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Abstract— The number of port facilities in Japan that were
constructed more than 50 years ago is rapidly increasing.
Therefore, it is necessary to take measures to ensure the safety
and maintain the functionality of the facilities. However, in
conventional inspections, inspectors board a boat and use a
camera to take pictures of cracks, peeling and other defects
on the wall surface to analyze the degree of deterioration,
which requires a huge amount of time and money. Therefore,
in this study, we have developed an unmanned surface vehicle
for efficient inspection of the underside of piers. This paper
proposes a sway suppression control and a path following
control, and reports the results of autonomous navigation
experiments using the robot in a real ocean environment.

1. INTRODUCTION

The number of port facilities in Japan that were con-
structed more than 50 years ago is rapidly increasing. There-
fore, it is necessary to take measures to ensure the safety and
maintain the functionality of the facilities [1].

However, in conventional inspections of port facilities,
inspectors board a boat and use a camera to take pictures
of defective areas such as cracks, peeling and others on the
wall surface, or make a sketch drawing before analyzing the
degree of deterioration [2], [3], which requires a huge amount
of time and money. Periodic inspection and diagnosis are
required to efficiently and early detect the occurrence and
progression of deformations (abnormalities on the surface
of concrete due to damage, deterioration, or other causes).
However, the inability of many local governments to conduct
inspections and diagnostics, and the limited financial and
human resources available for these activities, make more
efficient maintenance and management of port facilities a
challenge.

Recently, ship-based unmanned surface vehicles (USVs)
have been developed [4]-[8], but they are too large to per-
form inspections under piers. On the other hand, underwater
drones are easy to use under piers, but because they cannot
receive radio waves, they must use cables and there is a risk
of cable entanglement [9], [10].

Therefore, an inspection method using a radio-controlled
boat equipped with a camera (“i-Boat” shown in Fig. 1) was
developed for efficient inspection of port facilities [2], [3].
Although this method is more efficient than the conventional
inspection method in which inspectors board a boat, it
requires skill to maneuver the boat through the camera view,
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Fig. 1. Radio-controlled boat “i-Boat” [2], [3]

Unmanned surface vehicle “i-Boat2”

Fig. 2.

and autonomous navigation is desired as an easier and more
efficient method of operation. Therefore, this research aims
to develop a USV, “i-Boat2”, that can navigate autonomously
and stably under dynamic disturbances and in environments
where global navigation satellite system (GNSS) is difficult
to use. This paper presents the development of i-Boat2,
which is a USV equipped with four thrusters, 3D light
detection and ranging (LiDAR) and inertial measurement
unit (IMU), proposes a sway suppression control and path
following control, and conducts autonomous navigation ex-
periments at a real port facility. Using the methods in
this study, autonomous navigation using SLAM would be
possible even for small, lightweight vessels that are easily
swept away by waves.

II. UNMANNED SURFACE VEHICLE I-BOAT2
A. System Configuration

The appearance of the USV “i-Boat2” developed in this
study is shown in Fig. 2, and its configuration is shown in
Fig. 3. The i-Boat2 is a boat that can move in all directions
by means of four symmetrically arranged thrusters, which is
called “X” type in [11]. The boat is made of fiber reinforced
plastic (FRP) and measures 1.2 m in length, 0.8 m in
width, and 0.64 m in height, with a total weight of 53 kg.
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TABLE I
MAIN COMPONENTS OF I-BOAT2

Component ‘ Product (Manufacturer)

PC NUC (Intel)
3D LiDAR VLP-16 (Velodyne)
IMU 3DM GX5-AHRS (MicroStrain)
BNOO055 (Bosch)
M35Stack Basic (M5Stack)
ZED-F9P (u-blox)
T200 (Blue Robotics)

Microcontroller
GNSS
Thruster

Two PCs for higher-level control and communication and a
microcontroller for lower-level control are installed on this
boat, and simultaneous localization and mapping (SLAM)
with 3D LiDAR and IMU is used for autonomous navigation.
The main components are listed in Table I.

B. Thruster Control

Figure 4 shows the thruster arrangement of i-Boat2 when
the positive X-axis is in front and the positive Y-axis is to
the left as a coordinate system. Only the left side of robot is
shown in the figure because it is symmetrical. With the robot
centered at the origin O, the position of the thruster attached
to the left front side is (714,71,) and the position of the
thruster attached to the left rear side is (—724, r2y). Let fr =
[fzs fy» m.]T be the propulsive force (forward/backward,
left/right, and rotation) of the robot, the relationship to the
thrust of the four thrusters fr = [f1, f2, f3, fa]T can be
expressed as follows:

frR=Afr (1)
where
T
]. *1 7(7‘1m +T1y)
A= @ L1 —(rae +72y) )
2 1 -1 Top + T2y
1 1 Tig + Ty

The pseudo-inverse of A is used to obtain the thruster thrust
fr from the robot thrust fr as follows:

Jr=A"fg (3)

Backward , Forward

45°87
R,
. rly
T2x ’ T1x
Fig. 4. Thruster arrangement
where
rs/2 —(rogy +12y) —1
+ \/Q T5/2 T1z+’l"1y —1
AT = 4)
2rg 7‘5/2 *(Tlx + rly) 1
rs/2 Toz + T2y 1
rs =Tz + Ty + roz + T2y (5)

C. Sway Suppression Control

The environment is subject to wind and waves, which can
cause the robot to sway. Compared to a vessel such as the i-
Boat2, a small and light boat is easily swept away by waves.
Therefore, feedback with SLAM and sway control for waves
are used. This sway can affect the stability and accuracy of
SLAM. The robot has four thrusters, so it is not possible
to control the translational motion and the rotational motion
independently. However, the following control is considered
to suppress the sway.

Let w;, wy, and w, be the angular velocities of the robot
around the roll (z), pitch (y) and yaw (z) axes as measured
by the IMU. In this case, the thrust is given by the following
equation.

fz = ?m + prp (6)
fy = ?y - K,w, @)
m, = m,— Kywy (8)

where f, fy and 77, are the commanded thrust of the robot
as described below, and K, K,, and K, are the feedback
gains for sway suppression.

III. PATH FOLLOWING CONTROL
A. SLAM

In this study, LIO-SAM [12] in robot operating system
(ROS) [13] package was used for SLAM. Preliminary exper-
iments were conducted on the outdoor ground to investigate
the accuracy of localization using LIO-SAM. The results
showed that the LIO-SAM position estimation was in good
agreement with the actual movement path and GNSS position
measurement.

Since i-Boat?2 is designed to navigate in port facilities, it is
expected to navigate in places where the operator cannot see.
Therefore, the positions of the robot, start and target points
in autonomous navigation are visualized based on SLAM by
LIO-SAM to ensure safe navigation. An environment where
there is nothing around. In other words, SLAM may fail
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when completely offshore. However, it is effective for the
purpose of surveying port facilities.

The coordinate system of LIO-SAM uses the coordinates
at the time of program start as the origin and thus differs
from the coordinate system that represents the start and target
points of autonomous navigation. The relationship between
the coordinate systems is shown in Fig. 5. Consider an
absolute coordinate system (called the LIO-SAM coordinate
system, denoted by superscript © in the upper left corner
of the symbol) with the start point at the position where
the SLAM program was started in the lower left corner.
The point at which i-Boat2 moves and begins autonomous
navigation is called the start coordinate system (denoted by
superscript ). In autonomous navigation, i-Boat2 moves
toward a predetermined target point in the start coordinate
system.

Therefore, in order for i-Boat2 to know its current position
(in the start coordinate system) with the autonomous navi-
gation start position as the origin, the robot position “pr =
LR, yr, 0g)T in the LIO-SAM coordinate system should
be converted to the robot position “pr = *[zgr, yr, Or|"
in the start coordinate system. If the rotation matrix around
the Z-axis of the start coordinate system in the LIO-SAM
coordinate system is ©R(fg), the position of i-Boat2 in the
LIO-SAM coordinate system are expressed by the following
equation.

Lpr = Eps+"R(0s) °pr )

Transforming this equation, *pg is obtained as follows:

*pr = "R(-0s) ("pr — "ps) (10)
Similarly, if “pr = [z7, yr, Or]7 is the target point
in the start coordinate system and ‘pr = [v7, yr, 07|

is the target point in the LIO-SAM coordinate system, the
following relation is given.

L

pr = “ps+“R(0s) °pr (11)

B. Path Following

In a real wave environment, waves come from many
different directions that are difficult to predict. Therefore,
it is difficult to simply specify a destination point that is
far away and then go straight to that point. Therefore, we

Fig. 6. Path following method

consider a path following method that makes the robot follow
the path from point 1 to point 2, which is represented by
a straight line. Pure pursuit [14] is well known as a path
following algorithm for two-wheeled robots. However, i-
Boat2 can move in all directions, so the following algorithm
is newly proposed.

Figure 6 is used to explain how to follow the path when the
robot is a certain distance away from the path. Note that the
absolute coordinate system is used here, and the superscript
in the left corner is omitted. Let p; be the position of start
point 1 and p the position of end point 2 of the path (line
segment) to be followed. Denoting the current position of the
robot by pg, the vector d; from start point 1 to the robot is
given by

dy =pr—p1 (12)
Also, the vector ! from start point 1 to end point 2 is
l=p>—p 13)

The vector to the nearest neighbor point on the line m is
shown by the following equation.

m=nu (14)
n=u"d; (15)
u =1/l (16)

where n is the distance from the start point to the nearest
neighbor and w is the unit vector from p; to ps. If n < 0,
the direction is the opposite of the direction from the start
point to the end point. That the vector from the robot to the
nearest neighbor point dj can be obtained as follows.

do =m — d1 (17)

Consider a path correction circle with radius r centered at
robot position pg. If the robot is so far away that there is no
intersection between the path correction circle and the path,
or if there is only one intersection, i.e. ||do|| > r, the robot
is given a command thrust (in the direction of dy) towards
the nearest neighbor point. If the path correction circle and
the path have two intersections, i.e. ||dp|| < r, the command
thrust (in the direction of k-) is given towards the intersection
near point ps.

ko =do+ /12 — |do||?u

(18)
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Indoor experimental environment

If the end point ps is included in the path correction circle,
the command thrust (in the direction of d5) is given towards
the end point.

dy =ps —pr (19)

Including other detailed conditions and the coordinate
transformation from the absolute coordinate system to the
robot coordinate system, the final commanded thrust of the
robot is given by the following equation.

fR = ng ?y]T (20)
= Kp"R"(0r)d — Kp"R"(0r)"pr (1)
—d; if||di]|>randn <0
R
ko otherwise
m, = Kg(ed — HR) (23)

where Kp and Kp are the proportional and derivative
gains for position, Ky is the proportional gain for angle
(orientation), and 6, is the target for angle (orientation).

IV. INDOOR EXPERIMENTS

The indoor experiments were conducted in an indoor pool
equipped with a wave generator and a motion capture system,
as shown in Fig. 7. The results of position estimation by
SLAM are compared with the results of position measure-
ment by motion capture.

A. Sway Suppression

As a preliminary experiment before the autonomous nav-
igation experiment, the convergence of the sway of i-Boat2
around the roll and pitch was compared when the body was
pushed by hand with and without sway suppression control.
The results are shown in Fig. 8 and Fig. 9. The black line
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Fig. 9. Comparison of angular velocity around pitch axis
TABLE II
EXPERIMENTAL CONDITIONS

wave height | period sway path

case . .
[cm] [s] suppression | following

1-0 - - w/o w/o
1-1 10 1.0 w/o w/o
1-2 10 2.0 w/o w/o
1-3 10 3.0 w/o w/o
1-4 10 4.0 w/o w/o
1-5 30 2.0 w/o w/o
1-6 30 3.0 w/o w/o
2-0 - - with w/o
2-1 10 1.0 with w/o
2-2 10 2.0 with w/o
2-3 10 3.0 with w/o
2-4 10 4.0 with w/o
2-5 30 2.0 with w/o
2-6 30 3.0 with w/o
3-0 - - with with
3-1 30 2.0 with with
3-2 30 3.0 with with

shows the results with sway suppression control and the gray
line shows the results without sway suppression control. The
applied force was not exactly the same because the human
was pushing, but you can see that the sway is reduced faster
with sway suppression control.

B. Autonomous Navigation

Autonomous navigation experiments were conducted in
which the vehicle circumnavigated a 5-meter square path.
The experimental conditions are shown in Table. II. A total
of 17 patterns were tested under four different conditions:
wave height, wave period, with and without sway suppres-
sion control, and with and without path following control.
The result for the case without sway suppression and path
following (case 1-1) is shown in Fig. 10. Although the SLAM
trajectory (red) deviates from the green path due to the lack
of path following control, it can be seen that the SLAM
trajectory passes close to the four target corners indicated
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by the black dots. However, the motion capture trajectory
(blue) has large deviations from the SLAM trajectory. This
is due to the fact that SLAM’s position estimation has been
shifted by the shaking caused by the waves.

The results of case 2-1, where the sway suppression
control was added, are shown in Fig. 11. The motion capture
trajectory and the SLAM trajectory were almost identical,
and the trajectory was close to the target path, confirming
the effectiveness of the sway suppression control. i-Boat2
was able to estimate its own position even on waves, and
although there were deviations in the paths between target
points, it was confirmed that it was able to reach the target
point.

Next, an example of the experimental results (case 3-1)
with the path following control is shown in Fig. 12. The i-
Boat2 with path following control reduces the deviation from
the green straight line path even in waves, confirming that
the i-Boat2 is able to navigate with greater stability.

V. EXPERIMENTS AT SEA

We have verified whether autonomous navigation is possi-
ble in a real wave environment using i-Boat2. Fig. 13 shows
the experimental environment at the Nagoya Port, Japan. In
the figure, the target path (1) is a 5-meter square in the open
sea, as in the indoor experiment. The target path ) is a 15-
meter straight line that passes under the pier. Transit (TS)
and GNSS (non-RTK and RTK) were also used for position
measurement. An example of the experimental results with
sway suppression control and without path following control
for the path (1) is shown in Fig. 14. Since each measurement
system was used separately, the display positions are adjusted
in the figure. The position information (scale and shape)
from SLAM, TS, GNSS (non-RTK) and Ichimill (RTK-
GNSS) were generally in agreement, indicating that SLAM’s
position estimation was fully functional. However, the trajec-
tory resulted in a significant deviation from the straight line
between the target points. In the absence of path following
control, this may be due to the effects of large waves and
currents in the natural ocean environment.

Next, Fig. 15 shows an example of the experimental results
with path following control using the same S-meter square
path. It was confirmed that the orbit error was within 0.5
m, indicating the effectiveness of the path following control
even at sea. Finally, Fig. 16 shows an example of the results
of a round trip experiment with a straight path of 15 m
passing under a pier. It can be confirmed that the robot was
able to make a round trip along the straight path. However,
the position information from GNSS (non-RTK) and Ichimill
(RTK-GNSS) was corrupted. This is due to the fact that the
satellite signals did not directly reach the area under the
facility. It is believed that GNSS can be used for position
measurement and control in the open sea, but again it is
clear that there are limitations to its use under the facility.

VI. CONCLUSIONS

In this study, USV “i-Boat2” equipped with 3D LiDAR
and IMU was developed for efficient inspection of port
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Fig. 10. Experimental result in case of 1-1
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Fig. 12. Experimental result in case of 3-1

facilities. In an indoor pool with a wave generator, we
confirmed that sway suppression control is effective in sta-
bilizing SLAM position estimation even in the presence of
waves, and demonstrated autonomous navigation within 0.5
m error using the path following method. We also verified
the autonomous navigation experiment in real sea conditions.
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