used in this study and important theories

mentioned in the paper are summarized.



2. Modeling of Dynamics of Combined Unmanned

Ocean Vehicle

It is necessary to derive kinetic equations to understand the dynamic behavior
of the platform to be developed before the actual sea area test. It is also
important to confirm the performance of the controller and the path following
algorithm to be designed later. In this chapter, the combined unmanned ocean
vehicle is divided into an unmanned surface vehicle, an unmanned underwater
vehicle, and an underwater cable. Motion equations are derived for each
platform. Finally, we describe equations of motion considering motion correlation

between each platform.

The force and moment acting on the speed, position, attitude, and platform of
the unmanned surface vehicle (USV) and the unmanned underwater vehicle
(UUV) are defined as shown in Table 2-1 below. USV performing the role of

the leader and UUV were used to derive equations of motion.

Table 2-1 The notaion of SNAME for USV&UUV

Degree of Freedom Force & Linear & Angular Positions &
o Moments Velocities Euler Angles
. Surge X U -
Translational Swa %
motion Y v Yy
Heave Y4 w >
Roll K D é
Rotati |
otational b ch M q ;
motion
Yaw N r J

- 10 -



2.1 Dynamic Modeling of Unmanned Surface Vehicle

2.1.1 Preliminary Modeling of Unmanned Surface Vehicle

Many studies have derived equations of motion of unmanned surface vehicles
(USVs). For example, Fossen has conducted a study on ship motion and
developed a "maneuvering" model that depicts a 6-DOF nonlinear model and a
ship's motion on a horizontal plane. The motion model of the ship described by
Fossen is based on a combination of physical principles and empirical
observations. It can be classified into longitudinal velocity (Surge) and steering

(Yaw) models [S][6][7].

Abkowitz 's model is developed by combining third-order Taylor series
expansion of hydrodynamic forces and moments for linear motion with rigid
plane equations. Abkowitz also used several simplification assumptions to limit

the number of model parameters[5] :

m Includes only primary acceleration port.
m The ship is symmetrical.

m [gnore combined velocity and acceleration.

Norrbin's model derived a planar rigid body equation with empirical
representations of hydrodynamic forces and moments based on traction tank
experiments. It included modeling of rudder angles as well as propulsion

modeling not found in Abkowitz's model. Blanke simplified Norrbin’s model to

- 11 -



explain equations of motion. Nomoto's ship steering model was developed for
Displacement Vessels (Fn < 0.4). However, it could also be applied to
semi-displacement Vessel (0.4 ~ 0.5 < Fn < 1.0 ~ 1.2) and Planing Vessel (Fn
> 1.0 ~ 1.2) [5].

In this paper, a kinetic model is developed based on Fossen's notation and
kinetic equations. In addition, hydrodynamics force coefficient used in the
dynamics model was used for the USV with specifications similar to those of

USV developed in previous studies [5][8].

2.1.2 Dynamics of Unmanned Surface Vehicle(USV)

The USV developed in this study was a commercial rubber boat equipped
with two thrusters on the stern section to enable straightening and turning
motion. A detailed description of the USV hardware is provided in Chapter 5.
Fig 2-1 shows target USV and Table 2-2 shows specifications.

Length

Sam

iengih between perpendiculars

Fig. 2-1 Unmanned Surface Vehicle (USV)
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Table 2-2 Specification of USV

Parameter Value
Length (m) 3
Beam (m) 1.82
Length between
. 2.5
perpendiculars (m)
Weight (kg) 200

Earth-fixed coordinate system and body-fixed coordinate system as reference
coordinate systems are defined as shown in Fig. 2-2 to derive horizontal (X-Y)
motion equation of the USV. In the fixed coordinate system of the ship, the
direction of the yaw line is positive and the starboard direction is the positive

y-axis. Right-hand rule is used to determine the z-axis direction.

Thruster Thraster
G, X, port starboard

Fig 2-2 Coordinate System of USV

- 13 -



Linear velocity and angular velocity v, = [ujv,m]” of the USV expressed in
the body-fixed coordinate system can be represented by the position, and attitude
vector 71, = |x,y,%,)" in the earth fixed coordinate system through kinematics.

It can be with the following equation (2.1).

:i:l = w;cosY; — u;sinyY, (2.1
jjl = w;siny; + v;cosyy;

Uy =m

Assuming that USV has neutral buoyancy and the origin of the hull fixed
coordinate system is located at the center of mass, the equation of motion in
the body-fixed coordinate system can be expressed with the following equation

2.2).

M, 1./1 + Q(Vl)vl + DI(Z/I)VZ =7 (2.2)

In equation (2.2), A4, is the inertia matrix of the USV, including the added
mass, Cj(y;) is the matrix containing components of Coriolis force and
Centrifugal force, and D);(v;) is the damping matrix. The right side shows force
and moment caused by an external force such as wind load and current load or

thrust force.

Assuming that the inertia matrix is a constant and that the diagonal matrix

and the damping matrix element can ignore the first order higher-order term, the

- 14 -



equation of motion can be simplified, as shown in Equation 2.3 below.

My Uy — Megyry +dyu; = X, (2.3)
MooV +myur; +doguy = Y

Mgsr; + (m22 —my )Uﬂ’l tdggr; = N,

2.1.2.1 Control force and moment by thrusters of USV

Thrusters used in this study are thrusters of MINN KOTA, not
omnidirectional propeller. As shown in Fig. 1-4, the control force and the
control moment can be defined by the following equation (2.4) considering the

arrangement of the thrust.

‘X;hrust T]’?ort + j;tbd
0 1= 0 2.4)
Mhrust (]—]’jort - I’stbd)B/Q

In order to apply thrust of actual thrusters to the simulation, forward and
reverse thrust tests of thrusters mounted on the USV were performed. Thrust
test was carried out at the Marine Robotics Center of the R & D Institute. As,
shown in Fig. 2-3 below, a tension meter was mounted on the head and the
stern on the USV. At this time, the input value was changed by changing
digital signal of 12-bit resolution to the analog value which was the control
signal and by changing the value to be applied to the propeller from 0.05 to
4.68V.
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Fig. 2-3 Measurement force of USV thruster

Fig 2-4 shows results of the thrust measurement experiment. The dead zone
of the propeller was about 1.6 ~ 3.2V. The thrust force is nonlinear but can be
used by linearizing the relationship between thrust force and input voltage. The
maximum forward thrust was 29.12kgf, and the maximum reverse thrust was —

13.83kgf.

35 ' :
29.12kgf
25+ 1 ]
1
20} — —
Reverse | Forward
5 155 1 5
= 1
g w0 ! 4
= 1
= 1
B OBr 1
E I
[ T =
-5 r Dead ]
- —
Zone
~10 = =
-13.83kgf :
Q jaX-3 1 1.5 Z 2.5 3 35 4 45 k=3
input Voltage [V]

Fig 2-4 Curve of Thrust force

The relationship between input voltage and thrust can be expressed by the
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following equation (2.5).
T, = —0.4968 X Vo+5.7702 X V*—21.755 X V*429.0135 X V2—3.3987 X VV—13.081

(2.5)

2.1.2.2 Ocean Environment — Wind Model

Disturbances acting on a USV include wave load, current load, and wind
load. Such disturbances can cause drift motion of the USV. These disturbances
need to be taken into consideration to more accurately describe motion. In this
study, drift force due to the wave load in the same sea condition was not

considered considering that influences of wind and current load were dominant.

First, the force and moment due to wind load can be obtained by using the
relative velocity and the relative angle of the wind force for the USV. The
relative velocity of the wind acting on the unmanned watercourse can be

summarized with equation (2.6).

o, Y,

Fig. 2-5 Definition of wind speed and direction
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Vi = yJujh+17 (2.6)

Yr — tan_l (UR/UR>
up = V,cos (’YR) Y

vep =V, sin(yp) — v

In equation (2.6), (up, vp) represents relative velocity of the wind with
respect to X and Y-axis directions, V/}, represents total velocity of the relative
velocity, and 1, represents angle of relative velocity of the wind. This can be

used to calculate the force and moment due to wind loads on each axis. In this
study, the magnitude of the force and moment acting on the unmanned
watercraft was calculated using the Fossen wind load model. The following

equation (2.7) shows force and moment due to wind load.

1

Xwind = 5 CX(/YR)pw V]??AT (2-7)
1

Y;Uind = 5 CY(/-YR)pw V}%AL

1
Nwind - 5 CN(IVR)pw V;%ALL

Where Cy, Cy , and Cy are wind load coefficients, and p, is air density.
Ay, A; and L refer to the frontal projected area, the lateral projected area, and
the horizontal length from the front end of the USV to the end of the aft end,

respectively.

In general, the wind load factor is measured by a wind tunnel test. In this

study, wind load test was not performed. Wind load factor approximation is
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used by referring to results of Fossen's research.

Cx(p) =—c,cos () (2.8)
Oy(wR) = CySiI'l (@bR)

CN(¢R) = CzSiH (2¢R)

¢,€(0.5,0.9) , ¢,£(0.7,0.95) , ¢.£(0.05,0.2) (2.9)

Frontal projected area, lateral projected area, and hull length included in Eq.
(2.7) are calculated by measuring the actual system. Their values are shown in

the Table 2-3.

Table 2-3 Parameters for wind load calculation

Parameter Value
Loy (m> 3

Lpp (m) 2.5
Ay (m?) 0.87
A, (m?) 1.44

In this study, wind intensity required to calculate wind load was determined
using the following Table 2-4. Table 2-4 summarizes the range of wind speed
according to Beaufort number and the value of sea state corresponding to each

case based on the sea state table of the Pierson-Moskowitz spectrum.
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Table 2-4 Beaufort number and corresponding wind speed

Beaufort

Number Description Wind Speed Representative value Sea State
0 Calm 0~03 0.0 0
1 Light air 03 ~ 1.6 0.9 0
2 Light breeze 1.6 ~ 34 2.5 1
3 Gentle breeze 34 ~ 54 4.4 2
4 Moderate 55~ 79 6.7 3

breeze
5 Fresh breeze 8.0 ~ 10.0 9.0 4
6 String breeze 10.8 ~ 13.8 12.3 5
7 Moderate gale 13.9 ~ 17.1 15.50 6
8 Fresh gale 17.2 ~ 20.7 18.95 7
9 Strong gale 20.8 ~ 244 22.60 7
10 Storm 245 ~ 284 26.45 8
11 Viloent storm 28.5 ~ 32.6 30.55 90
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2.1.2.3 Ocean Environment — Ocean Cwrrent Model

Due to a variety of factors such as wind, wave or ocean temperature
difference, tidal currents, and so on, very sophisticated forms of algae can occur
in irregular shapes, complicating the model’s precision mathematically to account
for effects of current. Therefore, it is common to model current in marine

environment using the first Gauss-Markov process [5].

In this study, current was considered as an irrotational fluid in the X-Y
plane. In general, the equation of motion of USV considering the influence of
algae is to replace the relative velocity of current and USV with existing
equation of motion instead of directly applying force and moment applied to the
hull by algae to direct kinetic equation. That is, the fluid force acting on the
USV by the fluid is dependent on the relative velocity on the fluid and the
USV.

The following equation (2.10) represents algebraic component in the earth's
fixed coordinate system, taking into account the average flow velocity and

direction of the flow of two-dimensional current.

ul = Vcosp (2.10)
v = Vsing

In this paper, it is possible to assume that ¢ , 6 are 0 since the model of
the tidal current is considered in the horizontal plane. If velocity and direction
of the current are defined, as shown in Fig. 2-6, the current on the earth fixed

coordinate system can be represented by the USV body-fixed coordinate system
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through the coordinate transformation which can be expressed by the following
equation (2.11). Finally, the current for each axis in the body-fixed coordinate

system can be obtained from euations. (2.10) and (1.11) as (2.12).

Carsn

0, Y,

Fig 2-6 Define velocity 1/, and direction 3 of current

U, costy, sinyy| |u?
= @2.11)

v, — sint; cosy| | vF
u, = Vicos(B—1) 2.12)

vcl - I/CSin (/8_ ’d]l)
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2.1.2.4 Open-Loop Simulations

A simple open-loop simulation such as linear motion and pivot motion was
performed to confirm the 3-DOF equation of motion with effective thrust, wind
load, and current considered as external force. Simulation results show that the
motion of the USV is affected by the environmental load and the non -

operating load.

Simulation results showed that the motion of the USV was affected by the

environmental load and the non-operating load.

The simulation was constructed using Matlab & Simulink. The Runge-Kutta
method was used for numerical analysis. The graph below shows results for

each simulation.

Simulation No.1 Straight Motion

X-Y Trajectory State Value of USY
60 T T T T 1 t
aot 1 E
Eos
61 =
2 i i : 1 |
ot 4 3 58 B 54 269 2% £
el h
= =
E & £
> E
26 |
o 5 159 28 z 309
461
sCT =
=
a
Aot g
LR L L L L i - \ A .
o 50 160 150 260 253 o = e 150 200 23 )
Xim] time [sec]

Fig 2-7 Simulation Result of USV straight motion
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Simulation No.2 Turning Motion

X [m]

X-¥Y Trajectory ~ State Vaiue of USY
i Tos
£
S0z
% 4+ = E 2 5]
-0t
E
o el o
3 4 fis 159 ez 252 3
20
=
3.
=
=
k] &5 1 k=] z 23 3 3.5 4 B g g 2 32 0
Y fm] time [sec]

Fig. 2-8 Simulation result of USV turning motion

Simulation No.3 Turning Motion with wind load

X-Yirajectory

X-¥ trajeciory

X [m)

L L L
ol 1 2 3z 4 ]

| . i '
& 1 2 3 4 &

Fig. 2-9 Simulation results of turning motion of USV including wind load
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Simulation No.4 Turning Motion with current

X-Y Trajectory State Value of USV
! v T T T T B4 T T T T .
l no Current Fas
£
- = 1
""' ] i i L i
$T LT B s = 260 ) 3%
E
)
5 k] 20 55 3%
¥
o
@
=
Current 0.1m/s, 45deg M
E " ) L ; . I R a \ I L \
2 1 z 3 4 5 z 7 3 3 S5 3 450 2] 250 i
¥ [} time fsec]

Fig. 2-10 Simulation results of turning motion of USV including current

Simulation 3 confirmed the validity of the induced wind load model through
turning drift angle and drift distance caused by wind force of 1 m/s and wind
direction of 0° and 90°, respectively. Simulated results of turning motion of the
USV with 0.1 m/s and 45 deg current indicate that the USV drifted in the

same direction as the direction of the current.

Simulations 1 and 2 showed motion of USV without disturbance. The thrust
at the forward motion was input to each propeller with a thrust of 30 kgf. It

was confirmed that the USV moved at a speed of about 0.8 m/s in the positive

direction of the X-axis.

In simulation 2, 30 kgf and 15 kgf were input to the port and starboard
thruster, respectively. It was confirmed that the USV had a turning radius of

1.75 m and an angular velocity of 16 deg/sec.
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2.2 Dynamics Modeling of Unmanned Underwater Vehicle

2.2.1 Preliminary Modeling of the Unmanned Underwater Vehicle

In general, the dynamics model of an UUV can be expressed as a 6-DOF
nonlinear equation of motion. Induced equations of motion include control forces
(forces and moments) generated by control input devices such as thrust. In
addition, various hydrodynamics forces issued according to the behavior of the

UUV are included.

These hydrodynamic forces are related to the speed and acceleration of the
unmanned underwater vehicle. They are also affected by the shape of the
unmanned underwater vehicle and the attached equipment. Studies on dynamic
modeling of UUV have been going on for a long time. Gertler and Hagen have
summarized motion equations which are the standard for motion analysis of the
UUV. Abkowitz [9] has proposed modified equations of motion that are more
similar to actual ones. Fossen has developed a model equation for nonlinear
control system design of submersible. Healley and Lienard [5] have presented

6-DOF nonlinear equations of motion and fluid dynamics of NPS AUV IL

In this paper, a kinetic model is developed based on Fossen's equation of
motion. Hydrodynamic coefficients used in the dynamics model are based on
hydrodynamic coefficients used in the Remusl00 model for a similar unmanned

underwater vehicle [10][11].
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2.2.2 Dynamics of Unmanned Underwater Vehicle (UUV)

The UUV developed in this study has a torpedo type and two thrusts at the
stern with one thrust at the head. Fig. 2-11 shows the shape of the UUV and
Table 2-5 shows its length and weight.

Fig 2-11 Shape of Unmanned Underwater Vehicle

Table 2-5 Specification of UUV

Parameter Value
Length (m) 1.79
Beam (m) 0.25
Weight in water (kg) 12
Weight in air (kg) 30

The coordinate system defined to derive equations of motion of the UUV is
shown in Figure 2-12 below. The coordinate system defines the reference
coordinate system, the earth-fixed coordinate system, and the body-fixed
coordinate system. Generally, a UUV has a geometric symmetry plane. Its center

of buoyancy is located on this geometric symmetry plane. Therefore, if

- 27 -



body-fixed coordinate system is attached to the center of buoyancy, 6-DOF
nonlinear equations of motion can be further simplified by using symmetry. In
the body-fixed coordinate system, the right-hand coordinate system is used in
which the forward direction is the positive axis, the starboard direction is the

positive axis, and the water depth direction is the positive axis.

Thruster
Forward
X, L
—p—=
Thruster Thruster
Port starboard
a, ¥,

Fig. 2-12 Coordinate System of UUV

Kinematic equations of the UUV can be derived by describing relative motion
of the body-fixed coordinate system to the reference coordinate system, the
earth-fixed coordinate system. Also, each kinematic variable expressed in the
body-fixed coordinate system and the earth-fixed coordinate system can be

converted to each other through a rotation matrix.

Equation (2.13) shows transformation between kinematic variables expressed in
the hull fixed coordinate system and kinematic variables expressed in the earth

fixed coordinate system.
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=R ZlH]%ffi)R%i)] o @13

Where matrix Z2(n) represents the transformation matrix between coordinate
systems. Position vector and velocity vector of the unmanned submersible
expressed in terms of the earth-fixed coordinate system and the body-fixed

coordinate system can be wit as Eq. (2.14).

T . _ T _ T
T/f:[m ’ 772] ! 771 _[mfv yf7 Zf] ) n2_[¢f~ efv ¢f] (214)
Vil > 1/2]T S [uf’ vy, wa] Uy = [pf, qy, rﬁ

Where 7, , 1, are vectors representing the position and attitude of the UUV
as expressed in the earth fixed coordinate system, and are linear velocity
vector and angular velocity vector of the UUV expressed in the body-fixed
coordinate system, respectively. The transformation matrix for transforming linear
velocity expressed in the body-fixed coordinate system to the earth-fixed
coordinate system can be expressed using Euler angles. The matrix is shown in

Appendix A.

To describe the behavior of a UUV in water, both rigid-body dynamics and
fluid dynamics should be considered. In particular, in terms of fluid dynamics, it
is assumed that "force and moment due to a fluid acting on a rigid body can

be linearly superimposed” can be applies to rigid body dynamics [5].

Thus, 6-DOF nonlinear equations of the UUV can be expressed as a vector

expression as shown in Equation (2.15) below.
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Myv, + Cylvpv, + Dy (wvvy + glng) = 7 (2.15)

Here, M, , C; represent the inertia matrix of the UUV including the effect of

the added mass, and the Coriolis matrix of the UUV including the influence by

the fluid, respectively. L), means fluid damping force when an UUV moves at

arbitrary speed in the water and g indicates hydrostatic or restoring force
generated by gravity and buoyancy. Detailed references to each scheme are

shown in Appendix A.

The right side of equation (2.15) represents force due to disturbance such as
force, moment, and algae by the thruster. Equations of motion of the UUV are
derived by substituting elements of the matrix attached in Appendix A. Finally,

the following equation (2.16) can be obtained.

myluy—vp+wg =z, (g+rp) +y, (g, —r)+z, (pry+q) = 2K,
myloy—wp+upp—y, (FG+pp)+z2, (g, —p)+a, (pa+r,) =27,
mylrp—vrstvpp—z, Wi +ap) +a, (rps—ap) +y, (g, +p,) = 22
Lo+ (L =1, Jqgrp+myly, (wp—ugp+vmg) =2, (0= wp+ugry)] = TK,
Lat (L, =L )rp,+mylz, (u—vr,+wg) —a, (w—ug,+vp)l= M,
Lr+(1, =1 )pap+myle, (v, —wpp+up) =y, (u=vr+wmp)l = XN,

(2.16)
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Where my is the mass of the UUV, [/

z; )

I, I]"is the mass secondary

.Uf7 2f
moment in the X, Y, Z axis direction, and [a:qf Yy, zqf]T is the center of gravity.

The right side represents the sum of forces due to disturbance and propulsive

force generated by the propeller.

Influence of marine environment on the UUV is less than that by
disturbances such as waves and winds considering that UUV is operated in
water. Therefore, in this study, it was assumed that the force and moment due
to currents were the only disturbances. In this case, influence of the current was
the same as the current considered in the disturbance of the USV described

above.

2.2.2.1 Control force and moment by thrusters of UUV

The UUV developed in this study is equipped with two propellers to obtain
the control force in the X-axis direction. A lateral propeller is mounted in the
front to obtain the moment in the Z-axis direction. In this case, the moment in
the X-axis direction generated by the propeller is not considered. Therefore, the
control force and moment generated by the propeller can be expressed with the

following equation (2.17).

7‘thhrusti Tzl)ort + frstbdi
0 0
0 0
— 2.1
0 0 @17)
0 0
f/vthrust, L Tf orwardBf i
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The propeller of the UUV was Model 300 of Tecnadyne Company. Equation
(2.18) shows the relationship between thrust curves and the thrust for input

voltage.

T; =0.002X V°+0.03 % V'+0.356 X V+0.47 < V2+0.782 X V (2.18)

2.3 Cable Dynamic Model

The combined unmanned ocean vehicle is connected to a USV and UUV by
an underwater cable. Forces generated by the motion of the underwater cable
can affect the motion of the combined unmanned ocean vehicle. However, since
the size of the USV is relatively large compared to that of the UUV, the
movement of the underwater cable and the UUV has little effect on the
behavior of the USV. Therefore, it is necessary to study the effect of force

generated by the underwater cable on the motion of the UUV.

2.3.1 Preliminary Modeling of the Underwater Cable

Underwater cable plays an important role in the communication and power
supply of USV and UUV. However, resistance of the cable to the UUV also
interferes with or restrains the movement. Therefore, it is necessary to design a

controller to compensate for the effect of underwater cable on UUV.

Buckham has conducted extensive research on underwater vehicles including
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cables of storage capacity [12][13]. Main researches related to the present study
are as follows. When USV moves along with towed cable and towed vehicle,
Grosenbaugh has shown movement of the cable in three dimensions when USV
is turning. Huang has analyzed the motion of the cable by using multibody
kinematic modeling when the cable length of the USV is changed [14][15]. In
Choo and Cassarella's cable modeling studies, many methods have been used to
analyze cable dynamics. These methods include continuous and discrete methods,
finite element methods, linearization methods, and lumped-mass methods. In
1994, Kamman and Huston conducted a study on towed and tethered cable
systems of marine vehicles [16][17]. In the present study, forces acting on the
cable were derived by using the lumped-mass method while equation of motion

was derived using Newton's second law [18][19][20][21][22].

2.3.2 Underwater Cable Model

The cables are considered small rigid segments instead of continuous
non-rigid members. Each segment has a coordinate system and expresses the
motion for each segment using an individual coordinate system as an equation
and applies it to the whole system. The following assumptions are made to

derive the equation of motion of the cable.

m The umbilical cable is incompressible
m The cable surface is relatively smooth, ignoring the attachments on the cable

m The bending stiffness of the cable is ignored. The umbilical cable can only

resist the tension force, but not the bending moment and the compression
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force.

m The torsional rigidity and the quality of cable point rotation effect, which do

not consider the torque, are ignored.

First, to derive equation of motion of underwater cable, the inertia coordinate
system determines the Y-axis by using the right-hand rule in the right direction,
the right direction as X, the downward direction as Z, and the right-hand rule
as shown in Fig. 2.9. The underwater cable can be divided into n segments,
and a lumped mass method can be applied. At this time, the node has n+1. To
derive the equation of motion of the underwater cable, the mass of the cable
segment is centered on the segment center. It defines the local coordinate

system(p; p, q) with mass as an origin. Each axis of the coordinate system

means a normal vector, a bi-normal vector, and a tangent vector.

= 8_&1 éJa;\mde 1

N E? 2
e . Z

Nodei-1

Segment i
Nodei

Fig. 2-9 Coordinate System of the underwater cable
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We can calculate tension, damping, and hydrodynamic drag force based on
the defined local coordinate system with these forces acting as constraints on

the motion of adjacent nodes.

2.3.2.1 Kinematics of the underwater cable

The orientation of each segment can be expressed using a Euler angle. Since
we do not consider torsion of the cable about the Z-axis, we can define the
matrix q for converting from the local coordinate system to the inertial

coordinate system considering only the rotation about X and Y axes as follows.

' cosf' sinf'sing’ sinf'sing’
Rip= 0 cos¢’  —sing’ (2.19)
—sinf’ cost'sing’ cosf'cose’

The Euler angle included in equation (2.19) can be calculated as follows,

considering the position of the cable node.

1

0" = atan2(r'y—r'y e, — 1 t) (2.20)

if cosf > sin®’

. 3 . - (TiZ—friZ_l)
¢7, = tan 1(_ (sz_rr_zyl)’—i)
cost
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if cost’ < sin’

(ry—r'y )

) 2.21)

¢ =tan (= (=1 ), —
sinf

2.2.3.2 Internal & External Force

According to the lumped mass method, the internal force generated in the
underwater cable includes tension and damping while the external force includes
gravity, buoyancy, and drag force. Each force acts on the center of the segment.

It can be defined as described below.

The method of calculating and applying tensile force to the three axes that
occur due to elastic movement of the cable among forces acting inside is shown
in a previous study [14]. According to this method, the tension acting on the

tangential element can be expressed as a linear function as follows (2.22).

. . =1
T'=FAe' , € = 7 (2.22)
0

Where [, is the undeformed i th segment, A is the cross-sectional area of

the cable, and £ is the modulus of elasticity. The axial force generated by the
damping between tangential strain and damping force can be defined with the

following equation (2.23).
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(Vi—vi ) (2.23)

In equation (2.23), V; represents the speed in the tangential direction of the

¢ th node and damping coefficient.

The external force acting on the underwater cable includes hydrodynamic
force, weight, and buoyancy, and fluid resistance acting on the underwater cable
that originates from the movement of water or cable. Assuming that the radius
and length of the underwater cable and the exposed cable outside the water are

almost free, forces due to waves can be ignored[23][24].

Therefore, waves are not modeled. Only a constant current is assumed. Thus,
water surrounding the cable is not accelerated. This means that there is no
dynamic pressure gradient around the water. The Froude-Krilov force is zero.
The force generated by the relative velocity of the fluid can be expressed with

Equation (2.24) below.

D=, Cd lof | VP 4 (2.24)
pl 2 w —d“c"0. \/(I/Zl)2+(l/:)2)2 .
Vi
Di = prdlf|V|2 =
S VG + (VL)

D =—sgn(v ) 5 PuCid ot [V
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Where D!

0w Dy, D, represent kinematic force for each axis expressed in

the local coordinate system. p,, Cp, d. V' denote density of water, resistance
coefficient, cable diameter, and relative velocity of the cable and the fluid,

respectively. Also, f,, f, denote the loading function for determining the drag

coefficient. They are expressed by the following equation (2.25) [25].

f, =0.5—0.1cos(n) +0.1sin () — 0.4cos (217) — 0.11sin (2n)
f, = 0.01(2.008 —0.3858n + 1.91597° — 4.1615n" + 3.5064n" — 1.18737"

(2.25)

The hydrodynamic force acting on each node shares hydrodynamic force

acting on adjacent segments. It has a value of half.

Mass and buoyancy can be obtained with the following equation (2.26).

m. = pgV; (2.26)

B'=p,gV.

Where, p, , g, Vf denote cable density, gravitational acceleration, and volume

of the segment.

An object moving in water is subjected to an additional mass by the fluid.
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For the tangential direction, the added mass is not considered. The mass matrix

of each segment is as follows.

m.+m. 0 0
M= 0 m.+m. 0 (2.27)
0 0o m

C

The mass matrix can be expressed in the inertial coordinate system using the
transformation matrix defined above. It can be expressed by the following

equation.
T i i L i i i
M, = ER,BM;R]ng ER,glMB“R[ng (2.28)

Using the force acting on each segment and the second law of Newton, we

can derive the equation of motion of underwater cable as follows.

1
2

1

M =(T""'+ P — (T'+ P + 5

(D'+D" '+ ml+mith) (B'+ B

(2.29)
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2.2.3.3 Open-Loop Simulation VS. Experiments

In order to verify the validity of dynamics modeling of the underwater cable,

simulations were carried out under the assumption there presence of algae. Also,

one end of the underwater cable was fixed, and the other side considered

weight and inertia matrix of the unmanned submersible.

Simulation results in comparison with results of experiments performed in the

water tank confirmed the validity of dynamics modeling of the underwater cable.

The characteristics of the underwater cable used in the simulation are shown in

Table 2-6 below.

Table 2-6 Specification of Underwater Cable

Parameter Value
Cable diameter 0.025m
Cable density 3121
Cable drag coefficient 2.5
Cable damping coefficient 100
Effective modulus of elasticity 7.5x10°
Total cable length 3
Cable nodes 20

Simulation was performed by changing current from Om/s to 1m/s. Results

are shown in Fig. 2-10. As speed of current increased, cables were pushed

backward. Tension acting on the cable at the initial position acted most and

converged with time, reaching an equilibrium state by the elastic modulus

included in the cable motion equation.
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Fig. 2-10 Simulation Result of Cable Motion with Current

Figure 2-11 below shows an example of the experiment performed to measure

tension acting on the cable and the angle of the cable.

Fig. 2-11 Water tank test for measuring tension force

Figure 2-12 below shows cable angle according to current. Compared to

simulation results shown in Fig. 2-10, the cable angle varied from 0.23 ° to 1.3

°, In addition, as shown in Fig. 2-13, the tension of the cable was more than
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3kgf, higher than the simulation value.

Current : 0.5m/s

Pitch : 8.78 deg

Current : Om/s

Pitch : 0.23 deg

Current : 0.7m/s

Pitch : 11.85 deg

Current : 0.3m/s

Pitch : 2.43 deg

Current : Tm/s

Pitch : 16.14 deg

Fig. 2-12 Cable Angle with currents
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Fig. 2-13 Tension on the cable
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Cable angles and tensile strengths obtained from actual experiments were not
exactly the same as those in simulations. However differences in these values
were not large. Their trends were similar. Therefore, it can be concluded that

the equation of motion of the underwater cable derived above is valid.

2.4 Combine with Underwater Cable and UUV

Finally, we need a motion model that integrates UUV and underwater cable.
To this end, we added one node to each end of the UUV cable to change
cable shape and internal tension according to the position and velocity of UUV.
These added nodes and segments depend on the position, velocity, and inertia
matrix of the USV and UUV. In this study, the influence of cable on the
external force was considered to be small in the case of USV with relatively
large mass and size of underwater cable and UUV. Only the force by cable

acting on unmanned submersible was considered.

As described above, movement of UUV will change the position and speed
of the end of the cable, resulting in changes in cable shape and internal tension.
Change in cable tension can be said to be a recurrent process that affects
movement of the UUV. Therefore, interaction between the UUV and the

underwater cable can be expressed with the following equations (2.30) to (2.31).

u; = Jy (v, Fvy X7.) (2.30)

7

Tig1 =Tp T, 2.31)
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Where ., denotes the transformation matrix from the body-fixed coordinate
system to the earth-fixed coordinate system, and 7. denotes the position vector
of the point where the cable is connected in the hull fixed coordinate system of

the unmanned submersible.

Position, velocity, and force of the cable are expressed with reference to the
fixed coordinate system of the cable as defined above. Therefore, it is necessary
to express the force acting on the UUV by the fixed coordinate system. The

relation for this can be expressed with the following equation (2.32).

Byorre = ' Ty (2.32)

n

]‘Ibcable :TCX (_‘]1_1T +1)

n

Considering force and moment of the cable in the equation of motion of the

UUYV as described above, it can be expressed as follows.

Myv; + Crlv)vy + Dy (vvy + glng) = 74 T (2.33)

_ T
Where’ Teable — [E)cable ’ M)cable]
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3. Guidance and Control for Combined

Unmanned Ocean Vehicle

Fig. 3-1 below shows a block diagram of leader-follower control. As shown

in Fig. 3-1, each platform includes guidance and control.

In order to perform work more efficiently by enabling cooperative work of
the same kind or different kind of robot, a certain interval and angle that the
robot keeps with respect to the target or another robot are called a formation.
The method for controlling it is called formation control. These formation
control schemes can be roughly classified into three types: behavior-based
approach,  leader-follower  approach, and  virtual structure  approach

[26][27][28][29][30][31].

In this study, a leader-follower control method was applied to follow the
way-point of the combined unmanned ocean vehicle. GPS-based USV which
enables precise position measurement plays the role as leader while UUV that
uses USBL information acts as a follower to follow the path of the USV. The
leader-follower approach is primarily aimed at maintaining formation of the
USV. In the case of the leader, control is performed for the purpose of
way-point tracking or obstacle avoidance. The follower controls the formation of

the leader.
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* Minimum Turning Radius (R)
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!

Actuator System
* Technadyne Thruster 3ea
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Fig 3-1 Block diagram of leader-follower of combined unmanned ocean vehicle

3.1 Guidance Method for USV
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The general path tracking method defines the difference between the distance

of the USV of the reference path and the heading angle of the USV,

respectively. Then, it is controlled to reduce the error of the defined distance

and direction angle for tracking the path. It is necessary to guarantee the

stability of the path-following controller since what kind of movement that

control variables will directly drive the USV is not predictable. On the other
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hand, the geometric path tracking method uses the predicted distance as a
control variable of the path follower so that the path following controller can
directly generate target motion of mobile robot. In this study, we used Pure
Pursuit method among geometric path tracking methods to obtain turning radius

to follow the path and select necessary point to follow the path [32][33][34].

Fig. 3-2 below shows how USV returns to the reference path by using

Pursuit path tracking method.

XMSV
Lo
",
Yusy -
Reference Path
8 —
Look-Ahead Point1 Look-Ahead Point2 took-Ahead Point3 Look-Ahead Pointd
at t=0 at t=At at t= A2t at t= A3t
o, Ye

Fig. 3-2 Pure Pursuit Method

In general, the path can be divided into a continuous path and a set of
discontinuous way-points. However, in the case of continuous path, since the
path is defined as a function on a two-dimensional plane, it causes an
unnecessary calculation amount when applied to actual hardware. Therefore, in

this paper, we defined the path to follow a set of way-points.

If geometric relationship is defined in order to obtain the turning radius for
the USV to follow a given path as shown in the following Figure (3-3), then
the following equations (3.1) - (3.3) can be obtained from the defined geometric

relationship.
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O

P1(x,. )  P3 L~ pa P2 (Xpi1, Yar1)

Fig. 3-3 Geometry of pure pursuit

&+ =0 (3.1)
a’+ b = R? (3.2)
a=R—d (3.3)

Substituting Eq. (3.3) into Eq. (3.2)

(R—d)?*+bv =R

d*+b* =2Rd (3.4)

By substituting Eq. (3.1) into Eq. (3.4), the turning radius in Fig. 3-3 (that

is, the turning radius to follow the path) can be obtained as follows.

R=— (3.5)
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The performance of the path-following controller using the geometric
path-following method depends on the prediction distance. The foresight distance
may be determined by the operator at an arbitrary value. However, in this case,
the path following performance is deteriorated or the USV is abruptly moved.
Therefore, we need to select the look-ahead point considering motion of the
USV. The performance of the path-following controller is more influenced by
the rotational motion than by the linear motion of the USV. In this study, we
used the relationship between the minimum turning radius and the predicted
distance of the USV to determine the look-ahead point. Fig. 3-4 shows the
relationship between the minimum turning radius and the predicted distance of

the USV.

Fig. 3-4 Look-ahead Point and Minimum Turning Radius

As can be seen in Fig. 3-4, the turning radius is minimized when the
position of the foresight is on the Y-axis of the coordinate system. Therefore,
the minimum turn radius and the predicted distance have a relationship, as

shown in the following equation (3.6).

[=2R . (3.6)
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When the USV is operating independently, the minimum turn radius of the
USV should be considered. However, in the case of combined unmanned ocean
vehicle developed in this study, motion performance of the UUV should also be
considered. Therefore, a large turning radius of the minimum turning radius of
each platform obtained through simulation was used to obtain the predicted

distance.

If the predicted distance is determined, the look-ahead point on the reference
path should be determined using the geometric relationship described above. The

following steps are necessary to determine the predictor using Fig. 3-3.

Table 3-1 Calculate a desired heading angle

Step 1. Obtain current position of the USV from GPS

Step 2. Find straight line using Way-Point

Step 3. Find shortest point on the reference path

Step 4. Calculate the look-ahead point d , 1

Step S. Calculate the target heading angle
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3.2 Guidance Method for UUV

The advantage of the combined unmanned ocean vehicle developed in this
study is that the UUV can acquire relative position of the UUV and USV using
the USBL sensor and the exact location of undersea feature that is being
explored. However, the USBL sensor has an error in measured value depending
on the relative depth of the transceiver and ponder. Therefore, the UUV must
move within a certain area based on the ponder of USBL according to the
depth of water. For this purpose, the guiding method of the unmanned
submersible was designed so that positions of the unmanned submersible line

and the unmanned submersible could be expressed geometrically as shown in

Fig 3-4.

C—
\ .
\ -
AN
Y \
‘ \
AR NSUUIORY TRVRPRPY ARRRRRIN - L O .
Leader '
/
g : R
Yauw : F AV F— 7
' /
Follower } . e Ve
i —~— e
‘ > X
quv Xusv

Fig. 3-4 Define geometry between UUV and USV
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The meaning of the notation in Figure 3-4 is summarized in Table 3-2

below. The relative position(l ) and the relative direction angle(A ) can

USv, uuUv USsv, uuUv

be defined as B> 1 €R =0 \,=(n/2,37/2)

USV, UV

If the target relative position and the relative azimuth angle are

d _d d . i

]P usv,uuUv [lusv,uuv )\usv,uuv] Whlle pOSlthl’lS (‘X;st ’ Y;sv ’ @usv) and
d _ [ d .
usvouuw — [ wsv uw’uw] of the unmanned water line are known or can be

set, so then the position of the unmanned submersible can be uniquely

determined.

Table 3-2 Notation in Fig. 3-4

R Maximum distance between leader and follower

(X5 Youns ©usy) | Position, Heading Angle of USV

(quw ) S (,Omw) Position, Heading Angle of UUV

(lusv’uuv, Oéusv) LOS range and bearing
Auso.uuw Relative angel w.r.t USV
When the relative distance [ between the USV and the UUV is

projected on X and Y axes, the following equation (3.7) is obtained. Target

distance for X and Y can be expressed as (3.8).

lﬂ? = ('XVUSU - XUUU)COS¢U5U - ( )/;1,51} - I/UU’U)Sin’(/}USU (37)

Zy - (XUS’U T quU)Sin¢U8U - ( KJ/S’U - Y;LUU)COSwUSU
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Zi = ZZSU,UUUSin ()\ZS’U,UUU + SOUSU o %) (38)
d_ d d _ T
ly - lusv,uuvcos ()‘usv,uuv + Pusv 2 )

Finally, the guiding principle for the UUV to move along the USV is to

make zero error for the relative distance (lw , l,y), the target distance (lz , lj),

and the target relative angle )\stuv = Quse — Pune  Over time. This can be

expressed as (3.9) as shown below.

lim(—=1,)=0 (3.9)

t—co

lim(—1,)=0

t—co

: d _
hm)\usv,uuv =0

t—oo
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3.3 Designing Controller of the Combined Unmanned Ocean Vehicle

There have been many kinds of design of the controller for follow-up and
mission execution of the USV and UUV. It is difficult to control the attitude
and the position of the UUV because of nonlinear factors and disturbances in
unpredictable environments. In this study, we designed and applied an
anti-windup PID controller. It has classical but powerful control capability for
leader-follower control of the combined unmanned ocean vehicle. In addition, for
the control of disturbance such as force generated by the cable and current, the
controller was designed using the backstepping technique based on the Lyapunov

function. The controller’s performance was then verified through simulation.

3.3.1 Anti-windup PID controller

In general, anti-windup processing must be done when using I controller of
PID or PI controller. Anti-windup refers to the subtraction of integral component
according to the difference when the output is at its limit. This can prevent
divergence of integral error, thus ensuring stability of the compensator in the
feedback loop. Anti-windup has various methods such as conditional integration
technique, tracking half-windup technique, and limited-time technique
[35][36][37]. In the present study, the most generally used anti-windup method
was used to design the PID controller. Block diagram of the controller is shown

in Fig. 3-5 below.

In the block diagram shown in Fig. 3-5. if the output value of the controller
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does not reach the limit, the signal input to K, is 0. It operates as a general

w
PID controller. On the contrary, when the limit is exceeded, the value obtained

by multiplying K, is subtracted from the integral component. Here, K, is a

w

control gain for eliminating cumulative integration error. A, . A, K; denote

proportional, differential, and integral gains, respectively. Each gain can be

obtained through trial-and-error method. For K, it is empirically set to 1/ K,

w9

> Kp
e e fdt » K, (? § >
0
KW # T
—— 1
dt Kp

Fig. 3-5 Block diagram of Anti-windup PID controller

In this study, the speed, direction angle, relative distance, and relative
direction angle of each platform are defined as the control target of the USV
and UUV. The control input is set as input value of the propulsion unit
installed on each platform. The control input obtained for tracking the target
value of each platform is given by equations (3.10) and (3.12). The expression
shows difference between the current state value and the target value of the

platform.
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U,=K, e + KLi/(ei+Kw7i(sat(lfl7i)— U.)dt + KDﬂ-e.,i (3.10)

Ps41

i = [1,2] = [Velocity,,,, , HeadingAngle

US’U]

The USV must follow the target speed and desired heading angle using two
propellers. Therefore, finally, the input of the propeller is determined by using

difference in thrust between the two propellers.

b

‘port

=U,+ U, 5 U =U,— Uy (3.11)

strboard

In the UUV, the control target position and direction angle can be controlled
by using two thrusts in the forward direction and one thrust in the lateral
direction. The two thrusts in the forward direction are used to follow the
relative distance and generate thrust force in the forward direction. A lateral

thrust is used to generate a thrust force to follow the relative directional angle.

In this study, as described above, the UUV should be positioned below the
USV using USBL. Therefore, when the radius deviates from the set radius, it is
necessary to find and follow the target direction angle using the relative
position. However, since it is difficult to follow the relative direction angle and
the target direction angle at the same time by using one thrust, it is necessary
to control the relative direction angle when the radius does not deviate. It is
also important to control the trade-off to follow the target direction angle when

it deviates.
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U, =K, e, + KL,Lf(e,,LwLK (sat(U,,)— G,

NN w,n l,n

)dt + Kp,e,

n =[1,2,3] = [Position,,, , o)

RelativeAngle , HeadingAngle

(3.12)
U'vf]’m‘f - Ufsn'board - l/vf'l (3.13)
if Position < R, U yara = Upa

if Position > R, U yorqg = Ups

3.3.2 Back-Stepping Controller

Compared with UUV, the USV is easy to control, although it affects motion
disturbances in the water surface. However, it is difficult to control USV due to
disturbance in uncertain environments and forces generated by underwater cables.
Therefore, it is necessary to design and apply a robust controller capable of
canceling the disturbance. In this study, we designed and applied a backstepping
controller, a robust controller based on a Lyapunov function among nonlinear

controllers.

The backstepping technique was introduced by Kokotovic in 1990. The
controller design based on the Lyapunov function can be more systematic. It is
a nonlinear controller that ensures safety for the entire feedback system by
ensuring safety through feedback control at each stage by dividing the whole
system into sub-systems. First of all, a simple backstepping control technique

will be described as follows [38][39][40].
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{Xzf(X) +g(X)¢ (3.14)

E&=u

We assume that there exists a continuously differentiable feedback control rule
u=a(X), a(0) =0with (¢ER as input. Equation (3.14) satisfies the following

condition.

Z—I);(X):[f(X)—l—g(X)a(X)]g_ W) <0 . VX<R"

(3.15)

Where V:R"—R is a positive definite, and smoothly non-radially distributed
smooth function, and W : R"—>R is a positive definite or positive
semi-definitive function. If WI(X) is a positive definite function, then the
function given by Eq. (3.16) is the control Lyapunov function for the whole

system. Based on this, there exists a feedback controller u=¢, (X, 5) that

stabilizes the equilibrium point X=0, { =0 asymptotically.

V(X 0= VX + 56— alX)? 6.16)

An example of such a stabilized feedback controller can be shown in the

following equation (3.17).

u=—cl§=alX)+ SL 0 +glo)d =22 (XNg(x) @
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At this time, it has a value of ¢ > (0

If W(X) is a positive semi-definite function, there is a feedback control input
uzaa(X, €) that satisfies KLS— W(X,€) <0 or W(X,&) >0 when

¢ # a(X). In addition, the state variable [X(¢)7, £(X)7]7 of the overall feedback
control system converges to the largest invariant set contained in the set as

shown in (3.18).

E={[x",d"er" | w(X)=0} (3.18)

If error variable z=¢—a(X) is introduced to verify this, the state equation
of the control system can be expressed with the following equation (3.20).

(3.19)

Since equation (3.20) satisfies the assumption given by Eq. (3.15), the time

derivative of the Lyapunov function V,(X, &) along state trajectory of the

system can be obtained as shown in the following equation (3.21).
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BV

V,= (f+g[oz+2])+Z[u——(f+g[a+21)] (3.20)
< W(X)+z[a;g+u——(f+g[oz+Z])]

Therefore, if the control input u is chosen to be T./aé— W;(X , 5) <— W(X)
then X and z, ¢ are globally dependent by the quantity-limiting nature of W,
and Lasalle-Yoshizawa's theorem while W(X(¢)) and z(t) converge to zero

according to time t— oo [39]. According to LaSalle's theorem, [X(t)7, &(t)]”

guarantees convergence to the largest invariant set contained in equation. (3.19).
In order to satisfy this property, Va must be a definite negative function for =z.

Applying the control input w given by Eq. (3.17), Eq. (3.21) is obtained as

shown in the following.

V.<— W(X)—c? =— W,(X, €) <0 (3.21)

Here, if W(X) is a definite quantitative function, equilibrium points X=0
and z=0 are asymptotically stable by LaSalle-Yoshizawa's theorem. Therefore,
it can be seen that X=0,£(=0 from z=¢(—a(X) and a(0)=0 is
asymptotically stable.

The following equation (3.22) represents a general nonlinear system, The
feedback controller can be designed by applying the backstepping technique even

when the nonlinear system is expressed in a more general form [41][42].
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X=f(X)+g(X)¢, (3.22)

51:f1(Xv 51)+91(Xv 51)52

52:f2(X7 SE 52)

ék:fk(X7 SERZE fk)+gk(Xa SR fk)u

As a result, the control input to stabilize the system asymptotically using the

Lyapunov function can be derived with the following equation (3.23).

1 OViy

U= _Ck[fk_akﬂ]_

9r. 9E, Je—1— S k-1t Gp—18l [(3.:23)

0X)—1
where, if ¢, >0, satisfies W, = W,_, +¢, (&, —a,_,)* =0

The controller given by Eq. (3.23) can feedback stabilize the whole system
expressed by Eq. (3.22). As described above, the controller design using the
backstepping technique is designed to show the nonlinear system as a subsystem
and design the controller satisfying stability of the feedback system. The
stability is then compared with the method using the Lyapunov direct method It
is possible to design a controller that secures stability of the entire system more

systematically.

A two-step process is required to design the controller of the target platform
using backstepping technique. First, virtual controls should be designed using the

errors of position and orientation angles. These virtual controls should be
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designed with actual control inputs using dynamics.

3.3.2.1 Virtual Controls

The position and direction angular error of the UUV as described above is
expressed by equation (3.9) and can be rewritten as equation (3.24) below. If it

is differentiated, it can be expressed as equation (3.25).

€1 Zx o lczi

— d

= ly - ly (3.24)
€3 (e ¢f

)
|

o
[\]

e=ley|= |1 —1 (3.25)
€l Y=Yy

: ' dj _d
T ugcosey, —vgsine, Tetu Hip— L

- ' dj _ qd
ussine, —vcose, — et v — L1,
7’[ - Tf

Since the error of the position and direction expressed in equation (3.24) is
the position of the UUV, it is necessary to perform a coordinate transformation

to the coordinate system of the UUV using the relative direction angle of the
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USV and the UUV.

o)

By differentiating equation (3.26), equation (3.27) can be obtained.

Ccose,, —sine
v “e (3.26)

sine, COsey,

lﬁ} B [uf + Clcos% —Cosiney, + €T s (327)

&) LvstGsine, +Geose, ey

Where, Cl - ul + lcljwl_ lj , CQ - Ul - lj¢l_ lili

In order to obtain control input for speed control, the Lyapunov function is

defined as follows (3.28).
h=geat56 (3.28)

If we differentiate equation (3.28)

Vi= €€, + €6y (3.29)

=€ (uf +(ycosey, — Czsinew) + €, ( V;+(isiney, + Czcosew)
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Through equation (3.29), the control input can be determined as follows.

uy =— ke, — (ycose, + (siney, (3.30)

v;’c =—kyey — C1Sin% - CQCOS%

Here, if k;,k, >0€R is set, it can be seen that differential of the

Lyapunov function has a negative value as shown in equation (3.31). This

indicates that the velocity error converges to zero asymptotically.

Vi=—kie —kye2 < 0 (3.31)

The U; derived from the above equation (3.30) can not be directly controlled
by considering arrangement of the propeller in the Sway direction of the
unmanned submersible. Instead of using equation (3.30), we can satisfy the
control objective by obtaining virtual control of the directional angle, which is

related to velocity in the Sway direction.

In this study, the UUV is supposed to exercise only 6-DOF in the water, but
only 3-DOF (Surge, Sway, Yaw) in terms of control. As mentioned in a
previous study [5], if the equation is simplified by ignoring heave, roll, and
pitch movements, the equation of 3-DOF of the UUV can be expressed with

equation (3.32) as follows.
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My Uy — MooVt dyguy =7, (3.32)
mQQi)f +myugrytdyu, =0

m337°f + (m22 - mll )U;f'Uf + d337"l — Tf,?’

Here, each term is included in the equation

my =m=X,,my=m=Y,,mg=1—N,

d __X X |U| s d22 Y Y, |’U| ) d33 N ‘Nv|r|‘7‘|

ulul vlv|

The error of vy in equation (3.30) is v, =v,—v,. After differentiating it

substituting equation (3.32) yields the following equation.

v, = vy (3.33)
dyy my, LET my, C
My o My f My v f
oMy :
- m—CQSIHGwa + kz’Uf - kQQSlnew
22

== kyCocosey, — ko€ 7y — (sine,, — (yeose,,

=—(jcoseye,t Gosine e,
If the constant is Kk, =dy/my, , ky = dy/m, equation (3.33) can be
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summarized as follows.

. myy )
v, = ( — - 1)(C251n6¢ — Clcosew)Tf (3.34)
dyy
———(¢;sine,, + eosey)
Mog

+ (CQSinew - Clcosew)rl — (ysine,, — (eosey,

To obtain virtual control, we can define the Lyapunov function as follows.

1 e
V, = =1’ + 2k,sin’ %) , ks >0€ER (3.35)

2

Then, we can obtain virtual control that has derivative value less than O after

differentiating it as shown in equation (3.36).

: ) m

Ty :rl+k4s1ne,¢—k5(m——1)ve>\+@ (3.36)
22

where, A= (ysine, —(cosey , k= (sine, +(yc0s€,,

(kg + kghs) Il 1m0y /gy = 11|+ do/ gy | 5l
myy /Mgy =11 I & I 4Ky

O =—sgn(v,)
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3.3.2.2 Dynamics Controls

In an unmanned submersible, the actual control input is the thrust of the
thruster. Therefore, virtual control q and w derived above should be designed by
using kinematic and dynamic models of the UUV. First, velocity error in the
surge direction is defined. Then the Lyapunov function is defined as shown in

equation (3.36) It is then differentiated as follows.

1
V, = —u’ (3.37)
2
Moy dyy 1 :
1 = +|— y
3 ue( o VT o Uy ( - )Tfu uy

Therefore, the value of q having a negative value given by equation (3.38) is

a control input for speed control in the surge direction.

. Mg dy " R
Tf,u —mll _kﬁue_—vfrf+—uf+uf 5 kﬁ > OE (338)
myy myy

In order to control error 7, = rf—rji of the angular velocity, the Lyapunov

function ¥, =(1/2)r? is defined. When the derivative value of the function is

smaller than 0, the control input for controlling the angular velocity finally is as

shown in the following equation (3.39).

My —mMm d .
H 22 upvy+ B +ry (3.39)
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4. Dynamic Simulation of Combined Unmanned

Ocean Vehicle

In order to accomplish desired work of a combined unmanned ocean vehicle,
it is necessary to adopt the induction rule to follow a preset trajectory or
way-point. Also, it is necessary to design the controller to achieve target
performance of the platform in an environment where there is model uncertainty
or disturbance. Therefore, in the previous chapter, we designed guidance law

and controller of a combined unmanned ocean vehicle.

In order to confirm the designed guidance law and the performance of the
controller before field test, we tried to confirm it through dynamics simulation.
The simulator was developed using Matlab & Simulink and numerical analysis
was performed using the Runge-Kutta method. Fig. 4-1 shows a simulation flow
diagram of a combined unmanned ocean vehicle. First, the speed and position
obtained from the dynamics model of the USV and the UUV are set to initial
values of the first and last nodes of the cable. The cable uses the given initial
values to calculate the force acting on each node of the cable. Finally the force
generated at the last node connected to the UUV is calculated. The calculated
force is used as disturbance value of the UUV. During way-point tracking, the

calculation as described above is repeatedly performed.
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Fig. 4-1 Flow chart of Dynamics Simulation

The first simulation was performed to confirm the depth direction movement
of the UUV during straight running of the combined unmanned ocean vehicle.
A UUV without a thruster for controlling the depth direction should maintain
water depth using negative buoyancy. Therefore, in this study, it was assumed
that the movement in the depth direction of the UUV would be unstable when
there was speed difference between the USV and the UUV. Simulations were
conducted to determine if this assumption was valid. In the simulation, the

mnitial UUV was located 3 m below the waterline. The cable was divided into
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20 segments to calculate the force.

As shown in Fig. 4-2, and Fig. 4-3 below, when the speed of the USV was
faster than that of the UUV, the UUV moved in the form of being pulled as
shown in Fig. 4-3. Fig. 4-4 shows simulation results for the case where the
UUV and the USV travelled at similar speeds. Unlike the previous simulation, it

was seen that the variation of the depth was small. It then decreased again.

3D Trajectory o X-ZTrajectory

1
X [m] Y ]

Fig. 4-2 Straight Motion of the combined unmanned ocean vehicle
(USV : 0.5m/s, UUV : 0.27m/s)

According to simulation results, in order to maintain depth of the UUV
during operation of the combined unmanned ocean vehicle, speed difference
between the USV and the UUV should not be large. In addition, it was
confirmed that motion of the UUV would be unstable due to speed difference

between the USV and the UUV.
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Fig. 4-4 Straight Motion of the combined unmanned ocean vehicle
(USV : 0.5m/s, UUV : 0.48m/s)
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Fig. 4-6 Way-Point Tracking Simulation No.1

Figure 4-6 shows simulation results to confirm validity of the guidance law
for path following USV. The way-point was (0,0), (50,0), (50, 50), and (0, 50)
so that the route follow-up performance could be confirmed for straight and
turning motions. As a result, we could follow the given way-point according to
the designed guidance law. In Figure 4-6 (a), the UUV should follow the only
relative angle of the USV. As can be seen from the graph, the USV and the
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UUV moved at a constant distance. In the case of an actual platform, the
movement of the UUV was restrained according to the length of the underwater
cable. Force on the cable can be large. Therefore, as shown in Fig. 4-6 (b), it
was confirmed that the target direction angle for moving to the center of the
USV simultaneously with the relative direction angle was controlled to reduce

error of the relative distance to follow the path.

Finally, simulations were carried out with the combined unmanned ocean
vehicle. To verify performance of the controller, we applied an anti-windup PID
controller and a back-stepping controller. Fig. 4-7 shows three-dimensional path
of a combined unmanned ocean vehicle moving through a given way-point. The
figure between the USV and the UUV represents elements of the cable. The
length of the cable was set to be 3 m based on the depth of the yacht
moorings in front of the Korea Maritime and Ocean University where the actual

experiment was performed. Passing points were set as (0,0), (10,10), and (20,5).

Fig. 4-8 shows a two-dimensional trajectory of a combined unmanned ocean
vehicle. In Fig. 4-8 (b), the UUV seems to follow the path of the USV in
straight-ahead driving. However, when comparing the turning or the finally
reached distance, the backstepping controller was more stable. In the case of
backstepping, since it is robust against disturbance, it ignores the influence of
disturbance generated in underwater cable. It can follow the relative direction
angle well. On the other hand, the PID controller was unable to control the
UUV. This was because both the relative angle and desired angle for moving to
the center of the UUV were performed at the same time. In other words, it is
possible to control two control objects using one thrust, although it is difficult

to achieve perfect performance.
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Fig. 4-7 3D Trajectory of combined unmanned ocean vehicle

Fig. 4-9 shows translational and rotational speeds for X, Y, and Z axes of
the combined unmanned ocean vehicle. The forward target speed in the X-axis
direction was 0.6m/s, and the vehicle followed this well. It was confirmed that
the PID controller converged to a value slightly smaller than 0.6 m/s although

there was not much different depending on the controller.
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Fig. 4-9 Velocity of each axes of the combined unmanned ocean vehicle.
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Figs. 4-10 and 4-11 show thrust forces of the USV and the UUV. Subscripts

L and R represent left and right propellers, respectively. F represents a front

propulsion unit mounted on a UUV.
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Fig. 4-11 Thrust forces of the UUV
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Figs. 4-12 and 4-13 show heading angles of the USV and the UUV. The red
dotted line in the graph represents target heading angle calculated through the
path-following algorithm and the target heading angle of the UUV that follows
the USV. In the case of the PID controller, slight overshoot occurred. However,

it followed the back-stepping controller which followed the target value well.
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Fig. 4-12 Heading Angle of the USV

Fig. 4-13 shows heading angle of the UUV. At about 25 seconds, the desired
heading angle changed and moved to the center of the USV. The backstepping
controller also followed the changed target heading angle relatively faster than

the PID controller.

Figure 4-14 shows depth of the UUV. The PID controller could not
accurately follow the speed of the USV. Thus, the depth direction changed more
than the backstepping controller. In addition, the UUV with backstepping after
30 seconds converged to about 2.77 m, although the PID controller changed in
the depth direction.
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Fig. 4-14 Depth of the UUV

Fig. 4-15 shows relative distance between the USV and the UUV. When
backstepping controller was applied, the relative distance increased while turning

(about 25 ~ 30 seconds). It then moved while maintaining a distance of about
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0.4 m. In the case of the PID controller, the change in the relative distance

was large. It could not be stabilized.
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Fig. 4-15 Relative distance of USV and UUV
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5. Hardware System Configuration

This chapter introduces hardware configuration of the vehicle that is
developed to verify the performance of the Guidance and Control of the
combined unmanned ocean vehicle introduced in Chapter 3. The developed
vehicle is divided into a USV and a UUV. This chapter describes specifications,
configuration, mounting equipment, control system, and communication method
of each platform. Detailed information on sensors mounted on each platform is

shown in Appendix B.

5.1 Hardware Configuration of USV

The USV developed in this study is shown in Fig. 5-1 below. As can be
seen in the figure, the hull was designed using commercial rubber boats and the
upper part was equipped with equipment necessary for platform operation such
as a winch system and a control system. In addition, two thrusters were
installed on the stern of the USV for position and heading angle control. A
guide was installed at the bottom to prevent collision of the UUV and to
stabilize docking. Table 5-1 below shows specifications of the USV and the

mounting equipment.
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Fig. 5-1 Shape of the USV

Table 5-1 Specification of the USV

Size (L x W x H) 3.00%1.62x0.47 (m)
Battery Li-Po / 24V 400A
Thruster Minn Kota (2ea)

GPS Hemisphere H200
AHRS Xsens MTi-30
AP Bridge GT-Wave
Controller CYB8CKIT-059 PSoC (2¢a)

The USV should be equipped with a launch and recovery system for docking
and controlling the depth of the UUV. The Gantry, Overhead, A-frame,
Knuckle, and Moonpool handing unit are applied as shown in Figure 5-2 below.
Each system is designed considering the shape and size of the towed vehicle,
the connecting position of the tow cable, and the operating environment. For

example, the Gantry type is mainly used to connect a towed cable to the front
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of the towed vehicle. It is often used for a small USV with a small space

restriction. However, the towed vehicle is usually limited to a small torpedo

type.

Fig. 5-2 Launch & Recovery System

In this study, the system was designed and manufactured to enable USV of
limited size to be installed and recovered from under the hull as shown in

Figure 5-3.

Fig. 5-3 Winch System of combined unmanned ocean vehicle
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Components of the installed launch and recovery system are shown in Figure
5-4 below. Specifications are shown in Table 5-2. The diameter of the drum of
the winch was designed considering the radius of curvature of the underwater
cable. The motor was selected considering the weight of the UUV. The slip-ring
was attached to the side of the winch drum to prevent twisting of the

underwater cable.

DC Stepping Motor

Slip Ring Worm Gear

Fig. 5-4 Configuration of the winch system

Table 5-2 Specification of winch system

Stepping Motor A63K-M5913
Max. Torque 6.3Nm
Current 1.4A/Phase
Motor Drive MD5-ND14
Power 20~35VDC
Current consumption Max. 3A
Setp Angle 0.72°/step
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The electric system of the USV was divided into a power supply unit and a
control unit. The power supply unit distributes the necessary voltage to the
sensor and the UUV, a. An LC filter was designed in the input and output part
of the power supply to supply stable power.

The controller was designed to acquire data from each sensor using two
MCUs (PSoC). It could perform data processing and platform control. Figure
5-3 shows the electric system of the USV designed and constructed.

Power Board Control Board

Fig. 5-3 Electric system of the USV

The combined unmanned ocean vehicle developed in this study needs to
receive mission orders from the operator and then transmit data obtained from
sensors of USV and UUV in real-time to operators on land. For this purpose,
GOT's GT-Wave AP bridge was installed so that data could be transmitted and
received. This equipment is a high-speed wireless bridge with a fast transmission

speed of 876 Mbps in the wireless network areca that can realize a data
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transmission rate of 360 Mbps. Table 5-3 below shows specifications of

GT-Wave860, the wireless communication equipment.

Table 5-3 Specification of the wireless communication equipment

Frequency 2.4~2.485GHz
Speed Max. 867Mbps (80MHz)
Bandwidth 20/40/80 MHz
Power DC 24V
Size 270 x 270 x 80(mm)

5.2 Hardware Configuration of the UUV

The UUV plays a role in terrain surveillance using multi-beam sonar and
underwater object recognition using a camera. The UUV developed in this study

is shown in Figure 5-4 below. Its specifications are shown in Table 5-4 below.

Tontrolier Camera, Muld-beam: Sonar

Theustar

Front View Side View Rear View

Fig. 5-4 Shape of the UUV
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Table 5-4 Specification of the UUV

Size (L x W x H) 1.79 x 0.25 x 0.25 (m)
Weight (in air / in water) 36kgf / 15kgf
Multi-beam sonar Oculus M750
Analog Camera SK-2102N
Depth Sensor Sensys PSC
AHRS Xsens MTi-30
Thruster Technadyne Model 300
Controller CYS8CKIT-059 PSoC (2¢ca)

The hull of the UUV has a torpedo shape. A multi-beam sonar and a camera
are installed in front of the hull to detect a submarine topography or a target
object in water. The stern is equipped with a USBL sensor which is designed
to measure USV and relative positions. The pressure container is waterproofed
by O-ring. The outside of the container and various brackets are corroded
through anodizing. The electric system of the UUV is designed to be stackable

due to space limitations of the pressure container as shown in Fig. 5-5 below.

Fig. 5-5 Electric system of the UUV
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The UUV has negative buoyancy in water. It is possible to control the depth
together with the winch system. The motion on the horizontal plane (X-Y plane)
is designed to be controllable using two propellers mounted on the stern and a
propeller mounted on the front of the hull. Fig. 5-6 shows how to connect a
UUV with an underwater cable. The steel wire was used to connect three points
before and after the hull. This method minimizes roll and pitch movements of

the UUV. It also minimizes tension on the underwater cable.

Fig. 5-6 UUV and Underwater Cable connection method

5.3 Configuration of the Control System

The control system of the combined unmanned ocean vehicle is classified into
a system that can exchange information necessary for control through
communication between the control system and the platform of USV and UUV.
Fig. 5-7 below shows control system’s configuration of the combined unmanned
ocean vehicle. Characteristics of each sensor and equipment mounted on the

platform are shown in Appendix B.
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In the case of MCU 1, it acquires sensor data followed by filtering. MCU 2
receives data from the MCU 1 and takes charge of calculation and driving unit
output necessary for control. MCU2 is also designed to communicate data
between USV and UUV wusing underwater cable. Communication using the
underwater cable was made by using Fathom-X equipment to reduce 4-wire

Ethernet to 2 lines.

Fig. 5-8 shows data exchanged between an onshore operator and the
combined unmanned ocean vehicle. The operator can set remote control mode
and autonomous mode. The operator can also transmit control gain adjustment
and emergency stop command. The USV transmits information about the
command received from the operator to the UUV. The UUV provides depth
information for winch control. Each platform is also configured a communication

system to transmit attitude and location information to the operator.

Command
= Remote Control Meode l¢.... Depth Data .....
Operator = Way-Point Tracking Mode usv usv
* Gain Settng ) | Command ____. N
= Stop Mode

Roll, Pitch, Yaw, X-Y Position(GPS)

Roll, Pitch, Yaw, Depth,
X-Y Position(USBL), Camera data, Multi-beam data

Fig. 5-8 Communication System configuration diagram
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5.4 Operate System

For operation of the combined unmanned ocean vehicle, an operation console
was designed and manufactured. The operation system as designed using
Labview. Figures 5-9 and 5-10 below show front panel of the operator console

and control program produced.

On/Off Monitor
Switch
Xbox360
Controller USB Hub
Keyboard
PC

Fig. 5-9 Operation Console

The operating console is equipped with a commercial PC, a radio control
unit, a monitor, and a keyboard for operating the platform. In addition, a plastic
box is used for easy movement during operation and an inner bracket is made

lightly using acrylic.
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The operation program is divided into remote control mode and autonomous
control mode. It displays attitude information and position information of the
combined unmanned ocean vehicle. The position information is expressed in
Google Map using latitude/longitude. It also shows the status of data
communication between the platform and the operation console. Failure of sensor

can also be determined.

- 92 -



6. Sensor performance and Field test of

combined unmanned ocean vehicle

6.1 Sensor Test

As can be seen from hardware configuration shown in Chapter 5, the
combined unmanned ocean vehicle is equipped with sensors for measuring the
position and direction. The performance of the sensor was tested to determine
the meaning of information output from the sensor. Experiments of each sensor
were carried out on a land or water tank. Table 6-1 below shows output value
and coordinate system of each sensor. It can be seen that the output coordinate
system of GPS, Attitude Heading Reference System(AHRS), and USBL is the
same as the North-East-Down(NED) coordinate system. Therefore, it is
unnecessary to work on the coordinate system of the sensor for separate
rotation. Only the offset is applied to the position where each sensor is

mounted.

6.1.1 GPS & AHRS

H200 model of Hemisphere was used for GPS and XSens MTi-30 was used
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for AHRS. The experiment was carried out within Korea Maritime and Ocean

University. Measured GPS data did not have any filter or correction. AHRS

used peripheral magnetic field correction filter provided by the AHRS sensor

itself.

Table 6-1 Data Values & Output Coordinate from Navigation Sensor

Sensor Output Values Coordinate
GPS Latitude, Longitude, Velocity, Heading Angle NED
AHRS Heading Angle, Roll Angle, Pitch Angle NED
USBL Relative distance, Relative angle, Relative depth NED
Depth Sensor Depth Z axis
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Fig. 6-1 Number of Satellite & HDOP from GPS sensor
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Figure 6-1 shows the number of satellites and HDOP (horizontal dilution of
precision) value as indicators of the accuracy of GPS sensor measured value.
DOP (dilution of precision) is a dimensionless number that represents error of
relative geometry of satellites in positioning. Generally, if HDOP value is less
than 2, it can be said that the precision is very good. During the experiment,
the average HDOP was 0.9 and the number of satellites was 12, showing a

good reception ratio and a small measurement error.
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Fig. 6-2 Trajectory & Heading Angle

The left side of Figure 6-2 shows the actual traveled route using the GPS
value and the right side of the figure shows directional angle measured by GPS
and AHRS while moving. When the heading angle of the GPS with relatively
high accuracy was regarded as a reference value, the AHRS value showed a
tendency to change, although it had a slight deviation. It was confirmed that the

directional follow-up was slow. The reason for this was that in the case of
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AHRS, the average value of the surrounding magnetic field was calculated and
operation of the filter was compensated in case of a change. It could be seen
that GPS value became almost the same over time in the stop section. While
moving, difference between the two sensors showed an average of 3.53 degrees

and a standard deviation of 3.88 degrees.
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Fig. 6-3 Stationary position error & Histogram

Fig. 6-3 shows position error of the GPS when it is in the stop state in the
right graph of Fig. 6-2. As shown in the graph, the position is very accurate in

cm.

Fig. 6-4 shows heading angle error during movement. The maximum
difference of error was 15 °. This was the value of the AHRS sensor was
unstable while analyzing and reflecting the influence of the surrounding magnetic

field.
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Fig. 6-4 Heading Angle Error while moving trajectory

6.1.2 USBL Sensor

The USBL sensor uses SeaTrac's X150 (Tranceiver) and X010 (Ponder) to
measure relative positions of the USV and UUV. The USBL is used in the
form so that the Ponder responds when the Tranceiver emits a signal. The
distance value of the USBL sensor was confirmed to be output based on the
NED coordinate system. The experiment was performed in an engineering tank
to measure the sensor’s accuracy. Figure 6-5 below shows the actual experiment

performed.
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Fig. 6-5 USBL Sensor Test in water tank

The Ponder was installed at the initial reference  position
(X, Y)=1(24,0.5) The position of Ponder was measured while moving the
tranceiver along the axis. At this time, the relative depth of the Tranceiver and
Ponder was measured to be constant at 0.8 m. Some results of the experiment

are shown in Figures 6-7 to 6-10 below.

Experiment 1 and Experiment 2 showed output distance value of the USBL
sensor in a static state. The average output value of the sensor was compared
with that of the reference position. In Experiment 1, the error was 0.88 cm for
the X axis and 2.12 c¢cm for the Y axis. {Editor’s Note: Please double check the
highlighted area and make sure it reflects your intended meaning. The original
one was unclear.} In Experiment 2, these errors were 10 c¢cm and 16.50 cm,
respectively. Such results suggest that the sound signal is not received well due
to a short relative distance between the Tranceiver and the Ponder. {Editor’s
Note: Please double check the highlighted area and make sure it reflects your
intended meaning. The original one was unclear.} In Experiment 3, results are
plotted when the position of the Ponder is fixed while the Tranceiver is circling

around.
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In the graph, it can be confirmed that the data reception is not smooth when

the distance is more than 4m on the X-axis.

As shown in the graph, data reception is not smooth when the distance is
more than 4 m on the X-axis. This might result in data loss due to the relative
water depth as described above. It was found that when the relative water depth
was 0.8 m, it was unreliable, especially when the distance was more than 4 m
from the reference position. However, considering the actual operation as shown
in Figure 6-6, the relative depth was equal to the length of the cable. Even if
the UUV performs pendulum movement, the unmanned submersible moves

within 0.8 m. Therefore, valid information can be obtained from the USBL.

usv

F

*ea TS o

h
LLTTE FYTIL)

N v

Fig. 6-6 Radius of the UUV according to
underwater cable’s length
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Test No.1 — Reference Position (2.4, 0.5)
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Test No.3 — Turning motion (2.4, 2.5)
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Fig. 6-9 Histogram of distance results from moving test

6.1.3 Depth Sensor

Depth sensor is a device that is mounted on the UUV to measure current
depth information based on change in pressure. For the depth sensor used in
this study, the voltage value is output. Therefore, it is possible to obtain depth
information by measuring voltage value according to the depth of water and
making it into the form of the first-order polynomial. The voltage was measured
while varying water depth from 0.66 m to 2.46 m. The graph of the voltage
value according to water depth using average value is shown in the right graph
of Fig. 6-10. The graph on the left shows voltage value obtained at water depth
of 0.66 m. As can be seen from the graph, the value obtained from the depth
sensor shows a lot of oscillations. Therefore, it is necessary to design and use a
low-pass filter. The following equation (6.1) shows the first-order polynomial for

the voltage by water depth.
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Depth Sensor Test
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Fig. 6-10 Voltage measured at 0.66m (left)
Voltage value according to depth(right)

6.1.4 Communication Test

Field tests on the combined unmanned ocean vehicle were carried out at the
yacht harbor of Korea Maritime and Ocean University. Experiments were
conducted to confirm the maximum communication distance in the experimental
environment before filed test to confirm the motion and control performance of
the platform. Fig. 6-11 below shows the location of the sea area test (field
test). It is possible to perform experiment with in the area bounded by the
dotted line. At this time, the maximum communication distance was measured to
be about 890 m. Results confirmed that the sensor information mounted on the

platform could be smoothly transmitted and received.
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Fig. 6-11 Site of Field Test

6.2 Field Test

Figure 6-12 shows a real sea area test scene of a combined unmanned ocean
vehicle. We conducted a leader-follower control experiment of the platform.
Experiments were carried out using a PID controller. Control gain used in the

controller was determined by trial and error method.

Experiments were performed to follow the given way-points (50,0), (50, -50),
(0, -50), and (0,0). The target speed of the USV was 1.3 m / s and the desired
heading angle was obtained from the Pure-pursuit method. Figures 6-13 to 6-19
below show graphs of experimental results. Fig. 6-13 shows X-Y path of a
combined unmanned ocean vehicle. The path shown in blue represents the path

of the USV from GPS and the black color * represents the location of the
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UUV from USBL data. It can be seen that the unmanned offshore platform is

moving through a given waypoint and returning to the origin (0,0).

USV Trajectory | |
* ULV Trajectory | |

Fig. 6-13 2D Trajectory of the platform
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In the case of the roll angle of the UUV, it was confirmed that it changed
instantaneously at about 40 seconds, 78 seconds, and 117 seconds in the section
where the way-point changed. It was confirmed that it was about 0 degree in
the straight motion. The pitch was about -2 ° ~ -4 ° during way-point tracking
and the front of the hull moved downward. The heading angle of the UUV was
set to follow the heading angle of the USV. Results confirmed that the heading
angle of the UUV was well followed by the heading angle of the USV.

Figs. 6-14 and 6-15 show attitude values of the USV and the UUV during
way-point tracking. It can be seen that the roll angle of the unattended water
line shows a value between about + 2 ° and -2 ° and the pitch has a
movement of 2 ° to 3 °. In the case of heading angle, it can be seen that 0 °,
270 °, 180 °, and 90 ° should be followed by the given way-point. These

graphs revealed that the USV could follow the target heading angle well.
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Fig 6-16 Velocity of the USV
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Fig. 6-16 shows the speed of the USV, which is moving at a target speed of

1.3m / s, but with average target speed.
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Fig. 6-17 Depth Value of the UUV

Fig. 6-17 shows depth of the UUV. Initially, the UUV was located at a
depth of 3 m. It can be seen that the platform moves about 0.25 m at the
moment of movement. The UUV moved a depth of about 2.75 m. This might
be caused by the speed difference between the USV and the UUV. In the early
stage, where the speed difference was large, the movement was the most in the
depth direction. It can be seen that way-point tracking is performed well while

maintaining water depth.
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Fig. 6-18 Thrust Input Value of the USV

Figs. 6-18 and 6-19 show input values of the USV and the propeller of the
UUV during way-point tracking. The input value represents the value obtained
from the controller. It is presented as a digital value. The value input to the
actual thruster is an analog value between -5V and 5V. Compared with the X-Y

path and the directional graph, the thrust direction showed correct values.
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Fig. 6-19 Thrust Input Value of the UUV
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7. Conclusion

In this study, an autonomous navigation system for the development and
platform operation of USV and UUV combined with underwater cable was
studied. The combined unmanned ocean vehicle plays a role in exploring
submarine topography by moving a given waypoint. This study also proposes a
leader-follower control method. Such unmanned submarines have a geometric
path-following method to follow a given waypoint using GPS and a control
method to follow unmanned waterline using relative position and relative angle

measured in USBL.

Dynamic modeling of the combined unmanned ocean vehicle was performed
before performing experiment using the actual system. The effect of the
underwater cable on UUV motion was analyzed. Equations of motion of
underwater cable were verified through experiments performed in an actual water
tank. Simulation of guidance and control law for autonomous navigation was
performed using equation of motion of the developed combined unmanned ocean

vehicle and validity of the proposed algorithm was verified.

In order to apply the proven guidance and control laws through simulation,
we constructed hardware of the USV and UUV and developed a communication
and control system between each platform. USV was constructed using

commercial rubber boats and torpedoes were developed for UUV.
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In the actual system configuration, the reliability of the measured value from
the sensor was determined through an individual test on the mounted sensor.
Finally, we constructed a system of a combined unmanned ocean vehicle to
control way-point tracking. Through experiments, we confirmed the performance

of the proposed algorithm.

In this study, it is necessary to change the control hardware to control the
depth and pitch of the UUV. It is also necessary to study the algorithm to
minimize the influence of underwater cable. Further research is needed on USV

to avoid obstacles of UUV and operate a stable platform.
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Appendix A

A-1. Transformation Matrix using Euler Angles

m Linear Velocity Transformation Matrix

cosfcosy) — cosesiny + singsinfcosyy singsiny + cosesinfcosy

R, (n,) = |cosfsinty cosgcosy + singsinfsing — singcosy + cospsinbsiny
—sinf sin¢cos¢ cos¢cost
(A-1)
= Angular Velocity Transformation Matrix
1 sin¢tanf cos¢tanf
R,(n,) =10 cos¢ —sing (A-2)
0 sin/cosb cose/ cosd

A-2. System Matrix Characteristics of Equation of Motion

= Property 1.

For a rigid-body the inertia matrix is strictly positive if and only if A/, >0,

that is :
M=Myz+M,>0 (A-3)
= Property 2.

For a rigid-body moving through an ideal fluid the Coriolis and centripetal
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matrix C(v) can always be parameterized such that C(v) is skew-symmetrical,

that is :
Cw) = =C'v) v veR’ (A-4)
= Property 3.

For a rigid-body moving through an ideal fluid the hydrodynamic damping

matrix will be real, non-symmetrical and strictly positive, that is :

Dv) > 0V veR’ (A-5)

= Property 4.
As in the body-fixed vector representation it is straight forward to show that

(1) M,(n) = M >0V nE R
@) 8 (n) — 2C,(v))S =0 v s€R®, vER®, nER® (A-6)

3) D,(v;n) > 0 V¥V vER®, nER®
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A-3 System Matrix of nonlinear dynamic equation of motion

m Inertia and Coriolis Matrix w.r.t rigid body

m 0 0 0 mz, —my,]
0 m 0 —mz, O mz,
u :lméx3 —mS(rg)}: 0 0 m  my, —mx, 0
B ms@h) 4 0 —mz, my, L —1, —1.
mz, 0 —mx, =L, 1, I,
|—my, mz, 0 —L, —L, L
0 0 0
0 0 0
0 0 0
CHE: —m(ygq—I—zgr) m(ygp—i-w) m(zgp—v)
m(asgq—w) —m(zgr—i—a:gp) m(zgq-i-u)
| m(:}:gr—i-v) m(ygr—u) —m($gp+ng)
m(ygq+zgr) —m(:vgq—w) —m(:cgr—i-v) ]
—m(ygp—i-w) m(zgr—i-xg'p) —m(ygr—u)
—m(zgp—v) —m(zgq—i-u) m(xgp+ygq)
0 — L g—Lp+Lr Lr+l,p—Ig
l.at+ L. p—Lr 0 —Lr—Lgt+Lp
—Lyr—Lpt+lg Lr+1qg—1Lp 0

m [Inertia Matrix (Added mass)

—-X. 0 0 0 0 0|

o —Y o o o0 —Y

0 0 =4, 0 —Z 0
MA:

o 0 0 —&K 0 0

0 0 —M, 0 —M o

0 —N, 0 0 0 —N

7]

- 114 -

(A-T)

(A-8)

(A-9)



m Hydrodynamic Coriolis Matrix (Added mass)

0 0 0 0 —Zw Y|
0 0 0 Zw 0 —Xu
0 0 0 —Yuv Xu o0
0 —Zw Yuv 0 —Nr ]Wq q

Zw 0 ~Xu Nr 0 —Kp

— Yo Xu 0 —]% q Kpp 0

m Hydrodynamic Damping Matrix (linear & non-linear)

-X, 0 0 0 0 0]
0 -Y, 0 0 0 0
D= 0 0 —Z,0 0 0
0 0 0 —K 0 0
0 0 0 0 —M 0
0 0 0 0 0 —N
[— X, 0l 0 0 0 0
0 —Y,,lvl 0 0 0
0 0  —Zyylwl 0 0
D, = _
0 0 0 Klpl 0
0 0 0 0 —M,,ld
0 0 0 0 0

m Restoring forces and moments

(W—DB) sin8
— (W= B) cosfsin ¢
—(W—DB) cosfcos ¢
g(n) = |- (y, W—1y,B) cosbcos ¢+ (2, W—2,B) cosfsin ¢
(zg W— sz) sin 6+ (xq W— be) cos b cos @
—(z,W=1,B) cosfsin ¢— (y,W—y,B) sin 6
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Appendix B

= GPS : Hemisphere — Vector H200

Table C-1 Specification of the GPS
Parameter Value
Communications NMEA 0183, UART
Horizontal Vertical
Positioning Accurac SBAS 0.3m 0.6m
10NIng Accuracy DGPS 0.3m 0.6m
RTK 10mm+1ppm 20mm+2ppm

Heading Accuracy

0.15° rms @ 1.0m antenna separation

Input Voltage

3.3 VDC

Power Consumption

< 2.1W nomial GPS

= AHRS : XSENS - MTi 30

Table C-2 Specification of the AHRS

Parameter Value
Orientation Roll / Pitch 0.5° ~ 2.0° (Dynamic)
Yaw 1.0°
Gvroscope specification Initial bias error 0.2 deg/s
Y pe 5P g-sensitivity 0.006 deg/s
Accelerometer Initial bias error 0.05 m / s2
Magnetometer Total RMS noise 0.5 mGauss

Power consumption

550 mW @ 5.1V

Operating voltage

4.5 ~ 34V
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m USBL : SeaTrac — X150(USBL Beacon), X010(Transponder)

Table C-3 Specification of the USBL

Parameter

Value

Acoustic Range

1km radius horizontal, 1km vertical

Velocity-of-Sound Range

1300ms-1 to 1700ms-1

Power Consumption

Less than 10W

Supply Voltage 9V to 28V DC
Range Resolution +50mm
Angular Resolution +1°

= Depth Sensor : Sensys — PSC

Table C-4 Specification of the Depth Sensor

Parameter Value
Range 0 ~ 10bar
Accuracy + 0.25%FS(RSS)
Output 0~5VDC
Supply Voltage 11~28VDC
Compensated Temperature Range -10 ~ 70°C
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= Multibeam Sonar : Blueprint Subsea — M750d

Table C-5 Specification of the Multibeam Sonar

Parameter Value
Communications 4-wire 100-baseT Ethernet
Supply Voltage 18V to 32V

Power Consumption 10W to 35W
Range 120m (750kHz) / 40m (1.2MHz)
Range Resolution 4mm (750kHz) / 2.5mm (1.2MHz)
Update Rate 40Hz

m Micro Controller Unit : Cypress = CY8CS58LP

Table C-6 Specification of the MCU

Parameter Value

32-bit Arm Cortex-M3 CPU

Performance 24-channel direct memory access controller

24-bi 64-tap fixed-point digital filter processor

Up to 256KB program flash

Memories Up to 32 KB additional flash

Up to 64 KB RAM

Operating Voltage 1.71 to 5.5 VDC
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m Communication Antenna

. GT-Wave - GT-WAVE860/N2

Table C-7 Specification of the Antenna

Parameter Value

Speed Max 867Mbps / real Throughput : 360Mbps
Modulation DSSS, TDMA, OFDM, QPSK
Bandwidth 20/40/80 MHz

Supply Power

PoE 48 VDC

Wireless Access

IEEE802.11 2.4~2.485GHz(802.11ng)

m Thruster of the USV

: MINN KOTA - RT-80/EM

Table C-8 Specification of the Thruster

Parameter Value
Supply Power 24 VDC

Power Consumption 58A
Max. Thrust Force 36.2kgf

m Thruster of the UUV

: Technadyne — Model300

Table C-9 Specification of the Thruster

Parameter Value
Supply Power 24 VDC
Power Consumption 20A

Max. Thrust Force

7.7kgf (forward) / 3.2kgf (reverse)
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= Stepping Motor : Autonics ~

A63K-G5913

Table C-10 Specification of the Motor

Parameter Value
Supply Power 24 VDC
Power Consumption 2.8 A/Phase
Max. Torque 6.3Nm
Step Angle 0.72° / 0.36°
Rotor Inertia 4000 g~cm2

m Tether Interface Boards :

BlueRobotics — Fathom-X

Table C-11 Specification of the Tether Interface Boards

Parameter Value
Supply Power 7 ~ 28 VDC
Max. Practical Bandwidth 80 Mbps
Max. Tether Length 300m
Operating Temperature -20 to 85°C
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