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ABSTRACT This paper presents the system, controller, and field test results of an unmanned marine
vehicle (UMV) developed to acquire real-time ocean exploration information. The system consists of an
unmanned surface vehicle (USV), an unmanned underwater vehicle (UUV), and an underwater cable. The
developed platform is a research platform for ocean exploration and was proposed to compensate for the
shortcomings of the existing USV, UUYV, and towing system. This paper describes the proposed UMV,
including the design considerations such as electronics architecture, data management, sensors, and actuators
and explains the path control algorithm and controller used to follow the specified path for ocean exploration.
In order to confirm the performance of the developed platform and control algorithm, a way-point tracking
experiment was performed, and the results are shown.

INDEX TERMS Unmanned surface vehicle, unmanned underwater vehicle, leader-follower method,

pure-pursuit method, anti-windup controller, field test.

I. INTRODUCTION

Ocean exploration is essential in various fields such as obtain-
ing ocean environment data, developing marine resources and
energy, maritime safety, and military operations. Expansive
investigation of the sea requires extensive resources: human,
time and money. Furthermore, compared to working on land
and in the air, working underwater is challenging to pre-
dict environmental changes, and the underwater environment
raises many risks and limitations for humans directly per-
forming the work. Therefore, scientists and technicians have
tried to research and develop various automated systems and
robotic equipment. Systems designed for ocean exploration
can be divided into manned and unmanned.

The manned system uses a ship or mounts a towed system
on a mother ship: it offers the advantage of being able to
explore a large area for a long time but still requires con-
siderable cost and human resources, and cannot be used to
explore narrow or shallow waters. For the operation of the
towed system, a constant speed of the mother ship is required.
It is also difficult to predict the depth and attitude of the towed
system in the event of a turning movement or displacement
of the mother ship, and to determine the exact location of the
exploration area.
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The unmanned system was developed to conduct ocean
exploration on behalf of humans and includes an unmanned
surface vehicle (USV), remotely operated vehicle (ROV),
autonomous underwater vehicle (AUV), and underwater
glider (UG). The USV is capable of real-time communication
with operators and can quickly explore vast areas, but may
be difficult to operate depending on the sea state. ROV is
used for work and exploration in a certain range, but it isn’t
easy to explore a large area because it is connected to an
underwater cable and requires a mother ship. The AUV is
capable of moving quickly and exploring a large area, but has
the disadvantage of accumulating position errors over time,
limited operating time depending on the battery’s capacity,
and impossible real-time communication. UG is capable of
long-distance, long-term travel using buoyancy engines and
moving mass system. But it is only suitable for acquiring sea-
water information such as temperature, density, and salinity
by depth, not for obtaining topographic data of the explo-
ration area.

Recently, as the technology of unmanned systems has been
developed, research and platform development has been con-
ducted to attempt ocean exploration by combining different
platforms. The developed platform is shown in Figure 1.

SUBSEA TECH and MARINE TECH have devel-
oped CAT-Surveyor and RSV Sea Observer, respectively,
which can be operated by combining a USV and ROV.
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(b) RSV Sea Observer (¢) USV INSPECTOR

with H300V ROV

() SEA-KIT

(d) CUSV (e) AQS-24 with Spartan USV

FIGURE 1. Unmanned Marine Platform combining heterogeneous system
(USV-ROV & USV-Towed System).

The developed platform acquires hydrographic data or per-
forms underwater inspection of the port area using a mounted
sensor and camera. ECA GROUP is operated with H300V
(ROV) installed in INSPECTOR (USV). This platform is
used for underwater structure inspection and maintenance,
and the manipulator mounted on the H300V is operated
through remote control. TEXTRON Systems and Northrop
Grumman developed CUSV and Spartan USV using a USV
and a towed system, respectively. Spartan USV collabo-
rated with the Naval Undersea Warfare Center in the United
States to conduct a military purpose study to find underwater
mines [1]-[11].

The above-described USV and ROV or towed system com-
bined platform was developed for military purposes such as
marine surveillance and inspection. Therefore, the informa-
tion and technology of the platform have not been disclosed.
However, by analogy, considering each platform’s character-
istics, the USV and ROV operation are limited to a restricted
area of exploration. When operating a towed system, a speed
more significant than a certain amount of the USV is required,
and positional errors and attitudes of towed system instabil-
ity during turning may introduce uncertainty in exploration
information.

Therefore, this study proposes a combined USV and
torpedo-type UUV platform to overcome the disadvantages
of the existing platforms for ocean exploration. The USV was
developed using a rubber boat and is responsible for power
supply using large-capacity batteries and operator commu-
nication. The torpedo-type of UUV hull was manufactured
to reduce water drag, and it was equipped with a thruster to
enable straight forward and turn movements. Unlike ROV,
it is possible to explore a wide area, and the position error
that occurs when the USV turns, which is a disadvantage of
the towed system, can be reduced through control. Using the
USBL sensor, the USV and UUV can measure the relative
position and the relative heading angle in order to reduce the
accumulated error that may occur using inertial navigation.
It is possible to maintain a formation as the relative position
control is possible. This paper introduces the USV and UUV
systems, including hardware systems, electronic architecture,
data management, sensor, and actuator, explains the USV’s
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FIGURE 3. Assembled USV and components.

waypoint tracking and path control algorithms for moving
a specified path for ocean exploration and describes the
UUYV control techniques for maintaining a constant distance
from the USV and controlling the relative heading angle.
To confirm the developed platform and control algorithm’s
performance, a waypoint control experiment was performed
in the sea, and the results are presented.

Il. CONFIGURATION OF THE UNMANNED MARINE
VEHICLE (UMV)

The Unmanned Marine Vehicle (UMV) developed in this
study is shown in Figure 2. The UMYV consists of a USV, UUV
and underwater cable, and the system includes a land-based
operating console.

A. SYSTEM CONFIGURATION OF THE USV

In the UMYV, the USV communicates with operators, supplies
power to UUVs, operates the winch system, and tracks via
waypoints. The developed USV is shown in Figure 3, and the
specifications are presented in Table 1.

The USV was manufactured using a commercial rubber
boat, and the installed equipment includes control housing,
battery, communication equipment, winch, thrusters, GPS,
and USBL ponder. In addition to measuring the position of the
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TABLE 1. Specification of the USV.

TABLE 2. Specification of the UUV.

Parameter Value

Parameter Value

Size (L xW x H) 300m x1.62m x 047 m

Battery Capacity Li-Po / 24V 400A

Thruster Minn Kota (RT-80/EM) / Max. Force 36.2kfg
GPS Hemisphere H200

AHRS Xsens MTi-30

AP Bridge GT-Wave

Controller CYB8CKIT-059 PSoC

Size (L xW x H) 1.79m x0.25m x 0.25m

Weight (in air) 36kgf

Thruster Technadyne Model 300
Sonar Oculus M750

AHRS Xsens MTi-30

Depth Sensor Sensys PSC

Controller CYS8CKIT-059 PSoC

Stepping Motor

Worm Gear

Controller Camera, Multi-beam Sonar

—-4—— -

Side View

Rear View

Front View

FIGURE 5. Assembled UUV and components.

USYV, the GPS was able to measure the direction of the USV
by installing two antennas. Figure 4 shows the winch system
for launching and recovering the UUV and the holes drilled in
the bottom of the USV to allow the underwater cable to move.
The drum of the winch system was designed considering the
radius of curvature of the underwater cable, and slip rings
were used to prevent twisting of the cable.

B. SYSTEM CONFIGURATION OF THE UUV

The UUV conducts underwater exploration using sonar and a
camera. The torpedo-type hull is made of aluminum 6061.
The direction and position are controlled by attaching a
thruster to the bow and aft. The UUV does not have a separate
thruster for depth control and the depth is maintained using
negative buoyancy. The USBL transceiver enables the relative
position and direction to be measured with the USV. The
underwater data, position, and attitude of the UUV are sent
to the hub of the USV using an Ethernet communication.
Figure 5 shows the developed UUV, and Table 2 presents the
specification.

C. OPERATING SYSTEM

The console developed for operating the platform was man-

ufactured using a commercial PC, and in case of emergency,

an Xbox wireless controller is included for remote control.
The operation program was developed using LabView to

display the attitude and position of the UMV and is divided
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into a remote control mode and an autonomous control mode.
It is also has a command transmission component part and
a component to check whether the platform is operating
normally.

D. CONTROL SYSTEM

Figure 8 shows the control system configuration diagram of
the UMV. The USV and UUV are composed of MCU1 for
processing sensor data and MCU?2 for calculation and out-
put for the control algorithm. The USV’s MCUI receives
commands and control gain from the operation console. The
system is configured to transmit the information required for
the UUV through an underwater cable.

Ill. GUIDANCE AND CONTROL FOR WAY-POINT
TRACKING

Ocean exploration is mainly carried out by traveling along a
predetermined path. Therefore, in this study, each platform’s
guidance and control method was designed to control the
waypoint tracking of the UMV. The USV acts as a leader to
follow a given waypoint and the desired values for control
are calculated using the pure-pursuit method. The UUV acts
as a follower to follow the USV and calculates the desired
values using each platform’s geometric relationship. An anti-
windup PID controller was applied to obtain input for the
thrusters using desired values obtained through each method
and the information measured by a sensor. Figure 9 shows
each platform’s control scheme and this chapter introduces
each control algorithm and controller.

A. PURE-PURSUIT METHOD FOR THE USV
In general, the path tracking method defines the distance
between the current USV position from the reference path
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FIGURE 8. Control system of the UMV.

and the difference between the direction of the reference
path and the heading angle of the USV as a position error
and a heading angle error, respectively. The path is tracked
through the control to reduce the defined error. Among var-
ious geometrical path tracking methods, the Pure-Pursuit
method was used to select the look-ahead point for path
tracking by obtaining the turning radius for tracking the
path [12]-[14]. Figure 10 shows the process of returning
the USV to the reference path by using the Pure-Pursuit
method.
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The path given to the USV can be divided into a continuous
path or a set of discontinuous waypoints. In the case of
continuously representing a path, the path must be defined
as a function on a two-dimensional plane, which results in
the unnecessary calculation when applied to real hardware.
Therefore, in this study, a path was defined using a set of
discontinuous waypoints.

The geometric relationship can be defined using the fol-
lowing equations (1), (2) and (3) to find the turning radius of
the USV, as shown in figure 11.

>+ =1 1)
a+b =R )
a=R—d 3)

Substituting equation (3) into (2) can be expressed as
equation (4).
(R—d)?+b* =R
d*>+b* = 2Rd )
Substituting equation (1) into (4), the turning radius R

following the path can be obtained as in the following equa-
tion (5).

R=1%/2d 5)

where [ and d mean the look-ahead distance between the
USV and the look-ahead point, and the shortest distance to
the current USV position and path, respectively.
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FIGURE 11. Geometry of pure pursuit.
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FIGURE 12. Relationship of turning radius and look-ahead distance.

The operator can determine the look-ahead distance / at an
arbitrary value, but in this case, the path tracking performance
may be degraded, or the USV may move rapidly. Therefore,
the look-ahead distance was selected by considering the rela-
tionship between the turning radius R and the look-ahead
distance [ for the USV to approach the reference path.

As shown in figure 12, when the look-ahead point is on
the Y-axis of the coordinate system, the turning radius is
minimal. Therefore, the minimum turning radius and look-
ahead distance can be expressed as equation (6) below.

I = 2Rnin (6)

The minimum turning radius can be checked through the
performance test of the USV, and the look-ahead distance
can be determined according to equation (6). When the
look-ahead distance is determined, the target direction angle
that the USV should follow can be obtained using equa-
tion (10) using figure 11. At this time P1 and P2 can be
obtained from the way points, and P5 from GPS.

Vd,usy = atan2(d, b) @)

B. GEOMETRIC METHOD FOR THE UUV

The UUV tracks the USV while exploring the ocean, and
serves to deliver the acquired information in real time. Before
platform development, we studied the effect of reducing the
underwater cables’ impact through a multibody dynamics
simulation of the UMV [15]. Our results revealed that the
USV and UUV moving with a similar speed in order to
maintain a fixed relative formation is effective. Therefore, we
tried to follow the USV through relative position and relative
heading angle control using USBL and AHRS. For the UUV
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to follow the USV, the relative position and relative heading
angle were defined as shown in figure 13.

When the UUV is located within the set radius R’, the rel-
ative position (/s ) and relative heading angle (A, yuv)
expressed in figure 12 can be defined as [ 1y € R >
0 and Aysy v € (/2,3m/2), respectively. If the desired

d

relative position and the relative heading angle are Py, ., =

[l,fw’mév)\‘bfmuw], tdhe positgilon and attitude (Xysvs Yusvs Qusv)
and Py, = Wisy uuvs Musv.uuv] OF the USV are known or

can be determined, so then the position of the UUV can be
uniquely determined. Projecting the relative distance gy, v
of the USV and UUV on the X and Y axes is shown in
equations (8) and (9) below, and the target distance can be
expressed as equations (10) and (11).

Iy = —Xusy — Xuuv) €08 @usy — Yusy — Yuuy) Sin @y (8)

ly = (Xusv - quv) Sin Pusy — (Yusv - Yuuv) COS QPysy (9)
. b

lg = ltfsv,uuv Sm()‘gsv,uuv + Qusy — E) (10)
b

l;l = lgsv,uuv COS()‘st,uuv + Qusy — 5) (11)

Finally, the guidance law for the UUV to follow the USV
converges the error between the relative distance (I, ;) and
the target distance (l;l, lf ), target relative angle (AZW,MW) to
Zero over time.

On the other hand, if the UUV is outside the range defined
byR’, the target heading angle is calculated and tracked using
relative distance. At this time, the target heading angle is as
shown in equation (12).

Y, uuy = atan2(ly, ly) (12)

C. ANTI-WINDUP PID CONTROLLER

The Anti-windup PID controller was used to obtain the
thruster input to control the USV and UUV. In the case
of a general PID controller, the integral controller’s value
accumulates beyond the limit of the control input of the actual
thruster. To determine this, a control method for appropri-
ately limit the value inside the integrator according to the
limit value of the controller output was applied [16], [17].
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FIGURE 14. Block diagram of the anti-windup PID controller.

TABLE 3. Control target and sensor.

Platform Control Target Me;surement
ensor
Velocity GPS
Usv Heading angle AHRS
Relative Position USBL
uuv Relative Heading Angle (< R") USBL
Heading Angle (> R ) AHRS

Figure 14 shows the block diagram of the anti-windup PID
controller.

In figure 14, e represents the difference between the tar-
get value and the current value of the control target, and
K,, K;, Ky and K; represent the control gains, which were
determined through trial and error methods. The control input
u can be expressed as equation (13).

u=Kpe+K; / (e + Ki(sat(u') — u')dt + Kzé  (13)

Table 3 shows the control targets of the USV and UUV and
sensor for measuring the current values. Figure 14 shows the
position of the thrusters mounted on the USV and UUV and
the notation to distinguish the thrusters.

The USV must control the velocity and heading angle
using two thrusters. Therefore, the input of the thruster was
determined using the difference of the control input for each
control target. The control input of the USV can be expressed
as equations (14) and (15).

Uysv,k = Kpusv,kek + Ka’usv,kék

+ Kiusv / (e + Kusv k(sat (g, 1) — g, ())dt
(14)
k = [1, 2] = [velocity,s,, heading angle ;]
Tusv,1 = tusv,1 + Uusv2,  Tusv2 = Uysv,t — Uusy2 (15)

The UUV controls the heading angle using 7,3 and
performs position control using Tyuy,1, Tuuv,2. The control
input to each thruster can be expressed by the following
equations (16), (17) and (18)

Uyuv,j = Kpuuv,jej + Kduuv,jéj + Kiuuv,j

X / (ej + Ktuw,j(sat(u;w,j) — u;uv’j))dt
(16)
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FIGURE 16. Field test scenes of the UMV.

j=11,2,3]
= [positiony,,, relative heading angle,,,,,
heading angle )
Tuw,1 = Tuuv,2 = w1 (17)

if position < R, Tuyuw3 = w2

if position > R, Tuuw3 = Wy 3 (18)
IV. FIELD TEST AND RESULTS

In order to confirm the performance of the developed plat-
form and control algorithm, a field tests was conducted.
Figure 16 shows the field test scene of the UMV. The exper-
iment was carried out at a yacht mooring station at the
Korea Maritime and Ocean University (KMOU). In general,
the waypoint tracking control experiment is given as a box
and lawnmower type, and the performance can be determined
from the experimental results, such as the platform’s moving
path and heading angle [18]-[20]. In this study, the control
performance was further confirmed by using the result for the
relative position of the USV and UUV.

The waypoints given for the UMV way point tracking
experiment are (50, 0), (50, 50), (0, 50), and (0, 0) including
the starting point.

As shown in Figure 17, the USV moves following the given
waypoint, and the UUV follows the USV at a displacement
of about 3m in the z-axis direction.

Figure 18 shows the heading angles of the USV and UUV
while the UMV is performing a waypoint tracking. The black
line in the graph represents the heading angle of each plat-
form, and the red line represents the target angle.
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FIGURE 18. Heading angle control result of the USV and UUV.

Although each platform has an error, it continues to follow
the target heading angle. The error for the USV may occur
because the velocity and heading angle are controlled using
two thrusters. In addition, the USV moving at low speed in the
water surface may have been affected by disturbances caused
by current and waves. Moreover, the UUV follows the value
well by performing heading angle control with the thruster in
the front, but much overshoot occurs in the section where the
target angle changes rapidly.

Figure 19 shows the relative position of the UUV measured
using a USBL sensor. The location of the UUV is located in
a range smaller than the set effective radius R’. Therefore,
we judged that the UUV only controlled the relative heading
angle while following the waypoint.

The target moving velocity of the USV is 2m/s, and
figure 20 shows the velocity control result. The figure shows,
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that the USV also moves an average velocity of about
1.98m/s.

The initial UUV was located at a depth of 3m and main-
tained an average depth of 2.75m while performing waypoint
tracking. This result confirmed that the UUV’s depth was
maintained by using the negative buoyancy at a low speed.

Figure 22 shows the control input of each thruster output
through the controller. Through the graph, the change of the
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input value in the section where the waypoint changes can be
checked.
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Figure 23 shows the attitude values of the USV and UUV
while performing waypoint tracking control. The roll and
pitch of the USV are —0.31 degrees and 3.2 degrees, respec-
tively. This value varies depending on the sea state, but the
experimental value does not significantly affect the motion
of the USV. Likewise, the UUV moved with roll and pitch
angles of about 0.27 degree and —2.49 degrees, respectively.
The UUV roll angle, with a peak of —10.10 degrees, varied
significantly in the section where the way point changed.

V. CONCLUSION

This study has introduced a UMV with combined USV and
UUYV to acquire marine exploration information in real-time.
The hardware, electronics, and sensor that make up each
platform are described and the algorithm and controller’s
design process for the controlling the waypoint of the UMV
are explained. A field test conducted to check the motion
and controller performance of the UMV confirmed that it
was moving following a given waypoint, and that there was
no problem with the configured hardware and algorithm.
The open architecture system for the combined USV and
UUV platform will contribute to the development of com-
mercial technology for similar platforms that lack technical
information.

Nevertheless other technologies that also need to be studied
include a robust controller that can consider the disturbance
caused by the underwater cable, obstacle avoidance technol-
ogy, and the related sensors and algorithms. In line with these
requirements, we plan to research an algorithm that combines
inertial navigation and a USBL sensor to increase the UUV’s
positioning accuracy.
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