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ABSTRACT To satisfy the requirement of the future ocean communication and maritime transportation,

in this paper, an integrated space–air–ground–sea communication control system based onmobile computing

technology is proposed to rescue a water container. Specifically, unmanned surface vehicle (USV), as a

flexible and lightweight intelligent device deployment integration platform, is the main tool to move towards

the water container. However, how to sense the real-time navigation status information of the USV, integrate

the information, and eventually distribute it to the ground control center, is still a difficult point for us.

To successfully rescue the water container, three aspects of research are needed: information collection of the

USV, information fusion, and data distribution to the ground control center. For the information collection

part, we mainly use nine-axis, ultrasonic, global positioning system (GPS), and ultra wide band (UWB)

sensors to complete the information collection for the USV. For the information fusion part, we set up a

computational model to solve it. The USV computational model in previous works is mainly based on large

ships, ignoring the modeling of wind, wave, and current for small underactuated USV. We use the classical

Nomoto model, combined with the actual any slight wind, wave, and current forces on the USV, and finally

combined with the proportion integration differentiation (PID) algorithm to model the USV. For the data

distribution to the ground control center part, we have set up a communication protocol for the USV so that it

can communicate normally. In addition, we wrote a Browser/Server (B/S) architecture to enable the ground

control center to communicate with the host computer. Finally, our proposed control and communication

schemes are carried out on actual USV. The real experiments show that the proposed schemes can reduce

the ship surge and satisfy the ship navigation.

INDEX TERMS Information collection, computational model, USV, data distribution, space-air-ground-sea

integration.

I. INTRODUCTION

The 21st century is the century of the ocean. The ocean

is rich in biological resources, oil and gas resources and

mineral resources. It is a strategic space and resource for

human survival and sustainable development [1]. To better

The associate editor coordinating the review of this manuscript and

approving it for publication was Anfeng Liu .

understand, develop and protect the ocean, unmanned sur-

face vehicle (USV) has been widely applied in many ocean

activities. In the military field, USV can be used for intelli-

gence gathering, anti-mine warfare, anti-submarine warfare,

special forces operations, electronic warfare, and maritime

interception operations [2]. In the civilian field, USV can

be used for marine environmental monitoring, hydrographic

surveys, maritime search and rescue, and ship replenishment,
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which not only ensure the safety of personnel, but also greatly

improve the efficiency of operations [3]. Therefore, USV

technology has become the focus of researchers at home and

abroad.

In the 1990s, the US Navy developed the USV for auto-

matic search, detection, and automatic monitoring at sea

and developed a networked remote control sea area security

system [4]. The unmanned sea exploration vessel ‘‘Tianx-

iang No.1’’ developed by Shenyang Xinguang Company

in China was successfully applied to the meteorological

service guarantee work of Qingdao Olympic Sailing dur-

ing the Beijing Olympic Games [5]. In 2009, Tianjin Uni-

versity cooperated with the National Ocean Technology

Center in the 863 project to launch a small underwater

autonomous observation platform [6]. The underwater intel-

ligent robot laboratory of Harbin Engineering University

completed the design and construction of a certain type of

unmanned boat, and carried out related technical research

and sea trials [7]. The fully automatic unmanned ship devel-

oped by Zhuhai Yunzhou Intelligent Technology, Ltd. has

formed a series of products and promoted it throughout the

country [8].

At present, the research on USV focuse on various

types of underwater robots and various types of medium

and small remote control USV, which are mainly used

in light applications such as marine survey, monitoring,

measurement, and military applications [9]. The research

areas of USV are ranging from hull design, path planning

navigation, surface object detection and self-identification,

obstacle avoidance, to motion control [10]. It covers a

wide range of technical fields, including hydrodynam-

ics, autonomous decision-making, automatic control, sig-

nal processing, networ communication, sensor technology,

etc [11], [12]. In many key technology fields of USV, their

basic research problems are the path control and communi-

cation protocol of USV. However, how to sense the real-time

navigation status information of the ship in the ground con-

trol center and fuse the information to better complete the

control of the USV remotely is still a difficult point for us.

Mobile computing technology can enable computers or other

information intelligent terminal devices to achieve data trans-

mission and resource sharing in a wireless environment [13].

It just solved the above problems. Its role is to provide useful,

accurate and timely information to any customer, anytime,

anywhere. This coincides with the problems we have encoun-

tered. We verify the correctness of the computational model

and communication protocol in the context of the location at

the designated container. In this paper, aiming at the mobile

computing technology, an integrated Space-Air-Ground-Sea

communication control system for USV is proposed to solve

a series of practical problems such as information coverage at

sea, searching and positioning, under which themotionmodel

and communication protocol of USV are designed. The main

contributions are summarized as follows:

(1) In view of the heterogeneity of maritime communi-

cation, an Space-Air-Ground-Sea integrated communication

control architecture based on mobile computing technology

is proposed;

(2) The underactuated USV as the research object, based

on the theory of hydrodynamics andmobile computing, intro-

ducing sensor data, combining with the Proportion Integra-

tion Differentiation (PID) algorithm, a computational model

suitable for the USV is proposed.

(3) A communication protocol for communication between

the ship control board and the host is designed on the USV.

The Browser/Server (B/S) architecture is designed to realize

the information dissemination and control instruction decou-

pling, and remotely monitor the USV.

(4) Real experiments are carried out in the container search

and rescue scenarios. The ground control center controls the

USV to the position of the container delivered by the under-

water sensor. The drone monitors the condition of the ship in

real time and transmits the information to the ground control

center. The ground control center sends the corresponding

command to the USV.

The reminder of this paper is organized as follows.

Section II introduces the whole system model and design of

Space-Air-Ground-Sea. Section III describes the algorithms

used in the overall system and the problems encountered.

Section IV proposes a system control model for the small

USV on the unmanned surface ship’s side for the problem of

the third section. Section V shows the actual ship operation

effect of the model. Section VI summarizes this article.

II. SPACE-AIR-GROUND-SEA INTEGRATED SYSTEM

MODEL

A. OVERALL SPACE-AIR-GROUND-SEA STRUCTURE

As shown in Fig. 1, this paper designs an integrated Space-

Air-Ground-Sea communication control system for USV

based on mobile computing technology to solve a series

of practical problems such as information coverage at sea,

searching and positioning. With the background of container

search and rescue work, the overall scenario of the small USV

communication and control integrated system is as follows:

the underwater sensor node transmits the information to the

lead USV by sensing the position information of the con-

tainer. After receiving the message, the lead USV dissemina-

tion the information to the ground control center through the

wireless bridge. After receiving the information, the center

disseminates an instruction to the lead USV to arrive at the

location. After the lead USV receives the instruction, it dis-

seminates the information to the sub USV which is closest

to the container so that it can reach the designated location.

During the operation, the drone monitors the corresponding

sub ship, records the navigation status in real time, transmits

it to the ground control center through the cloud server, and

the USV also transmits the basic information such as the state

and heading of the ship to the ground control center through

the cloud server.

In Fig. 1, the integrated communication and control system

based on mobile computing technology is composed of three

parts: remote module of ground control terminal, the USV
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FIGURE 1. The overall structure of the system.

terminal module and the drone. Among them, the ground con-

trol terminal remote module mainly realizes the control and

communication between the ground control center terminal

and the USV. The USV terminal module mainly realizes the

functions of data acquisition in the actual navigation process,

instrument state control in the aircraft, time sequence control

and cooperative operation with other sensors on the USV

platform (such as GPS, UWB, nine-axis, etc.). The drone is

mainly responsible for monitoring the operating state of the

USV. Among these three parts, we propose a new system

model for the small USV that is suitable for the computational

model. Meanwhile we achieved a better route fit by GPS

and UWB dual positioning. At the same time, the real-time

communication transmission task requirement between the

sensors is satisfied, and the remote control can be realized

through the B/S architecture.

B. OVERALL STRUCTURE OF SHIP INTELLIGENT DATA

SENSING

The data sensing design of this system is mainly focuses

on the design of the USV terminal. It can be divided

into three parts, namely the information collection part,

the main control board part and the power supply part. The

information collection includes five parts, namely attitude

sensor (JY901), GPS (ATK-S1216F8), UWB (SWM1000),

ZigBee (DRF1609), and ultrasonic (JSN-SR04T) modules.

Themain control board selects ATmega16. The power section

has 5V, 3.7V and 12V. Its overall framework is shown

in Fig. 2.

In Fig. 2, the information collection module senses data

through sensors and disseminates data to USV host. The ship

control panel controls the collection of basic data, such as

battery power, cabin drainage, motor speed, steering angle,

etc. The information between the ship control panel and

the USV host is disseminated through the USB serial line.

We design the transfer protocol between them, and then

collect information through the host, and communicated with

the ship control panel to make the ship run normally.

FIGURE 2. Structure diagram of USV terminal control system.

FIGURE 3. Reference coordinate system.

C. FLOW CHART OF USV TERMINAL SOFTWARE

PROGRAM

The software design of the system mainly includes the

information communication part between the ground control

center and the ship control panel, the communication part

between the ship control panel and the USV host, the commu-

nication part between the sensor and the USV host, and the

information fusion part between the serial ports. The overall

software operation is shown as Algorithm 1.

In Algorithm 1, the USV receiving information from the

ground is constantly being updated. Therefore, in this sys-

tem, if the ground control center does not send a stop com-

mand to the USV, the USV will always follow the straight

line.

III. COMPUTATIONAL MODEL THEORY AND

COMMUNICATION PROTOCOL

A. DYNAMICS COMPUTATIONAL ALGORITHM

The actual computational of the ship is extremely complex,

with six degrees of freedom in general, including movements

following three axes and rotation around three axes [14].

We use the two coordinate systems of the inertial coordinate

system (the geodetic coordinate system) and the attached

coordinate system to describe, and all follow the rule of

the right-handed coordinate system. In the geodetic coordi-

nate system, we care about the three position coordinates

of the ship and three attitude angles, a total of six. In the

attached coordinate system, we care about the ship’s three

translation speeds and three corner speeds, which are also six

quantities [15]. As shown in Fig. 3, it is reference coordinate

system.
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Algorithm 1 Structure Diagram of USV Terminal Control

System

Initialize the web page file and start the web page.

Serial port initialization.

while 1 do

prevent step counts = prevent step counts +1

Sensor data acquisition and data analysis

while prevent step counts ≤ 5 do

Calculate the course angle at this moment and set it as

the initial course angle.

end while

Calculate the heading deviation at this time.

Bring the course angle into the system model to get the

rudder angle value.

The motor is turned on and the ship moves straight

ahead.

if The ground control center sent a motion command =

1 then

Send to the straight by the sub ship.

else ifThe ground control center sent amotion command

= 2 then

Sent to the designated location by sub ship.

if Distance from the target point ≤ turning radius

then

rudder angle = 0 or rudder angle = 1000

end if

if Calculate the heading deviation ≥ 87 and Calculate

the heading deviation ≤ 93 then

rudder angle = 500

end if

else ifThe ground control center sent amotion command

= 3 then

Sending obstacles to the sub ship.

if Front obstacle ≤ 1m then

USV motor reversal 3s.

the left full rudder is 2s.

end if

while Right full rudder = the previous heading do

USV motor reversal 3s.

the left full rudder is 2s.

end while

else

Turn off the motor.

end if

end while

The origin of the inertial coordinate system can be set at

any position on the surface of the earth to describe the pose

information of the USV, and the Newton’s kinematic law

is satisfied in this coordinate system. Generally, the center

of gravity of the USV is selected as the origin of the hull

coordinate system, which is used to describe the speed and

force information of the USV. Among them, surging, sway-

ing and heaving move around X axis, Y axis and Z axis

respectively, while rolling, pitching and yawing rotate around

TABLE 1. Motion parameters of USV.

X axis, Y axis and Z axis [16]. Table 1 shows the motion

parameters of the USV.

In the actual small USV, we only consider three degrees of

freedom which are surging, swaying and rawing. The basic

equations of motion for these three degrees of freedom are

given below [17]–[19]. Basic equation of ship plane motion

(conventional Newtonian equation of motion):

m
(

u̇− vr − xcr
2
)

= X

m (v̇− ur − xcṙ) = Y

Izzṙ + mxc (v̇+ ur) = N







. (1)

Hydrodynamic equation:










X = Xu1u+ Xu̇u̇

Y = Yvv+ Yrr + Yv̇v̇+ Yṙ ṙ + Yδδ

N = Nvv+ Nrr + Nv̇v̇+ Nṙ ṙ + Nδδ.

(2)

where Yv,Yr ,Nv,Nr ,Yv̇,Yṙ ,Nv̇,Nṙ ,Yδ,Nδ are 10 hydrody-

namic derivatives, the equation is:






























































































Y ′
v = −[1 + 0.40CbB

/

T ] · π (T
/

L)2 − γY ′
δ

Y ′
v̇ = −[1 + 0.16CbB

/

T − 5.1(B
/

L)2] · π (T
/

L)2

Y ′
r = −[−0.5 + 2.2B

/

L − 0.080B
/

T ] · π (T
/

L)2

+ 1
2
γY ′

δ , γ = 0.30

Y ′
ṙ = −[0.67B

/

L − 0.0033(B
/

T )2] · π (T
/

L)2

N ′
v = −[0.5 + 2.4T

/

L] · π (T
/

L)2 + 1
2
γY ′

δ

N ′
v̇ = −[1.1B

/

L − 0.041B
/

T ] · π(T
/

L)2

N ′
ṙ = −[0.0833 + 0.017CbB

/

T − 0.33B
/

L] · π (T
/

L)2

Y ′
δ = 3.0Aδ

/

L2

N ′
r = −[0.25 + 0.039B

/

T − 0.56B
/

L] · π (T
/

L)2

+ 1
4
γY ′

δ , γ = 0.30

N ′
δ = −(1

/

2)Y ′
δ.

(3)

where B,T ,Cb,Aδ are the ship width, draft, square factor,

and rudder blade area respectively.

Combining the equations of Eq.(1) and Eq.(2), the linear

equation of ship maneuvering motion is expressed in matrix

form:
[

(m− Yv̇) (mxc − Yṙ )

(mxc − Nv̇) (Izz − Nṙ )

] [

v̇

ṙ

]

=

[

Yv (Yr − mu0)

Nv (Nr − mxcu0)

] [

v

r

]

+

[

Yδ
Nδ

]

δ, (4)

In the Eq.(4), the first row is divided by 1
2
ρL3 both ends,

and the second row is divided by 1
2
ρL4 and converted into a
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dimensionless hydrodynamic derivative:
[

m′ − Y ′
v̇ L(m′x ′

c − Y ′
ṙ )

m′x ′
c − N ′

v̇ L(I ′zz − N ′
ṙ )

] [ .
v
.
r

]

=







V

L
Y ′

v V (Y ′
r − m′)

V

L
N ′

v V (N ′
r − m′x ′

c)







[

v

r

]

+









V 2

L
Y ′
δ

V 2

L
N ′
δ









δ,

(5)

The above equation can be abbreviated as:

I ′(2)Ẋ(2) = P′
(2)X(2) + Q′

(2)U . (6)

where I ′(2),P
′
(2),Q

′
(2) are the inertial force derivative matrix,

the viscous force derivative matrix, and the rudder force

derivative matrix respectively, X(2) =
[

v r
]T

is the state

vector, and U = δ is the control input. Transform Eq.(6) into

a standard state space form

Ẋ(2) = A(2)X(2) + B(2)δ. (7)

In the above equation:

A(2) = (I ′(2))
−1P′

(2) =

[

a11 a12
a21 a22

]

,

B(2) = (I ′(2))
−1Q′

(2) =

[

b11
b21

]

, (8)















































































a11 = [(I ′zz − N ′
ṙ )Y

′
v − (m′x ′

c − Y ′
ṙ )N

′
v]V

/

S1

a12 =
(

(I ′zz − N ′
ṙ )(Y

′
r − m′)LV

/

S1
)

−
(

(m′x ′
c − Y ′

ṙ )(N
′
r − m′x ′

c)LV
/

S1
)

a21 = [−(m′x ′
c − N ′

v̇)Y
′
v + (m′ − Y ′

v̇)N
′
v]V

/

L
/

S1

a22 = −
(

(m′x ′
c − N ′

v̇)(Y
′
r − m′)

/

S1
)

+
(

(m′ − Y ′
v̇)(N

′
r − m′x ′

c)V
/

S1
)

b11 = [(I ′zz − N ′
ṙ )Y

′
δ − (m′x ′

c − Y ′
ṙ )N

′
δ]V

2
/

S1

b21 = [−(m′x ′
c − N ′

v̇)Y
′
δ + (m′ − Y ′

v̇)N
′
δ]V

2
/

L
/

S1

S1 =
(

(I ′zz − N ′
ṙ )(m

′ − Y ′
v̇)L

)

−
(

(m′x ′
c − N ′

v̇)(m
′x ′

c − Y ′
ṙ )L

)

.

(9)

Nomoto has done an excellent simplification of the Eq.(6)

ship computational model to reduce it to second order. The

starting point of the argument is that for ships with such

large inertia, the dynamics are only important in the low

frequency range, let s = jω → 0, and use a well-known

approximation [20]:

When x → 0, there is (1−x) ≈ 1/(1+x), and the 2nd and

3rd order small quantities are ignored, thus derive the famous

Nomoto model [21]:

Gψδ(s) =
ψ

δ
=

K0

s(T0s+ 1)
, (10)

In the above equation:

K0 =
b11a21 − b21a11

a11a22 − a12a21
, (11)

T0 = −
a11 + a22

a11a22 − a12a21
−

b21

b11a21 − b21a11
. (12)

In Eq.(10), it is a linear model, but in practice, when used in

the simulation study of closed-loop control systems of ships,

the dynamic characteristics of the controlled process must be

expressed in a nonlinear model, and environmental distur-

bances caused by wind, waves and currents must also be con-

sidered. The right end of the two-degree-of-freedom equation

is added with a nonlinear hydrodynamic term, a wind term,

and a wave term. Then the dimensionless two-degree-of-

freedom nonlinear ship computational model will take the

following form [22]:

I ′(2)Ẋ(2)=P′
(2)X(2)+Q

′
(2)U+F ′

NON+F ′
WIND+F ′

WAVE , (13)

where F ′
NON ,F

′
WIND,F

′
WAVE is the force of the wind and the

current on the ship, its expression is as follows:

F ′
NON =





YNON

/

1
2
ρL3

NNON

/

1
2
ρL4



 ,

F ′
WIND =





YWIND

/

1
2
ρL3

NWIND

/

1
2
ρL4



 ,

F ′
WAVE =





YWAVE

/

1
2
ρL3

NWAVE

/

1
2
ρL4



 . (14)

where YNON ,YWIND,YWAVE andNNON ,NWIND,NWAVE are the

resultant forces of the non-linear force, wind force and wave

force in the y direction and the resultant moments around the

z axis respectively.

But we have a lot of problems with the practical applica-

tion of this computational model: In this nonlinear model,

the nonlinear hydrodynamic, wind, and wave terms are not

tested in practice and cannot be applied to unmanned ships.

At the same time, the computational model is a model for

large ships and cannot be used in small USVs. Therefore, it is

urgent to propose a ship computational model that is suitable

for a small USV. In the fourth section we have elaborated on

the improved ship computational model.

B. TRACK TRACKING

In the course of route tracking, firstly we need to make the

USV reach a specified location. The idea is setting the latitude

and longitude of the destination to the destination point, and

calculating the starting heading angle to the destination point,

which is the setting heading angle. Start straight-line driving,

collect the heading value of the nine-axis transmission on the

way, and calculate the distance between the actual ship and

the set point. If the heading deviates from the original orbit

and the distance suddenly increases, calculate the heading

value of the latitude and longitude and the destination point

measured byGPS at this moment, and then adjust accordingly

until the specified point is reached.

1) HEADING ANGLE CALCULATION

In the calculation of the heading angle, three methods are

summarized by consulting for information:

160614 VOLUME 7, 2019
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The first is the spherical sine equation. This method can

theoretically be used to calculate the heading between any

two points on the earth. However, this method uses the cosine

of the spherical sine equation and has higher requirements for

the accuracy of the system floating point [23].

The second is the plane rectangular coordinate system

method. The basic idea of this method is to convert the lon-

gitude difference and the latitude difference into the ground

distance and then use the plane geometry knowledge to solve.

Therefore, it can only be used for short-distance calculation

where the mid-latitude area is below 40km. Because the

calculation is simpler, it is relatively advantageous [24].

The third is the polar coordinate method. The method can

be used to calculate the heading between any two points on

the earth. Its idea is to put the earth in a spherical coordinate

system and adjust the starting point of the three parameters

to reduce the amount of calculations later, then convert each

point from spherical coordinates to rectangular coordinates,

and then obtain the The angle between the two sides that is

also the heading according to the theorem of plane normal

vector. Finally convert it to the degree that conforms to the

heading definition [25], [26].

In view of the above three aspects, we choose the third

method to solve the heading angle. The method is elaborated

below:

The latitude and longitude of two points A and B are

A(Aj,Aw) and B(Bj,Bw). Define three temporary variables

x, y,A before calculating:

x = sin(Bj− Aj) cos(Bw)

y= cos(Aw) sin(Bw)−sin(Aw) cos(Bw) cos(Bj− Aj), (15)

Substitute the value obtained x, y into the following

function:

A = a tan 2(x, y), (16)

The function a tan 2 is a set of methods for converting

rectangular coordinates into polar coordinates.

After getting A, take it to the next step, and the MOD

function asks for the remainder:

Beaning = MOD(A, 360). (17)

The desired Beaning is the desired heading value.

2) DISTANCE CALCULATION

The latitude and longitude of two points are known, and the

distance between two points is calculated. There are three

ways to consult through the literature [27]–[29].

Method 1: The spherical cosine equation method. The

method is theoretically applicable to the distance between

any two points on the sphere. However, because there is a

cos term in the equation, when the accuracy of the floating

point operation of the system is not high, there is a large

error in calculating the distance between two points that are

closer.

Method 2: Cartesian coordinate system method. Because

the method converts the spherical coordinates into rectangu-

lar coordinates and uses the Pythagorean theorem, it can only

be used when the two points are close together. The higher

the latitude, the narrower the range of use.

Method 3: Haversine method. This method is suitable for

calculating the distance between any two points on the sphere.

Using high school mathematics knowledge can prove that this

method is a transformation of the spherical cosine function,

because the cos term is replaced, so there is no problem of too

much concern about the calculation accuracy of the system

when calculating short distance.

In summary, we have chosen the third method to solve the

distance(d) between two points. The following describes the

method 3 in detail:

Solve d by giving A(Aj,Aw),B(Bj,Bw) and the mean

radius of the earth R which is 6371 km.

Bring known quantities into the equation:

haver sin(
d

R
) = haver sin(Bw− Aw)

+ cos(Aw) cos(Bw)haver sin(Aj− Bj), (18)

In the above equation:

haver sin(θ ) = sin2(
θ

2
) =

1 − cos(θ )

2
, (19)

The solution shows that the distance we need is:

d = 2R arctan

√

h

1 − h
. (20)

C. OVERALL COMMUNICATION

1) COMMUNICATION BETWEEN SHIP AND HOST

When the ship communicates with the host computer,

it mainly uses the ship controller board communication pro-

tocol. Its uplink data format is 8 bytes per frame, as defined

in Table 2. The downlink data format is 7 bytes per frame

which is defined as Table 3.

In the above table, the different addresses represent differ-

ent instructions, and the list of addresses and data we have

defined is shown in Table 4:

2) COMMUNICATION BETWEEN SHIPS

In the actual navigation process, we adopt point-to-point

communication in consideration of the real-time communica-

tion and packet loss problems. TheMESH structure networks

are used, and the networks are composed of a coordinator,

a router, a terminal node. It features automatic dynamic route

maintenance and can automatically find new routing paths.

If the direct signal transmission from the sub ship to the

main ship cannot be carried out during the ship’s navigation,

the node will automatically find a new path to transmit the

information to the lead ship.

3) SHIP-SHORE COMMUNICATION

The USV terminal obtains the attitude information and posi-

tion information of the ship in real time and forwards it
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TABLE 2. Uplink data format.

TABLE 3. Downlink data format.

TABLE 4. Address and data list.

to the ground control center through the B/S. The ground

control center then disseminates the information to the lead

USV through the B/S. The lead USV disseminates relevant

information to the sub USV through the zigbee module point-

to-point communication, which cooperates with the leadUSV

to perform automatic navigation after receiving the infor-

mation from the ship. In this process, the ship’s real-time

heading, speed, location and other information are transmit-

ted to the ground control center through the B/S for remote

monitoring.

IV. USV SHIP COMPUTATIONAL MODEL

Ship computational models can be simply divided into linear

computational models and nonlinear computational models.

The linear ship computational model is simple and conve-

nient to set up, but its accuracy is poor. Abkowitz’s com-

putational model of nonlinear ship motion is accurate, but

it requires 67 parameters, and these parameters depend on

ship model test or system identification technology, which

is extremely difficult [30]. Considering this comprehensively,

this paper uses the computational model of responsive non-

linear ship motion, which is actually a generalization of the

linear Nomoto model. Firstly, on the basis of the classical

Nomoto model, the effect of external factors such as wind,

wave and current on the ship (which is given by the ship’s

attitude in the actual operation process) is added. At the same

time, combined with PID algorithm, the computational model

suitable for this kind of small underactuated unmanned ship

is given. The model is explained in detail below.

A. CONSIDERING EXTERNAL FORCES

Adding nonlinearity to the ship’s motion, according to

the existing hardware conditions of our unmanned ships,

the external force is measured by the horizontal drifting ay
and the yawing wz measured by the nine-axis sensor. The

linear equation of ship computational motion is expressed in

matrix form:

[

v̇

ṙ

]

=

[

a11 a12
a21 a22

] [

v

r

]

+

[

b11
b21

]

δ +

[

c11
c21

]

, (21)
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In the above equation:

c11 = [L(Izz
′ − Nṙ

′)ay + (Yṙ
′ − m′xc

′)wz]m
′/S1

c21 = [(Nv̇
′ − m′xc

′)ay + (m′ − Yv̇
′)wz/L]m

′/S1. (22)

We eliminate the v of the above matrix and get the equation

of motion:

ψ ′′′ − (a11 + a22)ψ
′′ − (a12a21 − a11a22)ψ

′

− (a21c11 − a11c21) = b21δ
′ + (a21b11 − a11b21)δ, (23)

After the Laplace transform, the form of the transfer func-

tion is:

ψ(s)=
K (1 + T3s)

s(1 + T1s)(1 + T2s)
δ(s)+

T1T2T8

T1T2s3+(T1+T2)s2+s
,

(24)

When x → 0, there is (1− x) ≈ 1/(1+ x), and the second

and third order small quantities are ignored.

ψ =
K

s(Ts+ 1)
δ +

T6T8

T6s3 + T7s2 + s
, (25)

In the actual process, we use the heading angle to determine

the deflection value of the ship’s actual navigation rudder

angle, so we resolve the above equation to:

δ(s) =
T

K
s2ψ(s) −

1

K
sψ(s) −

T6T8(1 + Ts)

K
(

T6s2 + T7s+ 1
) , (26)

In the actual process, we need to use the time domain,

so the above equation is solved as the time domain.

δ(t) =
T

K
ψ ′′(t) −

1

K
ψ ′(t) −

T6T8

KT3
e
− 1
T3
t
, (27)

In the programming process, we use the discrete domain, and

then we solve the problem by changing the time domain to

the discrete domain:

δ =
T

K







11 − 212 +13
(

1t1+1t2
2

)2






−

1

K

(

11 −13

1t1 +1t2

)

−
T6T8

KT3
e
− 1
T3

(

1t1+1t2
2

)

, (28)

In the above equation:

1 = ψ1 − ψ2, (29)

where ψ1, ψ2 are the initial heading angle and actual mea-

sured heading angle. In the Eq.(4), the subscripts 1, 2,

and 3 respectively indicate the current heading deviation,

the heading deviation at the previous moment, and the head-

ing deviation at the previousmoment of the previousmoment.

1t1 indicates the time difference between the current time and

the previous time. 1t2indicates the time difference between

the previous time and the previous time of previous time.







































K = (b11a21 − b21a11)/(a11a22 − a12a21)

T3 = b21/(b11a21 − b21a11)

T6 = 1/(a11a22 − a12a21)

T7 = −(a11 + a22)/(a11a22 − a12a21)

T8 = a21c11 − a11c21

T = T7 − T3.

(30)

B. COMBINING WITH PID ALGORITHM

In the application of the ship computational model to the

actual process, it is found that the USV has a swaying phe-

nomenon during the advancement process, considering that

it may be due to its large adjustment coefficient. The PID

controller has been in existence for nearly 70 years, and it

has become one of the main technologies of industrial control

because of its simple structure, good stability, reliable opera-

tion and convenient adjustment [31]. When the structure and

parameters of the controlled object cannot be fully grasped,

or the precise mathematical model is not obtained, other

techniques of control theory are difficult to adopt [32], [33].

The structure and parameters of the system controller must

be determined by experience and on-site debugging. At this

time, it is most convenient to apply PID control technology.

When we do not fully understand a system and controlled

objects, or can not obtain system parameters through effective

measurement methods, it is most suitable to use PID control

technology. Then we compare the incremental pid and finally

give a ship computational model suitable for small USV.

The equation for the digital PID is [34]:

u(k) = Kpe(k) + Ki

k
∑

j=0

e(j) + Kd [e(k) − e(k − 1)]. (31)

Then the equation of the incremental PID is:

1u(k) = u(k) − u(k − 1) = Kp[e(k) − e(k − 1)]

+Kie(k) + Kd [e(k) − 2e(k − 1) + e(k − 2)]. (32)

By comparing the above discrete equations, the theory plus

external force and PID algorithm are combined to propose a

new system model for small underactuated unmanned ships:

δ =
T

K







11 − 212 +13
(

1t1+1t2
2

)2






−

1

K

(

11 −13

1t1 +1t2

)

−
T6T8

KT3
e
− 1
T3

(

1t1+1t2
2

)

+ Ki11. (33)

V. REAL SHIP VERIFICATION

A. THE EFFECT OF THE NEWLY PROPOSED SYSTEM

MODEL ON THE REAL SHIP

1) USV BASIC PARAMETERS

First, the basic parameters of the USV are shown in TABLE 5.
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TABLE 5. Address and data list.

2) CALCULATE THE ANGLE OF DEFLECTION OF THE

RUDDER ANGLE

In the above, a ship computational model suitable for a small

USV is mentioned. After re-combing, the steps of calculating

the yawing angle in the actual process of the rudder angle are:

a. First use the parameters in TABLE 5 to calculate the

dimensionless constant value of the ‘‘two’’ system.

b. Calculate 10 linear hydrodynamic derivatives.

c. Calculate the eight coefficients of the linear equation of

ship maneuvering motion.

d. Calculate the six coefficients of the last proposed ship

motion model.

e. According to the actual heading collected by the

nine-axis sensor, bring the model into the actual adjusted

rudder angle value.

3) PROBLEMS ENCOUNTERED DURING THE ACTUAL TEST

OF THE SHIP

a: DATA MUTATION

When the USV initially starts, there is a sudden change in

the data collected by the attitude sensor, resulting in a full

rudder angle around the rudder angle, the ship is heavily

surging, and the ship is unstable. Initially we considered to

eliminate this mutation by delaying a certain amount of time,

but the attitude sensor will only collect data after the actual

interruption, which makes the delay useless.

Solution: In the actual operation process, by accumulating

the number in the interruption, the propeller is not touched

in the previous accumulation, and the data collected in the

previous several times are discarded. This solves the surging

phenomenon caused by signal mutation.

b: INFLUENCE OF EXTERNAL FACTORS

When we test the suitability of the ship computational model,

we use heading control, which involves setting the initial

heading angle. The initial heading angle of the ship at the

beginning is the direction in which the ship is placed in

the lake. Because of the flow of water, the heading at each

moment will be biased. And we discard the first few states,

which will result in inaccurate initial heading.

Solution: The data is collected for the first time after

discarding, and the collected data is set to the initial value.

The test chart in the lake is shown in Fig. 4. The green line

in Fig. 5 is the heading dynamic map during the straight-line

navigation.

In the two figures, according to the corrugation of Fig. 4,

it can be seen that the ship travels in a straight line, and the

green line in the route map of Fig. 5 is the actual heading of

FIGURE 4. System model test diagram.

FIGURE 5. Straight line chart.

the ship. It can be seen from the straight line that its heading is

almost stable during the course of the ship’s heading, indicat-

ing that the proposed system model meets the experimental

requirements in practice.

4) COMPARISON OF CONTROL EFFECTS

Fig. 6 shows the control effect of the improved computational

model and the conventional Nomoto and Backstepping for

stability. It can be seen from the comparison chart that the

new ship computational model has a shorter time to return to

the initial set heading angle of 134 degrees, and the overshoot

is the smallest. It is the most stable. The red line is the effect

diagram controlled by the Backstepping method. The method

has a large overshoot, but the overall stability is better, but

the constant adjustment parameter of the method has two

values, and the parameter matching is troublesome during

debugging. The Nomoto method of the green line, because it

is linearly controlled, its oscillation is obvious and the system

is not applicable.

In Fig. 7 and Fig. 8, the actual data simulation diagrams

corresponding to the adjustment of the heading and rudder
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FIGURE 6. System control chart.

FIGURE 7. Heading angle.

angle are presented respectively during the movement of the

ship. The actual heading is 140.5 degrees and the rudder

angle 500 is positive for the rudder angle. The larger or

smaller the rudder angle value is, the larger the rudder angle

adjustment range is. By comparing the two figures, it can be

seen that when the heading angle is small, the rudder angle

value is reduced, indicating that the rudder angle is constantly

adjusted when the heading angle is deviated, so that it can

maintain the set heading.

In Fig. 8, it can be seen that the rudder angle is around

510 during the voyage. This is because the wind, wave and

current has always been effective on the ship, so the ship gives

the deflection value of the rudder angle in the current period

according to its own model to make the ship run stably.

B. IMPLEMENTATION OF THE ANALYTIC HIERARCHY

PROCESS

1) CONTROLLING THINKING

In order to highlight the situation of reaching the designated

location, we set up to make the ship start a right-angle turn

when it reaches the designated position, and then continue to

move forward to verify.

First set a clock, start the right angle turn flag to 0, the ship

follows the straight line. When it is detected that the ship

FIGURE 8. Rudder angle.

has reached the designated position, the right angle turn flag

is 1, the steering gear is full, and the ship turns. When it is

detected that the difference between the heading angle and the

set heading angle is 90◦(87◦- 93◦), the right angle turning flag

is 0, and the heading angle at this moment is set to the initial

heading angle (the setting heading angle), the unmanned boat

continues straight ahead.

2) PROBLEMS ENCOUNTERED AND SOLUTIONS

a: SOLUTION TO HEADING ANGLE DEVIATION

The heading angle is a value given by −180◦ and 180◦,

which is equivalent to a circle. If it is simply expressed by

the following equation, the value sought cannot represent the

difference of the actual angle.

1ψ = ψ1 − ψ2. (34)

where ψ1, ψ2 are the initial heading angle and actual mea-

sured heading angle.

For example, if the heading angle is set to 130◦and the

actual heading angle is−150◦, then using the above equation,

the heading deviation= 280◦, the actual difference should be

−80◦(the counterclockwise is positive)

Solution:

a. The heading deviation value is 180∼360◦, then the

actual heading deviation value needs to be subtracted by 360◦.

b. The heading deviation value is −360 ∼ −180◦, then the

actual heading deviation value needs to be added by 360◦.

c. The general situation is Eq.(34).

b: THE PROBLEM THAT MAY BE ENCOUNTERED DURING

THE VOYAGE IS THE PROBLEM OF DEVIATION FROM THE

TRACK

Solution: During the course of running, nine axes have

been collecting ship motion data, through the course value,

to observe whether or not yaw. In case of yaw, the distance

between the actual ship and the set point is calculated, and

if the distance increases, the corresponding adjustment (the

model of the call system, the rudder angle of the ship is

adjusted accordingly) is made until the designated point is

reached.
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FIGURE 9. Turn around at a certain point.

FIGURE 10. Turning heading graph.

3) ACTUAL CONTROL EFFECT

Fig. 9 is the actual chart of fixed-point turning, and Fig. 10

is the chart of turning course. From the water wave of Fig. 9,

it can be seen that the state of the ship is almost 90◦after the

start of the turn. In the green line in Fig. 10, it can be seen that

the heading is always around 135◦, indicating that the ship

has been doing a linear motion and reaching the designated

position to start the turn. After turning, the heading is stable

at - 140◦, and the difference is about 85 ◦, which means that

it has basically reached the designated position and realized

right-angle turning.

Fig. 11 is the latitude and longitude data graph. It can

be seen that we first reach a certain point and then make a

right-angle turn.

C. COMMUNICATION EXPERIMENT

1) SHIP COMMUNICATION EXPERIMENT

Considering its real-time and packet loss issues, we use

P2P communication in the communication between ships.

According to Zigbee’s automatic routing function, in the

arrangement, we placed the coordinator on the lead USV,

placed the terminal node on the sub USV, and arranged the

router nearby. This prevents the path from the lead USV

FIGURE 11. Latitude and Latitude data map graph.

FIGURE 12. Collaborative straight line forward.

FIGURE 13. Collaborative straight line forward.

to the sub USV from being destroyed, and a route can be

automatically routed so that the two USVs can continue to

communicate. The actual control effect is shown in Fig. 12.

In Fig. 12, the lead USV (left) sends a command for

straight-line navigation to the sub USV (right), and the com-

mand is received from the sub USV to cooperate with the lead

USV.

2) GROUND CONTROL CENTER AND SHIP

COMMUNICATION

In the ship and ground control center, we use the bridge and

B/S architecture to achieve remote control. The actual control

is shown in Fig. 13. Fig. 14 shows the control interface on the

webpage.

In Fig. 13, there are ships in operation in the pool at

the bottom of the left, and in the right, there is a remote

operation interface. The lead USV information is given by the
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FIGURE 14. Web control interface.

computer and then the lead USV performs the corresponding

movement.

In Fig. 14, this interface is a display interface that can

be seen at the remote end of the B/S architecture. Click

on the motion, the green box in the lower right corner will

pop up. Click on the straight line to sail, the information is

disseminate to the USV through the B/S, the lead USV is

disseminate to the corresponding command by the ZigBee,

and then the two ships work together.

VI. CONCLUSION

Facing the future ocean, aiming at the scenarios of ocean

communication networking and maritime transportation, this

paper designs an integrated Space-Air-Ground-Sea commu-

nication control system based on mobile computing technol-

ogy to solve a series of practical problems such as information

coverage at sea, searching and positioning. The small USV is

the backbone of the entire system among them. First, we use

a variety of sensors to sense the location of container and

collect ship information. Secondly, we model the system of a

small USVwith the help of the classic Nomotomodel. On this

basis, full consideration is given to the disturbance of the ship

by external factors such as the wind, wave and current in

the actual voyage. Combined with the PID control algorithm,

a computational model suitable for this type of USV is estab-

lished. In addition, zigbee point-to-point communication is

used to realize real-time communication between multiple

USV, and a basic networking structure is conducted, which is

based onmultiple USV, covered satellites, drones, underwater

sensors and other devices. Finally, we use B/S architecture to

realize the information dissemination and control instruction

decoupling, and remotely monitor the USV. The linkage with

the position information of the falling water container col-

lected by the underwater sensor is realized, and the container

search and rescue work is completed. In the future work,

we will continue to study how to send the video captured by

the unmanned ship clearly to the ground control terminal.
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