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Abstract: To overcome the limitations of a single unmanned surface vehicle (USV), this study
investigated the swarm control algorithms of USVs. Among various swarm control methods, a
leader—follower swarm control method was selected and studied. The performance of the swarm
algorithm proposed in this study was verified through an actual sea area test. A USV was designed
and manufactured by dividing the power and communication parts. The power system was equipped
with a coulometer to monitor the battery state in real time to protect the system through a switch
linked to the coulometer in the case of abnormalities in the battery and to prevent accidents. In
addition, a communication system was established to process the sensor data and camera image
data of the USV in real time. Consequently, the desired swarm formation was achieved through
the separately constructed swarm control algorithm. Before the actual sea area test, individual
performance tests of each sensor were conducted. Finally, the performance of the swarm algorithm
was verified by conducting a sea area test. The performance of the controllers was confirmed to be
good, and the swarm formation was confirmed to be successful.

Keywords: unmanned surface vehicle; swarm control algorithm; leader—follower method; actual sea
area test

1. Introduction

The marine environment occupies about 71% of the Earth’s surface and has various
resources such as oil, natural gas, rare earth elements, and aquatic resources [1]. As the
importance of securing such resources has emerged, various countries are developing
offshore platforms for seabed surveys and maintenance of submarine structures such as
gas pipelines and submarine cables [2,3]. Until now, most of these tasks, such as seafloor
surveying and submarine structure maintenance and repair, have been carried out in a
way that requires divers to dive directly to and work at the site [4]. However, even if a
human wears professional equipment, continuously working for more than an hour at a
depth of 30 m or more is difficult. Further, because professional skills are required, there
is a disadvantage of high cost if a human is working in deep marine locations. Therefore,
several studies on the investigation of the seabed and the inspection of damaged areas of
subsea structures using acoustic image sensors such as sonar and multi-beam in unmanned
surface vehicles (USVs) are in progress [5,6].

The multi-object USV system has a wider range of applications than the single-unit
USV system for missions such as exploration and environmental investigation. In addition,
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the use of several objects simultaneously provides various advantages such as improved
mission performance, increased efficiency, and energy saving. Thus, studies related to the
multi-object USV system to which the swarm control algorithm is applied are receiving a
lot of attention [7-10].

There are three major swarm control methods: behavior-based swarm control, virtual
structure swarm control, and leader—follower swarm control [11]. Although each swarm
control method has different advantages and disadvantages, the double leader—follower
swarm control is easy to understand and express mathematically. Further, theoretically,
the number of followers can be increased without limit. Thus, a multi-object USV system
is advantageous to construct [12-14]. Communication methods used in leader—follower
swarm control include centralization and decentralization methods. In the centralization
method, the implementation of the swarm control algorithm is easier than in the decen-
tralization method. However, in the decentralization method, information sharing time is
shorter than in the centralization method and it is difficult to build infrastructure such as
server rooms and use them in environments where it is impossible to fix the location of
the land operation console. Therefore, the decentralization method is more suitable for the
marine mission environment [8].

In this study, a multi-object USV system was constructed using a leader—follower
swarm control algorithm using a distributed method that allows the movement of a land
operation console according to the characteristics of the marine environment. To this end, a
land operation console and an operation program were developed. In addition, to verify
the performance of the leader—follower swarm control algorithm proposed herein, a USV
capable of three-degree-of-freedom (DOF) motion was designed and developed. To enable
smooth route control in a marine environment with many disturbances, a controller was
designed considering cross-track error (CTE), and its performance was verified. In addition,
a sensor verification experiment was conducted to confirm the reliability of the sensor used
in the study. Finally, the designed leader—follower swarm control algorithm was installed
in the USV, and its performance was verified by experimenting in an actual sea area.

However, despite the importance of developing such a multi-object system, the level
of development of multi-object systems is low [15]. Therefore, in this study, USVs equipped
with a leader—follower swarm control algorithm were developed, and their performance
was verified.

2. USV Modeling and Leader-Follower Swarm Formation
2.1. Modeling of the USV

Figure 1 and Table 1 show the USV coordinate system and the notation used by the
Society of Naval Architects and Marine Engineers.

The rigid body dynamics modeling of the USV was designed based on the Newton-
Euler equation and vectorial matrix dynamics. Roll, pitch, and heave motions were ex-
cluded from modeling because the USV is a three-DOF platform that performs translational
motion along the X and Y axes and rotational motion around the Z axis. According to [16],
the rigid body dynamic equation of the USV can be expressed in the form of Equation (1).

Mgpv + Crp(V)V = Trp 1)

Here, Mpp is the mass and inertia matrix of the USV, Crp(v) is the Coriolis force and
centripetal force matrix, and Tgrp is the external force caused by the USV thruster. However,
a method such as Equation (1) is an expression of an ideal situation. To represent it in
a realistic expression, the definition of fluid force should be included in the rigid body
dynamic equation. The rigid body dynamic equations including fluid force are expressed
as Equation (2).
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Here, T is the thrust of the USV thruster. Detailed definitions of the variables and
conditions for Equation (2) can be found in [17-19].

X

YEarth

ZEarth

Figure 1. Coordinates of the unmanned surface vehicle.

Table 1. Notation of the Society of Naval Architects and Marine Engineers for the unmanned surf-

ace vehicle.

Force and Moments Linear and .Angular Position and Euler
Velocity Angle
Motion in the X
. . X u X
direction (surge)
Motion in the Y y "
direction (sway) Y
Motion in the Z 7 w .
direction (heave)
Rotation about the
X axis (roll) K P ¢
Rotation about the
Y axis (pitch) M 1 6
Rotation about the N , "

Z axis (yaw)
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2.2. Modeling of the Leader—Follower Swarm Formation

The USV uses the method of moving two thrusters independently. At this time, assum-
ing that the thruster does not cause slip or cavitation in water, the USV has nonholonomic
constraints such as Equations (3) and (4).

XC sinf, — YC sinf, =0 3)

X(t) cos(6:()) 0
' = [sin(@c(t)) O] [Uc(t

]
0 1

Here, X.(t) and Y,(t) denote the X and Y axes of the USV, and 0.(t) denotes its
direction angle. The v.(t) and w.(t) denote the linear and angular velocities of the USV,
and v, and w, denote the control input of the USV.

Figure 2 shows a kinematic model of a leader—follower swarm with nonholono-
mic constraints.

v
A
r,b/ N7
Y. [ \
\ Z
usv,
1
1
i
dy
v
,»"’ 4/
Y =" \OF i
F i\ — .L, _________ g
X
Usvy
Xr X >
X

Figure 2. Kinematic model of the leader—follower unmanned surface vehicles.

The leader USV is expressed using the subscript L, and the follower USV is expressed
using the subscript F. The variables X; and Y} represent the current position of the leader
USV, and 0, is its direction angle. Similarly, Xr and Yr denote the current position of
the follower USV, and 6r denotes its direction angle. Additionally, v} and vf indicate the
straight-line speed of each USV. The distance coordinates dx and dy between the leader
USV and the follower USV are expressed in the Cartesian coordinate system as Equation (5)

x(t) = X0 (1) = Xp(t) = (1) cos(p(1) +0u(1) 5
By(t) = Yu(t) = Ye(t) = —d(B)sin(g(t) + 61 (1)

Here, the current position of the follower USV is expressed as a relational expression
with the leader USV as Equation (6).

XF(t) XL(t) —l—dCOS((P(i’) +9L(t)) (6)
Yp(t) = YL (t) +dsin((t) +6.(t))

Here, the distance d?> = dx? 4 dy? between the leader USV and the follower USV is
the azimuth ¢(#) = tan~! (j—;’() — 0L (t) + 7t between the leader USV and the follower USV.
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The role of the follower USV is to take a position with a specific distance and a
specific angle designated by the land operation console relative to the position of the leader
USV and to follow the trajectory. Equation (7) express the formation position of the USV
following the leader USV.

Xg(t) Xp(t) + dr@f CcoS (4’ref +6r(t )
Y?U) = (t) + dref sin (Pref + 9L< )) (7)
Of(t) = 6L(1)

Here, X4(t) and Y¥(t) indicate the position to be attained by the follower USV, and
dyer is the distance between a trajectory to be followed by the leader USV and the follower
USV. In this case, the distance cannot be negative, so it is always expressed as a positive
number. The ¢, represents the angle that the follower USV aims to maintain from the
leader USV, and this value is expressed as a constant, not a function. By differentiating
Equation (7), the coordinate change in the follower USV can be obtained Equation (8).

XF( ) = oL(t) cos(OL(t)) — dyef sin(@rep + 0L (t) JwL(t)

: ®)
Y5(t) = o0 (1) in(01(1) + dyey c0s (gyeg +00(1) ) (1

The definitions of the variables and conditions related to these equations can be found
n [20].

3. Control Algorithm of the USV
3.1. CTE Compensation Algorithm

CTE represents the vertical distance error between the target path of the platform
and the actual movement path caused by various disturbances such as waves and wind.
Figure 3 shows a schematic of CTE.

e Path

pesir

Figure 3. Schematic of cross-track error.

This CTE can be calculated using Heron’s formula, which uses S, half the value of the
sum of the three paths shown in Figure 3: the straight path Dk, the path Dygy that the
USV had previously targeted, and the waypoint path Dyp that the USV had to travel to
reach the target point. The CTE value calculated through Heron’s formula is expressed as
Equation (9).

24/5(S — Dysv)(S — Dk)(S — Dwp)
Dwp

©)

Dctg =
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When CTE occurs during operation, the result value of image sonar sensors such as
side scan sonar (SSS) and multi-beam is abnormal, or it consumes more energy to reach the
target point. Thus, it has a negative effect on energy efficiency.

In this study, the automatic navigation function of the USV was improved by including
a compensation algorithm that compensated for CTE in the operation-related control function
of the USV. Figure 4 shows a schematic representation of the CTE compensation algorithm.

Planning Path Current USV heading

i
i
[Xp + Xcre, Yp +sgn(ey)Yerel !

=" = 1 %
e
./.
e
R4
7/ CTE Radius (pcre)
/

/
!
|
[Xp,Yp + sgn(ey)Ycrel

Xysv

Oysy
Yusv

CTE Zysv
Figure 4. Schematic of the cross-track-error compensation algorithm.

The CTE compensation algorithm is used to improve the forward control performance
of the USV. To reduce the CTE occurring during forward movement, the coordinates
[Xp, Yp +sgn(ey)Ycre] are newly created from the center point [Xp, Yp] of the USV to
the Y axis moved by Ycrg.

After that, an imaginary circle pcrg with the newly created point as the center point is
drawn, and a new target direction angle crr is obtained that targets the bow direction
contact point [Xp + Xcrg, Yp +sgn(ey) Yore| between the circle and the target path.

Through the difference between ey, which is the target direction angle of the existing
USV, and the new target direction angle ¢c7r, the error value Ec7r is used as a new error
value for the control. Equation (10) are mathematical expressions of the control algorithm
to which CTE compensation is applied [17].

Ey = ey — PcrE

- (10)
Tere = Kpl/,Elp + Kh/, f E¢ + KDl/,Ell,

Here, TcTr represents the output value of the controller to which CTE compensation
is applied. The controller outputs the driving force of the port-side and starboard-side
thrusters according to the sign of the ey, value of the USV. Figure 5 shows a block diagram
of the controller to which the CTE compensation algorithm is applied.
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Figure 5. Block diagram of the cross-track error compensation algorithm.

3.2. Swarm Control Algorithm

To maintain the formation of the platoon in swarm control using the leader—follower
swarm control method, a virtual point is created at a certain distance and a certain angle
from the leader USV. The follower USV must follow the point. The virtual point makes it
possible to maintain the desired group formation because a certain distance and a certain an-
gle can be maintained regardless of the actual leader USV’s movement. Figure 6 shows the
behavior of the follower USV following the virtual point in the Cartesian coordinate system.

Y
df, Virtual Point
T » —
Jilag, d]

£
|
!

: usv,
i
]
I
]
I
|
- i
=OF I
1 |
' I
Y, ! |
< ]
|
Usv, ;
i
|
i

X; Lag
X

Figure 6. Schematic of the follower unmanned surface vehicle and virtual point.

According to [21,22], the error between the point created virtually and the trajectory
followed by the follower USV can be expressed as Equation (11).

exa(t) cos(0p(t)) sin(6p(t)) O () dx(t)
ey2(t) | = | —sin(Bp(t)) cos(O(t)) O | di(t) —dy(t)
ega () 0 0 1 ( ) —0r((1))
d‘;((t)cos (Pref-i-egz( —dx (t) cos(p(t) + ega(t)) (11)
= | @4 (t) sin(@rer + eaa(t) ) — dy (1) sin(¢p(t) + ega(t))
OL(t) — O (t)

Here, [XF(t), Yr(t), 0p(t)] is the position and direction angle of the follower USV;
[d'f((t), d‘f/(t)] is the position of the virtual point; and 64 (t) is the azimuth to the follower

\_/\_/

point. As 0%(t) is the same as the direction angle 8y (#) of the leader USV, it can be expressed
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differently. Substituting Equations (5) and (6) into Equation (11), the error between the
virtual point and the trajectory followed by the follower USV can be obtained Equation (12).
exa(t) = (XL(t) — Xp(i’)) COS(QF(t)) + (YL(f) — Yp(y)) Sin(ep(t)) + dref Ccos (¢rgf + GL(t) - Gp(t))
ey2(t) = —(XL(t) — Xp(t)) sin(0F(t)) + (YL(t) — YF(t)) cos(0F(t)) + dyes Sin(¢ref +0L(t) — 9F(t)) (12)
ega(t) = 0L(t) — Op(t)

Here, by using the calculated value, the distance error d,p, = \/ exz(t)2 + (i‘yz(t)Z

between the virtual point and the USV can be obtained. The controller of the follower USV
with the distance and azimuth errors as control inputs is expressed as Equation (13).

Tyo = Kpyear + Kjy, [ eg2 + Kpy,e2 (13)
Tiy = Kby, ea, +Ki, [ eay + Ky eas
Here, Ty and Tj,, denote the direction and distance output from the controller, respec-
tively, and eg; and ¢;,, denote the azimuth and distance error between the virtual point and
the current position of the follower USV.
For effectively maintaining the leader—follower swarm formation, the control algo-
rithm should consider rotation, as shown in Figure 7.

Y“
Rotate Radius
usv, >
Way Point
Way Point Track 1
Rotate Radius
usv,
Way Point
Track 1
yl-'
Usvy usv,

Figure 7. Rotation of the leader—follower control.

Considering the rotation situation, for the design of a controller that can maintain
effective formation, the exact formation control technique proposed in [23] is used. Equation
(14) expresses the exact formation control.

(14)
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Here, v1 and vr represent the linear velocity of the leader and follower USVs, respec-
tively; Brr represents the difference between the azimuths of the leader and follower USVs;
and ¢, represents the target azimuth of the leader USV. Assuming the formation that the
follower USV is on the right side concerning the leader USV, the relationship between the
turning radius of each USV and the formation control can be expressed in detail, as shown
in Figure 8.

Figure 8. Relationship of the rotation radius and formation control.

As shown in Figure 7, to maintain the crossbar formation, the follower USV must
move along a circle with radius rr. Furthermore, as the movement distance of the follower
USV is larger, the movement speed of the follower USV should exceed that of the leader
USV. Equation (15) shows the relationship between the turning radii of the leader and
follower USVs.

rL = (dmf)2 + (7'1:)2 — 2d,efTF cos(g — l[)ref> (15)

Here, d,. is a straight line connecting any point within the turning radius of the leader
USV and any other point within the turning radius of the follower USV. The ;. represents
the angle between d,, s and the turning radius of the follower USV. After Equation (15) is
arranged for rr and solved using the quadratic formula, it is expressed as Equation (16).

rE = dyy Sin(l/Jref> + \/ dyef? (Siﬂ(l[]ref))z + 712 — dyyg? (16)

Both negative and positive values of the turning radius of the follower USV are shown
in Figure 9.
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Figure 9. Two cases of the follower USV rotation radius.

The two roots are divided according to the formation made by the leader USV and the
follower USV. Therefore, the rotation radius rr of the follower USV, considering whether
the position of the follower USV is located on the left side or the right side of the leader
USV, is arranged as shown in Equation (17).

TE = dpef sin(zpref) + a\/@(sin(gbref))2 +r2— drefz

a=1ifry > rp
oc:flier < rr

(17)

Here, r;, = vp/wy and v = vrp/wr are the turning radii of the leader and follower
USVs, and w; = wr to maintain formation. The speed adjustment of the follower USV is
expressed as Equation (18).

vp = v+ (rp—rp)wp (18)

Therefore, if the speed adjustment derived from Equation (18) is used to obtain the
error value of the follower USV controller, formation control between the leader USV and
the follower USV is possible even upon rotation. Detailed definitions of the variables and
conditions of the rotation algorithm used in this study can be found in [24].

4. System Structure of the USV

In this study, to apply the leader—follower swarm control algorithm, two USVs (leader
and follower) with the same structure equipped with two thrusters were manufactured.
Figure 10 shows the manufactured USV, and Table 2 lists the USV specifications.
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INS module &
Front Camera Antenna AP Bridge

Battery Pack Control Box Main Thruster

Figure 10. Leader and follower unmanned surface vehicles manufactured in this study.

Table 2. Specifications of the leader and follower unmanned surface vehicles.

Size (L x W x H) 1500 x 920 x 920 (mm)
Weight 60 (kgf)
Navigation sensor Marineinnotec K-STAR
Battery 259V,75 Ah
Camera Hanwha QNO-6012R
Main controller MSI cubi 5 10M
AP bridge GT-Wave 860S
Thruster CiLab T80-60

4.1. Power System of the USV

The power system of the USV consists of a battery, a coulometer, an indicator, a
DC/DC converter, etc. The battery is the most important component that determines the
USV operating time. Therefore, in this study, the battery with the most suitable capacity
for the USV was selected according to the battery-energy amount calculation formula
(Equation (19)).

<WUSV X Lf xH x Op)
Wy, = (19)
(Bu xS f)

Here, wy, is the total uptime of the platform, wysy is the total power consumption
of the entire system, Ly is the average load factor of the system, H is the operating time
with one charge, Op is the operating rate of the system, B, is the usable capacity compared
to the total capacity of the battery, and Sy is the safety factor. Information on the related
equations and variables can be found in [25].

In this study, the total power consumption of the entire system was the sum of the
thruster and CPU capacity, and the average load ratio and operation rate were limited to
40%. The usable capacity compared to the total capacity of the battery was set to 80%, the
value recommended by the battery manufacturer, and the battery was selected with a safety
factor of 1.5.

Figure 11 shows the configuration diagram of the developed USV power system. Two
Li-ion type batteries with a wattage of 25.9 V and 75 Ah were connected in parallel. The
Li-ion type battery is used in this study because it is lighter in weight to volume and has
high energy density compared to Li-polymer or LiFePoy batteries. However, Li-ion batteries
have a fatal flaw of the memory phenomenon and a high risk of explosion. Therefore, in
this study, the circuit of the power system was configured in such a way that a coulometer
indicator and an electronic switch were installed to monitor the voltage input/output to
the battery in real time and to cut off the power in the case of a problem. In addition, a
battery management system (BMS) was additionally installed in the battery to handle the
memory phenomenon, overcharge, and overdischarge.
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Figure 11. Configuration diagram of the power system.

4.2. Communication System of the USV

Communication between the land operation console and each USV is performed
through the access point (AP) bridge. Commands transmitted from the land operation
console are transmitted to the receiving antennas of each USV through the AP bridge
and are classified by the switch hub installed inside and delivered to each required place.
In addition, the communication system was designed so that information such as posi-
tion, direction angle, and operation speed could be shared between the leader and the
follower. Figure 12 is a block diagram showing the communication system between the
land operation console and the leader and follower USVs.

Leader

Ethernet -~
TcP/IP ' ~ RF Comm I
A—lp & 5.1~5.825Ghz
. (802.11na/ac)
4 ~ l
\ Ethernet Ethernet
SR DAL ' TCP/IP .
fi
Follower
usv

Figure 12. Configuration diagram of the communication system.

4.3. Configuration of the Operating System
4.3.1. Design of the Ground Operation Console

The land operation console is a device that transmits mission commands to each USV.
It is waterproof and has a wheeled carrier for marine exploration missions where the
installation location often changes each time a mission is performed. An AC/DC converter,
commercial PC parts, a USB serial expansion port, and an Ethernet expansion port for
supplying power to communication equipment are installed inside the waterproof case.
Considering that it is mainly used in a salty environment, a bracket, jig, storage space, and
top plate for fixing internal parts were manufactured using an aluminum material that
does not easily corrode. The operating console’s operating system (OS) is a user-friendly
Windows and is equipped with a graphical user interface (GUI) program and a remote
access program that can be directly connected to the USV. Figure 13 shows the internal and
external configuration of the land operation console manufactured in this study.
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Figure 13. Configuration of the ground operation console.

4.3.2. Design of the GUI Monitoring Program

The monitoring program was created for collecting data such as cameras, posture,
direction angle, and cruising speed of the leader and follower USVs, and transmitting
control commands to each USV. It was created using Visual Studio C#, which allows users
to easily check data, check the platform behavior, and control the USV. The monitoring
program displays the information of the leader and follower USVs, and by linking with
Google Maps, one can check the information of the sea area where the actual USV is
performing its mission and the direction each USV is looking in detail. For route control,
there is no need to check the point coordinates of the point. If one clicks on the desired
area, the route control proceeds to the point. Various functions such as emergency stop
function, camera image check, and data storage in the case of a problem are implemented.
Furthermore, it includes a sensor state indicating function that determines the reliability
of information coming from the current USV and informs the user using color. Figure 14
shows the composition of the prepared monitoring program.

6 %
IP/PORT SETTNGS
Leader
1P Numbe Poit Numbe
2T 1001 SET
Follower
1P Number Port Number
vz 2.2 i s
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Figure 14. Configuration of the console monitoring program.
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5. Performance Test and Actual Sea Area Test of the Swarm USV
5.1. Sensor Performance Test

In this study, the data reliability was verified through a performance test of the sensors
installed in each USV before the actual sea area test.

5.1.1. Communication Speed Test

In the leader—follower swarm control, communication between the land operation
console and the leader and follower USVs should proceed smoothly. The communication
method adopted in this study, the decentralization method, acquires and controls each
data point. Thus, communication between the land operation console and the leader and
follower USVs is not smooth. Consequently, the swarm formation is difficult to maintain,
and due to the delay time, the checkpoint can be incorrectly calculated at a place other than
the target route. Therefore, a performance test of the communication equipment installed
in each USV was conducted in the following two cases:

1.  Communication speed test between the land operation console and each USV; and
2. Communication speed test between the leader and follower USVs.

The communication speed test between the land operation console and the USV was
conducted to verify whether the real-time data coming from the sensors mounted on the
USV were secured. Transmitting equipment and receiving equipment were placed at a dis-
tance of about 200 m, and the communication speed was measured using a communication
speed measurement program. The communication speed measurement program used was
Iperf3. The experimental results are shown in Figure 15.

Ground <-> Leader USV Ground <-> Follower USV

Figure 15. The test result of communication speed test 1.

The communication speed measurement result was 94.3 Mbps between the land
operation console and the leader USV, and 94.5 Mbps between the land operation console
and the follower USV. The transmission bandwidth of the camera most affected by the
communication speed among the sensors installed in the USV was 80 Mbps or more.

Figure 16 shows the communication speed test result between the leader USV and the
follower USV.
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Figure 16. The test result of communication speed test 2.

In this study, the standard Ethernet communication speed of 100 Mbps was set as the
target communication speed between the USVs. The obtained results confirmed that the
communication speed between the leader USV and the follower USV was 107 Mbps, which
satisfied the communication speed set as the target in this study.

5.1.2. GNSS Performance Test

Among the sensors installed in the USV, the most important for navigation is the
GNSS. It provides the variable values necessary for the calculation to control each USV,
such as the current position, target position, current direction angle, target azimuth, and
distance error, and simultaneously creates the target virtual point necessary for maintaining
the swarm formation. Therefore, determining whether the sensor data outputted from the
GNSS are reliable is crucial. Hence, in this study, two cases were considered to verify the
performance of the GNSS:

1.  Static performance testing; and
2. Dynamic state performance testing.

The static performance test was conducted at the U-Busan-14 point of the unified
reference coordinates announced by the Korea Geographical Information Service. The
experiment was conducted by placing one USV at a point 6.5 m north of the integrated
reference coordinates and the other at a point 3.2 m west of the integrated reference
coordinates to acquire data. At this time, the data output period of the GNSS was 10 Hz,
and the data were acquired for 1 h. Figure 17 depicts the experimental process, and
Figure 18 shows the experimental results.

Integrated Reference Coordinates

3 S

Integrated Reference Coordinates USV_Follower USV_Leader

Figure 17. Photo of the static state performance test.
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Figure 18. Results of the static state position data performance test.

As shown in the results, the average value of each GNSS position output almost
coincides with the target coordinate, and the position error occurring during the test had a
value within about £0.5 m. Therefore, in the static state, it is confirmed that the position
data outputted from the GNSS are reliable.

The GNSS installed in each USV outputs not only the position data but also the
heading data, and the heading data are essential to control the target heading of each
USV. Therefore, the precision of the direction angle data outputted from the GNSS was
confirmed. The experiment was conducted simultaneously in the same place as the static
state performance test. Furthermore, it was arranged to face the true north (0°) direction
indicated in U-Busan-14 to acquire data for 1 h and analyze the acquired data. The test
results are shown in Figure 19.

An error of £0.55° occurred in the case of the sensor mounted on the leader USV
based on true north (0°), and an error of +0.76° occurred in the case of the follower USV.
Therefore, through the static state performance test, it is confirmed that the GNSS mounted
on the USV has almost no performance difference between each sensor in the static state
and that it outputs sufficiently reliable data.

GNSS data generate more errors in the dynamic state than in the static state [26].
Therefore, even if the static state of the GNSS installed in the USV is reliable, the dynamic
state reliability should also be verified. Dynamic state performance tests were conducted
on land.

Before proceeding with the test, the position data were acquired at each corner of a
playground for 30 min, and the obtained values were averaged. The coordinates of each
point (Table 3) were set to these average values.

After this calibration, the GNSS was moved from point 1 to point 4, and the test was
carried out by acquiring and analyzing the position data and direction angle data outputted
from the sensor. Figure 20 shows a conceptual diagram of the dynamic state test, and
Figure 21 shows the position data results of the dynamic state test.

The results confirmed that the path to each point appeared in an almost perfectly
straight line. Figure 22 shows the direction angle results of the dynamic state test.
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Figure 19. Results of the static state yaw data performance test.

Table 3. Test point coordinates.

Latitude Longitude
Point 1 35.0739915 129.0875807
Point 2 35.0741897 129.0880333
Point 3 35.0737509 129.0883212
Point 4 35.0735461 129.0878727

As a result, it was confirmed that the created pattern had a constant direction angle
for each point through both rotations of each point. Therefore, it was confirmed through
the test that the data of the GNSS were reliable even in the dynamic state.

5.2. USV Swarm Control Performance Test

In the swarm control performance test, after placing the leader and follower USVs at
an arbitrary location, four waypoints were entered in the USV to drive it. After the driving
was completed, by analyzing the acquired data, the test was carried out to confirm whether
the leader and follower USVs maintained the swarm formation well. At this time, the
swarm formation was set to the right side where the follower USV took a position on the
right side of the leader USV. The leader and follower USVs were set to create a formation
with an interval of 4 m. Table 4 lists the waypoint coordinates entered into the USV, and
Figure 23 depicts a conceptual diagram of the cluster control performance test.
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Figure 22. Results of the dynamic state test heading data.

Table 4. Waypoint coordinates.

Latitude Longitude
Point 1 35.0749359 129.0842590
Point 2 35.0746651 129.0848846
Point 3 35.0750885 129.0851746
Point 4 35.0753899 129.0846252

Among the swarm control performance test results, the tracking results are shown in
Figure 24.

The results show that the follower USV, to the upper right corner of the leader USV,
turns wide, and it can be confirmed that the leader USV and each point are driven main-
taining a certain distance. The driving path of each USV operating from waypoint 3 to
waypoint 4 deviated from the target driving path. The swarm formation that the leader
and follower USVs aimed to maintain was well preserved even in situations where a path
error occurred.

Figure 25 shows the direction angle results from the swarm control performance
test results.

As shown Figure 25, the heading data of each USV showed a similar pattern, con-
firming that the vehicle was driven. This indicates that each USV maintained the swarm
formation well. As can be observed, the slope of the direction angle data change in the
follower USV (red) is gentler than that of the leader USV (blue) at each point. This pattern
appears because the set swarm formation is the right side, where the follower USV is
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located on the right side of the leader USV. Therefore, the rotation radius of the follower
USV is larger than that of the leader USV.
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Figure 23. Diagram of the swarm control performance test.
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Figure 24. Tracking results of the swarm control performance test.

Figure 26 shows the distance data between the leader and follower USVs.
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Figure 25. Heading results of the swarm control performance test.
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Figure 26. Distance results of the swarm control performance test.

At first, the leader USV and the follower USV, which initially had a distance of about
12 m, maintained a distance of 3-5 m over time. After turning at each WP point, the
distance became more than 10 m. However, it is confirmed that the vehicle was driven
while maintaining a distance of 3-5 m again after each turning motion was completed.
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6. Conclusions

In this study, the leader—follower swarm control algorithm was explored to overcome
the limitations of the single-individual USV system. A USV was developed to verify
the performance in a real sea area using the leader—follower swarm control algorithm
proposed in this study. The power and communication systems were designed to realize
the target operation performance. In particular, in the power system, in preparation for an
unexpected accident, a coulometer indicator was installed to monitor the battery status and
to cut off the power in the case of an abnormality to increase safety. The communication
system adopted the decentralization method and was designed in such a way that the land
operation console, leader USV, and follower USV share each other’s data in real time to
facilitate data sharing. As a result, a system that does not require fixed server facilities
was developed. To enable smooth navigation in the marine environment, which is an
environment with many disturbances, a CTE compensation algorithm was installed in
the USV in addition to the basic navigation algorithm. The controller was designed so
that a desired swarm formation can be realized using the swarm control algorithm built
separately for each USV.

Before testing in an actual sea area, individual performance tests of each sensor were
conducted to verify the data reliability of the sensors mounted on the USV. Through the
actual sea area test, the performance of the swarm control algorithm, swarm formation
controller, and navigation algorithm proposed in this study was verified. As a result, it was
confirmed that the leader and follower USVs created the desired formation and followed
the target trajectory.

In future research, it is necessary to compare the performance of the navigation
algorithms (CTE compensation algorithm and swarm control algorithm) proposed in this
paper and commonly used navigation algorithms, and research is needed to overcome the
disadvantages of the leader—follower swarm control algorithm.
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