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Abstract: In this paper, we take a water quality testing Unmanned Surface Vessel (USV) as the research
object. We propose a heading keeping strategy based on Human Simulated Intelligent Control (HSIC)
algorithm and a trajectory tracking strategy under line-of-sight (LOS) algorithm. The practicality of
the proposed control strategies was verified by combining simulations and experiments. The main
contents were constructed with three parts: Firstly, we designed a complete control system of a water
quality inspection unmanned boat with Arduino microcontroller as the core processor. Secondly, we
derived the mathematical model of motion after reasonable simplification. Combined with the cycle
experiment, the mapping relation between virtual rudder angle and motor speed was established.
Then, the USV heading direction control strategy of HSIC was presented and the reliability of the
proposed strategy was verified by the course control experiment of USV. Finally, aiming at the defects
and shortcomings of the upper-level trajectory tracking LOS algorithm in practical application, we
propose the trajectory correction and precise steering control strategies, and the practicality of the
improved algorithm was verified by multi-point trajectory tracking experiments. The autonomous
fixed-point water quality testing experiment was designed and verified the effectiveness of the
proposed strategies.

Keywords: water quality testing; unmanned surface vessel (USV); HSIC algorithm; LOS algorithm;
trajectory tracking

1. Introduction

USV, a carrier for water quality testing sensors, has the ability to navigate autonomously
intelligent equipment. Compared with traditional surface transport equipment, the advan-
tages of USV are mainly to achieve unmanned control. The remote control mode of USV
operation can reduce operational risk. Intelligent surface unmanned vessels have gradually
become an important auxiliary tool for marine mapping, inland water transportation, water
quality testing and other areas of operation. However, there are many shortcomings for
USV research work. To begin, general USVs are expensive, large in size, and inconvenient
to carry out experiments. In addition, the autonomous navigation control strategy needs
to be combined with intelligent control algorithms to make the trajectory tracking control
process more accurate and task execution more efficient in order to realize the autonomous
navigation capability with lower labor cost and better control effect [1-4].

Traditional water sampling testing samples were obtained by manual operation before
doing analysis. This work can also be completed efficiently by various water quality test-
ing unmanned ship platforms and mobile unmanned ship platforms [5,6]. The detection
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method can be divided into offline detection and online detection. The representative
research work of the two was proposed by Bonastre [7] and Greenwood [8], respectively.
Scholin [9] proposed a fixed underwater testing device called environmental sample pro-
cessor in 2009, which regularly tested the water quality and sent the results to researchers
through remote wireless transmission.

In the early 21st century, the US Naval Research Institute developed USVs including
‘Owl MK’ and “UHSV’. Both of them adopted sliding appearance and water jet propulsion.
Through the optimization and improvement of the contralateral contour, the concealment
and other capabilities were improved. In addition to military, USV also plays an increasingly
important role in the civil field. Matos [10] et al. took the ‘zarco’ small twin USV as the
research object, and studied its dynamic positioning according to its own characteristics
and external interference. Breivik [11] et al. developed the ‘kaasball’ USV and tested its
mobility and agility. A team from China naval engineering university completed the actual
lake test experiment using the developed ‘sturgeon 03" USV [12].

For the motion control of USV, the realization of its function is completed by the
bottom layer of heading control and the upper layer of trajectory control, which is the
essential problem of convergence control of heading angle and position error [13-16].

The research on heading control of USV is closely related to the development of an
automatic rudder, and its performance directly determines the effectiveness of the realiza-
tion of heading keeping, heading change, and trajectory tracking. Wu [17] et al. proposed a
heading tracking strategy for vessels with unknown time-varying parameters, completely
unknown time-varying control coefficients, and unknown time-varying bounded environ-
mental disturbances. Fang [18] et al. proposed a new adaptive heading controller based on
backpropagation neural network and artificial bee colony algorithm, and the simulation
results showed that the system parameter error control under this method was within the
acceptable range. A robust localization algorithm was proposed by W Choi [19] for a USV
using Double Deep Q-Network with Action Memory. Y Qi [20] et al. studied observer-
based model predictive control. Mmi [21] et al. proposed a robust integral backstepping
and terminal cooperative controller to achieve good heading keeping performance, and
reduced the energy consumption during the USV heading keeping control. The path track-
ing control problem of USV with unmodeled dynamics, external disturbances, and input
saturation was studied by B Qiu [1] et al.

The USV trajectory tracking process is to plan the desired track to be tracked in
advance. According to the different requirements of the actual work scenarios, the designed
intelligent tracking control algorithm is combined to control the USV trajectory on the
desired route and continue to sail along the trajectory.

The LOS control algorithm is widely used in practical tracking control because of
its simple structure, no complex integration, and iterative computation in the control
process. In spite of this, the method well meets the real-time requirements, while not being
limited to the situation where the parameters of the controlled object model are difficult to
determine. Maurya [22] et al. designed an inner and outer loop control structure, which was
characterized by the decoupling of the inner and outer loops and the fact that the design of
the outer loop controller does not need to consider the dynamics model of the designed
object. Min B [23] et al. proposed a robust track keeping control strategy for vessels with
indirect nonlinear feedback in order to solve the problem that the parametric line-of-sight
guidance algorithm cannot be directly applied to practical navigation. Gonzalez-Garcia [24]
et al. combined deep neural network with the LOS algorithm to design an adaptive
controller, and simulation results showed that the controller was able to self-learn to
achieve the desired speed and yaw dynamics regulation. Lee [25] et al. designed an
autonomous navigation strategy for jellyfish removers based on the LOS algorithm, and
applied it to practical removal work.

Based on the above research, we independently designed an intelligent water quality
monitoring unmanned boat that can control the course and track the trajectory. In Section 2
we elaborate the control system of the water quality monitoring unmanned vessel, describ-
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ing in detail the modules of the upper and lower computer and the functions. In Section 3
we derive the mathematical model of the unmanned ship by reasonable simplification.
Sections 4 and 5 are the main contributions of this paper; we describe the HSIC-based
heading control strategy and the LOS-based trajectory tracking strategy, which are the main
elements of the control system design in this paper. Immediately afterwards, we conducted
several experiments to verify the effectiveness of the above two algorithms. Thereafter, the
unmanned vessel was finally used successfully in water quality testing experiments.

2. Water Quality Testing Unmanned Surface Vessel Control System
2.1. Design Selection

We used the double propeller drive whose maneuverability and flexibility of operation
can be well-controlled accurately as the drive device of the USV. As shown in Figure 1 this
paper designs and manufactures the assembled small water quality testing Unmanned
Surface Vessel experimental prototype.

Figure 1. Physical diagram of the USV.

Then the main parameters of the USV are shown in Table 1.

Table 1. Main parameters of the USV.

Parameters Numerical Size
USV Weight 4.60 kg
Draught Depth 0.06 m
Max Speed 1.80m/s
Motor Rated Speed 1500 r/min
Length 0.40m
Width 0.40m

2.2. Lower Computer Control Platform

The lower computer control platform mainly involves the software and hardware
equipment of the USV. The propulsion device of the USV is composed of two brushless
DC motors. The rotation of the motor is controlled by the pulse width conditioning signal
provided by the microcontroller.

The control system of the USV includes two parts: the hardware part takes the mi-
crocontroller as the center and is externally connected with the sensor components of
environmental sensing (positioning sensor and inertial measurement sensor) and water
quality signal acquisition. The software part consists of data analysis, heading control,
trajectory tracking algorithm, and so on.

Table 2 shows the hardware list of the USV control system, including micro control
unit, dynamic sensing unit, wireless network communication unit, and water quality
detection unit.
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Table 2. Hardware list of control system.

Function Device
Micro Control Unit Arduino Mega2560
Positioning Unit GPS
Inertial Measurement Unit JY901
Communication Unit GPRS
Water Quality Testing Unit Temperature, Turbidity, pH
Others SIM, Motor Controller

The total number of digital I/O pins of Arduino mega2560 micro control unit is
54 pins, including 15 PWM pins, 16 analog input pins, and 4 UART serial ports; it is the
motherboard and contains the main control unit. In the dynamic sensing unit, the GPS
positioning module adopts NMEAQ183 protocol, which can extract effective information
such as longitude, dimension, and ground speed through code analysis so as to obtain
the real-time position information of the USV. The inertial measurement unit JY901 can
accurately output the real-time attitude angle, angular velocity, and other information
of the USV through the solver and filtering algorithm. By using the GPRS unit, remote
wireless network communication can be realized, and control command distribution and
data upload can be completed. The SIM card is mainly used to store the identification
data of the unmanned ship. By communicating with nearby base stations, it ensures both
the mobility of the unmanned ship and the ability to quickly locate the new position of
the unmanned ship after it moves. In spite of this, the SIM card can also store temporary
commands and data issued by the upper computer. Based on the USV platform, by carrying
three kinds of water quality detection sensors (temperature sensor, turbidity sensor, and
pH sensor), the pollution degree of the water area to be tested can be roughly mastered.
In the driving unit, the motor controller is an integrated circuit that controls the motor to
work according to the set direction, speed, angle, and response time by working actively.
The motor driver is used in pairs with two motors, and the speed adjustment of the motor
is realized through the control signal output by the micro control unit.

The hardware diagram of the unmanned ship control system in this study is shown
in Figure 2, which shows the composition and function of each functional unit of the
control system.

Upper computer
control platform

"| GPRS

device | quality |  Turbidity
testing

Pawer supply PH

E GPS J¥901

‘Q

&@c\‘:ﬁ’%& Driving | . Arduino | Water Temperaiie .-.
; | mega2560 *-6\:
S

|

Figure 2. The upper computer presentation layer interface.
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2.3. Upper Computer Control Platform
2.3.1. Control Platform Functions

The upper computer server was built in China, and the link of the website is http:
/ /www.cheerstech.cn/system/ (accessed on 4 August 2022). By accessing Baidu map API
(https://api.map.baidu.com/Ibsapi/cloud/index.htm accessed on 4 August 2022), the
position display and trajectory point setting of USV can be realized.

Figure 3 shows the upper computer interface, which includes user device management
module, data display module, network remote control module, and trajectory tracking
point selection module. The main function of the network remote control module is to
realize the backward and forward sailing movements of the USV so as to facilitate the
recovery of the USV and other work.
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Figure 3. The upper computer interfaces.

The trajectory tracking point selection module mainly selects a series of target points
in the actual open water through Baidu map interface, and the front and back points are
connected into line segments in turn to form the desired track, and sends the information
to the microcontroller through GPRS for temporary storage pending further processing.

2.3.2. Parameter Configuration

Before the remote network communication, the upper computer needs to be configured
with relevant parameters. The initial configuration options on the server side of the upper
computer include parameters such as IP address, port number, connection type, baud rate,
device ID, etc. The detailed configuration information is shown in Table 3.

Table 3. Server configuration parameters.

Options Configuration Parameters
Server IP Address 39.105.116.226
Port Number 40002
Connection Type TCP Long Connections
Baud Rate 115200
Device ID 20215
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When the water quality testing Unmanned Surface Vessel is in motion control, its
position, attitude, and other details need to be sent to the upper computer for display
and record keeping in accordance with the custom field format in order to detect the
motion status of the USV and water quality testing in real time. In the built-in code
of microcontroller, the data are continuously sent through GPRS cycle according to the
set format.

3. Mathematical Model of Unmanned Surface Vessel
3.1. Mathematical Model of Motion

For the spatial motion state of the USV, the geodetic coordinate system {E} : O — XgYrZg
and the hull coordinate system {B} : Op — XpYpZp can be combined to describe the spatial
motion state of the USV. In Figure 4a, the geodesic coordinate system is commonly used to
describe the position and attitude of an unmanned ship. The hull coordinate system was
adopted to describe the relative motion of the unmanned ship to the water body.

\ 4

(b)

Figure 4. (a) Space motion coordinate system; (b) simplified coordinate system for plane motion.

In the coordinate system {E}, 771 = [x,y, z)" and i, = [¢,6,9]" are defined as the
position vector and attitude vector of the unmanned ship, where x, y, and z denote trans-
verse, longitudinal, and vertical displacements, respectively. Moreover, ¢, 8 and ¢ de-
note the heel angle, trim angle, and heading angle, respectively. Thus, the generalized
displacement of the unmanned ship in the coordinate system {E} can be expressed as
1=l =[xy, 609"

In the coordinate system { B}, v; = [u, v, w] Tando, = [p,q,7]" represent the linear and
angular velocity vectors of the unmanned ship, respectively. According to the definition,
u, v, and w denote forward, traverse, and droop speeds, respectively. Moreover, p, g,
and r denote the horizontal, vertical, and bow angular speeds, respectively. Thus, the
generalized velocity of the unmanned ship in the coordinate system {B} can be expressed
as v = [v1, )" = [u,0,w,p,q,7]". In the actual motion, the motion in six degrees of
freedom in space can be reduced to the motion in three degrees of freedom in the horizontal
plane because the motion in the drape, transverse, and longitudinal rocking directions
has less influence on the unmanned ship. Under this circumstance, 7 = [x,y, tp]T and
v=[u,v,7] T Figure 4b shows the top view of the simplified motion coordinate system of
the unmanned ship in the horizontal plane.

Considering that the appearance of the USV designed in this paper is a circular ring
structure, which can be approximately regarded as a completely symmetrical structure,
it can simplify the motion mathematical model to a great extent, reduce the difficulty of
modeling, and lay a foundation for subsequent research.

To simplify the analysis, the following four assumptions are considered to obtain the
horizontal plane mathematical model of USV.

1. The hull is symmetrical from left to right and from front to back, I,y = I;; = I. = 0;
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2. The coordinate origin Oy, of the hull coordinate system {B} coincides with the center
of gravity with x¢ =y, = zo = 0;

3. Considering only the motion of the horizontal plane of the vessel load and
ignoring the effect of transverse, longitudinal, and bow rocking motion, we set
w=p=g=z=¢=0=0;

4. The influence of model uncertainty and external disturbance can be ignored.

It can be obtained as follows:

=] v
{ Mo+ C(v)v+ D(v)v =T 1

where J(17) denotes the transformation matrix, M is a symmetric positive definite matrix,
for a rigid body moving in a fluid the centripetal force matrix C(v) has skew-symmetric
properties, the damping matrix D(v) is asymmetric and positive definite, T = [F,,0, T;]"
denotes the system control input, and F,, and T, are the longitudinal force and steering
moment, respectively.

According to the vessel motion knowledge, when the shape of the USV is symmetrical,
the change in the longitudinal motion speed of the USV does not cause the transverse force
and rotation torque, and Y;, = N, = 0 is obtained. The change in X caused by the change in
v and r is symmetrically distributed, that is X is the even function of v and r, which satisfies
Xy = Xy = 0. Similarly, when the USV is symmetrical, X, = N, =0and Y, =Y, =0

are satisfied.
cosp —siny 0

J(n) = |siny cosyp O ()
0 0 1
m—X, 0 0
M= 0 m—7Y, 0 (©)]
0 0 L, —N,
0 0 —mo + Y, v
C(v) = 0 0 mu — X, u 4)
mv—Y,v —mu+ X, u 0
Xy 0 0
D)=-]0 Y, 0 ©)
0 0 N

Then we perform the following analysis. X, represents the hydrodynamic change in
X direction caused by changing the longitudinal velocity u by a unit value when r = 0 and
v = const are established. Y; represents the hydrodynamic change in Y direction caused by
changing the transverse velocity v by a unit value when r = 0 and u = const are established.
Combined with the circular ring structure of USV designed in this paper, it can be seen that
X, is equivalent to Y3, and their derivatives are consistent, with X, = Y.

The final collation leads to the mathematical model of the motion of USV on the
horizontal plane as:

X =ucosP —vsiny
Yy =usiny 4+ vcosp
p=r
U =uor— nfl“]yu + "fill ©)
U= —ur— "T;]ZTU
. Nr r
"= iy’ T g

where myy = m — X;, myy = m —Y;, m33 = I, — N,. x, y, z denote transverse, longitudinal,
and vertical displacements, respectively.
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3.2. Mathematical Model of Propulsion

Unlike traditional surface vessels that rely on steering by steering rudder, the propul-
sion power source of the USV designed in this paper is provided by two symmetrically
installed propeller thrusters at its stern, and the steering is controlled by the speed differ-
ence between the two motors, so it is necessary to analyze these two speed parameters and
the thrust and torque they generate, and establish a mathematical model between them, as
well as to facilitate subsequent research.

The schematic diagram of a USV under the propulsion of two propeller thrusters is
shown in Figure 5. In practice, the two propellers generate two parallel thrusts F,;; and Fy,
respectively, and adjust the rotational speed 7 to generate the driving force F, and steering
torque T. Thus, the calculation formula of thrust (F,;, F,,) of single propeller is [26]:

Fy = Fy + Fur = pni Dy f1 + pn7 Dy fy @)

where p is the water density; n; and 1, denote the speed magnitude of the left and right
propulsion motors of the USV, respectively; D, is the propeller diameter; f; is the thrust
coefficient. The torque can be calculated as:

T, = pni Dy f2 — pn; Dy fo ®)

where f, denotes the torque coefficient. For the motion control of the USV designed in
this paper, the control objects are thrust magnitude and rudder angle, both of which can
be related to the rotational speed of the left and right propulsion motors installed at the
stern of the USV, the speed of navigation is positively related to the rotational speed of the
motors, and the steering is equally positively related to the difference in rotational speed of
the motors. The equation of the relation vessel between the virtual rudder angle and the
left and right motor rotational speed is:

n —n
o= L

kfsmax (9)

O » X
Figure 5. Schematic diagram of USV propulsion system.

In the above equation, the value of the proportionality coefficient k can be determined
by simulation and actual experiment; dmay is the artificially set rudder angle adjustment
boundary value, take dmax = 20°. The above equation involves two motor speeds, for
the purpose of algorithm design and implementation a reference speed n* is defined, the
control amount in the control system is reduced to control An alone, and the left and right
motor speeds can be described as:

n=n*+An
{ ny =n*FAn (10)
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Thus, ¢ can be further calculated as:

2An

0= ———
n* 4+ An

kdmax (11)
where An represents the adjustment speed of the left and right motors increased or de-
creased on the basis of the base speed n*, with An = 0 represents the direct motion of
the USV. The purpose of designing the absolute value |An| of the change in speed of the
left and right motors is that one can reduce the control volume, and the other is that the
steering is simulated when the steering is controlled, and when the absolute value of the
change in speed of the two motors is the same, the steering can be ensured to be smoother.

3.3. Morporation of Virtual Rudder Angle and Speed

After establishing the mathematical model of the motion of the USV and the design and
selection of the propulsion system, this subsection obtains the relevant parameters through
a series of cycle experiments of the USV on this basis, and obtains the mapping table
between the virtual rudder angle and the left and right motor speed n; and n,, respectively,
by combining the rudder angle simulation experiments and the actual experiments, the
specific data are shown in Table 4.

Table 4. Mapping table between virtual rudder angle and speed n; and n,.

Virtual Simulated

Simulated ny—n, Actual Cycle Actual
Rudder Cycle Speed (m/s) (r/min) Radius (m) Speed (m/s)
Angle (°) Radius (m) P P
5 2.16 0.69 975-900 2.23 0.71
10 1.88 0.81 1065-900 1.88 0.81
15 1.42 0.82 1170-900 1.46 0.88
20 1.06 0.93 1290-900 1.13 0.90
-5 2.64 1.27 1170-1320 2.68 1.29
—-10 2.15 1.16 1065-1320 2.19 1.17
—15 1.76 1.15 975-1320 1.87 1.05
-20 1.26 1.04 930-1320 1.25 0.98

It can be seen from Table 4 that with the change in virtual rudder angle or motor
speed, the change in cycle radius and speed presents a certain linear law. After simple
fitting of tabular data, the following two laws can be obtained: When the actual speed is
less than or equal to 0.98 m/s, it meets the requirements 6 = kq(1 — Z—;)(Smax, ki1 =~ 3.31,
Omax = 20. When the actual speed is greater than 0.98 m/s, it meets the requirements
o= kz(l — %)5max/ kz ~ 1.98.

4. Heading Control and Trajectory Tracking Algorithms
4.1. Heading Control Based on HSIC Algorithm
4.1.1. HSIC Algorithm Improvement

The HSIC algorithm generates a simple and practical control effect with online ad-
justment function by summarizing and recording certain actual human behavior, control
experience, and various intuition-based logical reasoning.

The basic form of the algorithm is [27]:

u:{ uo(n,l)—'i—kpe,(e.~é>0Ue:0r\é7é0) (12)
Uy, (e-e <0Ue =0)

where u is the control output of the controlled system, and 14,1 and 19, denote the n —
1th and nth hold values of the control system output, respectively. kpe is the proportional
control module, k is the suppression factor (0 < k < 1), k, is the proportionality factor, e
and e are the deviation and derivative generated by the system, respectively.
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Modifying the proportional control module in the HSIC algorithm to a PID control
module, the improved HSIC control algorithm is:

Up(n—1) +k [kpAe + kje + kgA2e]
u=1< (e-Ae>0Ue=0NAe#0) (13)
Upy, (e-Ae <0UAe =0)

where Au = kpAe + kie + kgA%e can be understood as the system control output increment
after PID control module discretization through the processing of this design method
to avoid the defects of traditional PID deviation accumulation. When the control state
occurs abnormal changes can output normal values, A%e(k) = e(k) — 2e(k — 1) +e(k — 2).
k indicates the inhibition or gain coefficient, whose value is determined by the actual
navigation state.

4.1.2. Control Level Design

Combined with the actual navigation control mode of the designed USV, the dynamic
characteristics of HSIC are divided into multiple regions in the e — Ae error phase plane,
while regions with the same properties are grouped together to establish five dynamic
characteristics control modes, as shown in Figure 6.

Ae A
ay , W, a,
Ae
o,
_el _eZ \F (z)] P ez el
L e
> /
—Ae, 3 / Ji(eAe)
\ /
L p
[ (O3 , ay

Figure 6. Phase plane diagram of HSIC.

The dashed line with arrows in the figure indicates the target track f;(e, Ae) with ideal
deviation of the track for the five characteristic patterns in the figure. According to the
actual navigation situation the following analysis can be performed.

1. Feature mode ws: |e| > e;. Which reflects that the actual heading angle of the USV
deviates greatly from the target heading. The difference in the sign of deviation e
between quadrant one and four and quadrant two and three in the figure reflects the
left or right deviation in the actual heading. At this time, in order to track the target
heading as soon as possible, it is necessary to execute the maximum position of the
rudder command (control the maximum speed difference between the left and right
motors) in order to control the USV to perform a larger steering action;

2. Feature mode wy: - Ae < 0. The deviation e and Ae are both in a wide range. Ae
makes |e| have a decreasing trend, and the PID control module is multiplied by the
suppression factor k» (0 < kp < 1) to ensure the e and the Ae to decrease further;

3. Feature mode wj3: e - Ae > 0. Both e and Ae are in a large state, and the Ae makes the
le| change in the direction of increasing. A stronger PID regulation control is needed
to achieve rapid convergence of deviation, so the gain factor k3 (ks > 1) is multiplied
by the output of the original PID control module;

4. Feature mode wy: |e| < ey, |Ae| < Aej. e and Ae are small, and the PID control module
is used to update the system output by continuously calculating the increment of
the deviation;



J. Mar. Sci. Eng. 2022, 10, 1252

11 of 26

5.  Feature mode ws: |e| < ¢, |Ae| < € (¢ is a very small positive number). ¢ and Ae are
very small, and at this time can be considered to have completed the tracking, the
system control output remains unchanged. The output of the next moment and the
current output value is the same, reflected in the motor by the consistent interval
moment motor speed, maintaining the current heading state.

Based on the above five eigenmodes, combined with the improved HSIC control
algorithm, the set of eigenmodes is given as @ = {w1, wy, w3, W4, ws}.

The control model set ¥ corresponding to the above five characteristic modes is
defined as ¥ = {w1, w», w3, wy, ws}. The five control modes formed within the modal set
are designed as:

Py s u(k) = sgn(e) - Umax (14)

Py s u(k) = u(k —1) + k [kpAe(k) + kie(k) + deie(k)] (15)
3 u(k) = u(k —1) + ks [kpAe(k) + kie(k) + kaA%e(k)]

Yutu(k) = u(k = 1)+ [kpBe(k) + kie(k) + kad2e(k)] (16)

s - (k) = u(k — 1) )

s u(k) =u(k—1) (18)

where u(k) and u(k — 1) are the control outputs (i.e., left and right motor speeds) of the
system at the kth and k 4 1th sampling moments, respectively. #max = 20° is the maximum
steering rudder angle value (corresponding left and right motor speed values can be
obtained from the rudder angle and speed mapping in Table 4), and e(k) = (k) — (k) is
the control input of the system, which means the deviation of the heading angle at the kth
sampling moment, and Ae(k) = e(k) — e(k — 1) reflects the change in the deviation before
and after the sampling moment, which is equivalent to e (which is the angular velocity of
the heading measured by the attitude sensor). (k) and (k) are the target heading and
the actual heading at the kth sampling moment, respectively.

4.1.3. Control Parameters

The excellent PID control parameters in different control states in the early stage were
recorded and sorted into a control parameter table. In the control process, the HSIC control
algorithm, by constantly judging the control deviation and its change trend, selects the
corresponding control mode and a group of appropriate parameters for motion control in
combination with the previous control parameter table.

According to the experimental data in Table 4, the relation vessel between the system
output quantity (rudder angle) and the USV state condition (heading angle) can be obtained.
In the actual experiment, the deviation and deviation change quantity threshold values are
set as e; = ep = 4°, Ae; = 4 rad/s, the inhibition coefficient is taken as k, = 0.65, and the
gain coefficient is taken as k3 = 1.35. The PID comparison simulation test was designed
and the effectiveness of the improved algorithm was verified by the simulation results.
Table 5 shows the table of control parameters recorded during the preliminary experiments,
which lays the basic data for the control implementation of the improved algorithm.

Table 5. The record table of control parameters.

Virtual Rudder Angle n;—n, (r/min) ky k; kg
5 975-900 75 15 0.2

10 1065-900 125 15 0.3

15 1170-900 150 15 0.5

20 1290-900 180 15 0.7

-5 1170-1320 75 15 0.2

—10 1065-1320 125 15 0.3

—15 975-1320 150 15 0.5

—-20 930-1320 180 15 0.7
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In order to achieve better control effect and accuracy in the actual control process, it
is necessary to numerically adjust the control parameters ky, k;, and k,; in the PID control

method based on the USV model. After several experiments, a better set of parameters
ky = 105, k; = 15, and k; = 0.3 was selected to control the heading at 45°, 90°, and 135°

N.E. The simulation comparison experiments were conducted under the unit step signal as
the input response, and the initial heading was set at 135° N.E. The simulation results are

shown in Figures 7-9.
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Figure 7. The 45° heading simulation comparison chart.
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From Figure 7 to Figure 9, it can be seen that the HSIC control algorithm has faster
response speed, smaller overshoot, and shorter time required to track the upper target
heading, while the tracking under the traditional PID control method produces a larger
error and tracking effect which is not as good as the control algorithm designed in this
paper. Despite this, the deviation convergence control capability of HSIC control algorithm
was initially verified through the heading control comparison simulation test, which has
certain significance for the bottom heading motion control of USV, and can better execute
the bottom control command, and then lay the bottom foundation for the subsequent upper
trajectory tracking control.

Figure 10 shows the flow chart of HSIC control algorithm execution. The algorithm
execution process starts from the serial data reception and sensor data reading, which
includes the measured heading angle 1, the target heading angle ¢;, and the measured
heading angular velocity r, that is, the deviation change amount Ae, é, and Aé are the
human-set deviation and deviation change amount threshold values, respectively, and
the suitable threshold value Ae = é = Aé was selected through the actual heading control
experiment. By comparing the deviation and the deviation change with the set threshold,
the USV was controlled to perform the navigation modes of left turn, right turn, and
heading hold to achieve more efficient heading tracking.

Serial data reception

Sensor data reading
(w,.p.r)

Data
Emptying

Dara
Emptying

Execute left turn
command(HSIC

arameter adjustment)

Execute right turn
command(HSIC
arameter adjustment)

Heading hold

control

Heading hold
control

Figure 10. HSIC algorithm flow chart (Y: Yes, N: No).

4.2. Trajectory Tracking Control Based on LOS Algorithm

The main function of the line-of-sight (LOS) guidance algorithm is to generate the
desired heading angle ;s according to the position and heading error between the actual
position and the target point, and then the USV adjusts the left and right motor speed to
change its heading ¢, and continuously adjusts to make the error between it and the desired
heading angle ;5 reach the allowable range [28]. The process of controlling the motor
speed to realize the constant convergence of the heading error needs an implementation
strategy. The designed HSIC control strategy is used to realize the upper-level heading
tracking by means of the bottom-level control, which is combined with the upper-level
trajectory tracking control strategy to finally realize its automatic control strategy for
trajectory tracking in line with the actual application.
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4.2.1. Track Correction

The trajectory correction diagram of USV is shown in Figure 11. When the deviation
ex between the actual position P of the USV and the track P; P, to be tracked is larger than
the line-of-sight radius in the LOS algorithm, the line-of-sight point ceases to exist, thus
introducing a fast deviation correction strategy to adjust the rudder angle to control the
heading, and then switching to the LOS control mode when the deviation of the track is
smaller than the line-of-sight radius.

Figure 11. Fast correction strategy.

The current heading angle of the USV in the figure is i, the speed is vy, the sampling
interval of the sensor is set to At, the sampling moment is at the moment k. Assume that
after the next sampling interval k + 1, the position of the USV is updated to P/, the deviation
is updated to e;1 1. In order to quickly adjust its heading, if the steering rudder angle is
adjusted at the moment k so that the heading changes A, then the position at the next
sampling interval is P”, and the deviation is ey 5. According to the geometric relation
vessel, it is known that:

ek — exy1 = VKAt - sin(ag — ¢) (19)
ex — ex2 = URAt - sin(ag — P + AY) (20)

When 6 — 0, there is sinf — 0. Then we would have:

ex — exr1 = Ukt - (g — Px) (21)
ek — €2 = VKAt - (ap — P + Ap) (22)
It is known that: A
€k+1 — Ck42 Cr+1
A = = 23
ll] ZJkAt 'UkAt ( )

In this equation, Aej 1 can be interpreted as the predicted value of the deviation of
the track at the next sampling moment, which is positively correlated with the change in
heading angle Ay. Therefore, the change in heading can be predicted based on the deviation
value, so that the heading can be adjusted to gradually follow the target track. The next step is
to establish the relation vessel between the rudder angle 6 and Equation (23).

From the first order linear Nomoto model, it follows that:

Ti+r =Ko (24)
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where K and T denote the slewability index and rudder index, respectively, and the special
solution of Equation (24) in one sampling period is:

At

r:K&(l—e_T) (25)

At the same time, it can be seen that:

Ay Aegiq
=—"1= 26
"TOA T g (26)
It can be solved simultaneously:
A
St = kil 27)

KopAf2 (1 - e*%)

Thus, the target rudder angle J;. 1 for control is finally derived, and the corresponding
steering rudder angle value is then output using the prediction of the amount of change in
the trajectory deviation at the next sampling moment to realize the correction process. In
the experiment, the target rudder angle E is obtained by taking K = 0.4, T = 0.8, and the
sampling interval At = 1s. Combining the rudder angle ;1 and speed mapping table in
Table 4, the control speed of the left and right motors can be obtained at the next moment,
thus gradually reducing the deviation, and completing the correction of deviation.

4.2.2. Steering Control

The trajectory tracking process based on the LOS algorithm is generally composed of
straight line segments to be tracked, and because there is a discontinuous first-order deriva-
tive at the intersection of straight line segments, it leads to a degradation of maneuvering
performance when the USV passes through this steering point. Moreover, if a transition is
achieved by introducing circular arcs between adjacent straight line segments, the steering
maneuverability is improved [29]. However, this treatment results in setting the track point
which does not pass through the intersection of straight line segments, and this method is
inadequate when encountering close maneuvers and requiring more accurate trajectory
tracking (e.g., obstacle avoidance requirements, etc.). The next step is to design a control
strategy for precise steering and passing through the steering point during the steering
process by studying the straight line segment and the arc connection.

Figure 12 shows the schematic diagram of steering arc connection, and Figure 12b
improves the circular arc segment based on Figure 12a, so that the steering track passes
through the intermediate track point, which can improve the accuracy of trajectory tracking.
Suppose Py (k =1,2,3,...) denotes a series of preset target points while a reasonable radius
of steering arc R = Rg(k =1,2,3,...) is set, and R = 2m is taken in the experiment, and
the center of circle Ox(k = 1,2,3,...) is on the angle parallels of two adjacent straight line
segments. For the relative positions of the circle centers in Figure 12b, there are:

P 10, = LP C 28
k+10k = oo e G (28)
| Pes1Cic|
P = PP MP P, 2
k+1Ck = Py P+ kPrr2 (29)
| P Prso|
|PcPes1| | P Cr| (30)

|Pei1Pesal  |PePeso] — [PeCi
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(‘k k+2
(a) (b)
Figure 12. Steering arc connection. (a) Before improvement. (b) After improvement.

In order to further analyze the steering tracking problem, we set P; ~ P4 four track
points and control the USV to track them in turn. Meanwhile, according to the difference
of the track point position, the circular arc section track can be divided into two cases of
clockwise steering and counterclockwise steering. At this time, the track control problem
is transformed into the solution of the tangent point of each linear segment T; and the
rotation angle 6; of the circular arc segment. After the tangent point and the rotation angle
are determined, the precise steering control of the USV can be realized by combining the
set steering radius, as shown in Figures 13 and 14 for the relation vessel between clockwise
steering and counterclockwise steering of the circular arc segment, respectively.

Figure 14. Counterclockwise turning circular segment.
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The cis-reverse steering relation vessel of the circular segment can be expressed as:

ppe— —
CAl' = sgn PiPi+l X Pi+1Pi+2

(31)
= sgn(|PiPiy1]-|Piga Pigo|-sin(7:)) (i = 1,2)
where 1; denotes the rotation angle of two adjacent linear segments, CA; = 1 denotes
clockwise steering, CA; = —1 denotes counterclockwise steering, and the rotation angle «;
of the circular arc segment can be expressed as:
a;=xi+pi(i=1,23) (32)
At the same time: R
= —CA; - arcsin ! > 33
1 1 < 0| (33)
. arcsin ( BtR2 .
gy { Ch arcsin (1554 ), CA1 - CA1 < 0 ”
0,CA;1-CA1 >0
. R3
=CAy- 35
B3 D) arcsm(P402|> (35)
9] = DC]'+1 — Déj, (] = 1,2) (36)

Thus, after solving for the tangent point and the starting point of the line and the
circular arc segment, it follows that:

— 2 p2
PIT, = Riay) - | VAOTH 37)
— —
O]'sz = R(9]> : OjTijll (] = 1,2) (38)
— 2 2
ToTs = R(a) - V0103 O(Rl +Ry) (39)
where R(x)(x = &, 0;, x2), it can be expressed as:
[ cos(x)  sin(x)
R(x) = [— sin(x) cos(x)} (40)

5. Experiments and Discussions
5.1. Heading Control Experiment

This subsection combines the USV designed in this paper to conduct experiments
in actual waters with set heading keeping (145° N.E.) to verify the practicality and ef-
fectiveness of HSIC control algorithm. The experiment in the actual water was carried
out as follows; Firstly, two points were selected through the upper computer wireless
network control platform, i.e., the starting point S and the ending point E. A straight line
was automatically connected between the two points, and the upper computer platform
sent the latitude and longitude information of the two points to the USV, and then the
USV was remotely controlled to navigate to the waters attached to the starting position
through the network remote control mode, and then entered the automatic navigation
mode. The initial heading of the USV deviated from the desired heading, and as the internal
microcontroller continuously makes logical judgments on the deviation and the amount of
deviation change by using the collected heading angle data, the USV gradually adjusted
its heading angle and its own attitude, and effectively tracked the set target heading. Its
tracking process maintains the approximate linear motion within the set heading deviation
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of +4°, advances continuously, and tracks to the end position E annex waters, completing
the heading tracking control experiment.

Figure 15 represents the graph of the experimental data of heading control based on
HSIC algorithm, in which the horizontal coordinate is longitude, the vertical coordinate is
latitude, and the blue line indicates the latitude and longitude coordinates collected in real
time during the course of USV heading tracking.

Heading control trajectory chart
30.60965 T T T T T T T

——(xy)

30.6096
30.60055 -
30.6095 -

% 30.60945 F

d

30.6094

Latitu

30.60935 -

30.6093 -

30.60925

30,6002 1 1 I I 1 1 I
114.3543  114.35432 114.35434 114.35436 114.35438 114.3544 114.35442 114.35444 114.35446

Longitude/*

Figure 15. The experiment of heading control based on HSIC algorithm.

Figure 16 represents the graph of heading angle change. The experimental data of
heading control show that the USV sails the whole length of about 33.35m, and its heading
angle error is kept within £4° when the heading is stable. From Figure 15, it can be seen that
the USV has a large deviation of heading at the beginning, and after the regulating effect
of HSIC control algorithm, its heading gradually tracks on the set heading and keeps on,
because there is no tracking control of the track distance in this process, so when the USV’s
heading tracks on the target heading, the vertical error of its track and the line connecting
the set starting point and end point cannot be eliminated; this problem is studied and
solved in the next section. Figure 17 shows the actual navigation of the unmanned ship
executing the command of 145° N.E. Figure 17a represents the start of the heading tracking
phase. Figure 17b,c represent the two different phases of heading control, respectively.

145° heading angle change
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Figure 16. Changes in heading angle.
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(b)

Figure 17. The 145° N.E. heading control experiment. (a) Phase 1; (b) Phase 2; (c) Phase 3.

5.2. Multi-Point Trajectory Tracking Experiment

Combined with the improvement of the LOS algorithm control strategy in the above
subsections, this section aims to design a set of LOS-based trajectory tracking algorithm
control logic to facilitate the subsequent experimental validation work.

The design flow of the trajectory tracking program is shown in Figure 18, and the
corresponding microcontroller control program was designed relying on this flow so as to
realize the trajectory tracking experiment.

System initialization
Serial data reception
and parsing

Number of track poinfs End of trail
n=0 tracking
Y
] : N
<>

X

Execution of
corrective controls
; N
‘
Y
Perform steering
control

Remaining trajectory
points minus one
n=n-1

Calculate the
vertical distance to
the track

Execution of|
LOS control
algorithm

Calculate the distance to
the track point to be
tracked

Figure 18. Flowchart of trajectory tracking program design (Y: Yes, N: No).

To verify the practicality and effectiveness of the proposed tracking algorithm, it
was compared with the traditional LOS algorithm before improvement to design the
autonomous tracking experiments of USVs, and the collected experimental data were
analyzed and compared.

5.2.1. Refractive Line Tracking Experiment

For the bending trajectory tracking experiment, firstly, three trajectory points were
set in the remote network control platform, and the points were connected to each other
to form the target trajectory to be tracked, and then the USV was controlled to sail to the
first point attachment first, and then the control platform issued the autonomous tracking
navigation command to control the USV to pass the second and third points in turn to
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complete the trajectory tracking experiment. The advantages of the improved algorithm
were verified by the experimental results.

Figure 19 shows the trace tracking control before the algorithm improvement, includ-
ing the position tracking graph and error analysis graph, combined with the experimental
data results can be seen: the full length of 113.2 m, the maximum error reached 3.4 m, and
the average tracking error is 2.24 m. Figure 20 shows the tracking experimental results after
the algorithm improvement. The maximum error is 2.45 m and the average tracking error
is 1.31 m after the tracking experiment by the improved algorithm. The average tracking
error is 1.31 m, and the tracking effect is better.
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Figure 19. Experiment of bending trajectory tracking before improvement. (a) Folded trajectory;
(b) track tracking error.
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Figure 20. Improved bending trajectory tracking experiment. (a) Folded trajectory; (b) track
tracking error.

5.2.2. Triangle Tracking Experiment

The design process of the triangle trajectory tracking experiment is consistent with the
folded line. The remote control platform sends the point information set in advance to the
USV, which executes the automatic trajectory tracking control mode and follows the sent
points in turn to complete the triangle trajectory tracking experiment.

Figures 21 and 22 are the experimental data obtained before and after the improvement
of the algorithm. The analysis of the experimental results shows that the total length of the
track is 120.4 m, the maximum error in the experimental results before the improvement of
the algorithm is 3.8 m, and the average error is 2.62 m. The maximum error of the improved

algorithm is 2.7 m, and the average error is 1.53 m. The improved algorithm has higher
control accuracy.
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Figure 21. Triangular trajectory tracking experiment before improvement. (a) Triangular trajectory;

(b) track tracking error.
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Figure 22. Improved triangular trajectory tracking experiment. (a) Triangular trajectory; (b) track
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tracking error.

5.2.3. Quaderilateral Tracking Experiment

The trajectory tracking effect and error before the algorithm improvement are shown
in Figure 23. The maximum error reaches 4.8 m and the average error is 2.35 m. The control
effect of the improved algorithm is shown in Figure 24, from which it can be seen that the
maximum error reaches 2.40 m and the average error 1.89 m, and the improved algorithm

trajectory control effect is more excellent.
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Figure 23. Experiment on tracking quadrilateral trajectory. (a) Triangular trajectory; (b) track

tracking error.
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Figure 24. Improved quadrilateral trajectory tracking experiment. (a) Triangular trajectory; (b) track

tracking error.

5.3. Water Quality Test
With the help of the remote wireless network control platform and built-in trajectory

tracking control algorithm, the unmanned boat with autonomous navigation capability
for water quality testing, can effectively reduce the cost of manual testing and reduce the
technical threshold of the operator. When the data measured by the sensors is in a stable
state, the water temperature, turbidity, and pH data measured at this time are considered
as the effective data of the track point.

In this paper, a pool was used as a water quality testing object scenario, while the
upper platform preset eleven track points. Figure 25 shows the detection of track points
which are tracked latitude and longitude sent down to the USV and which control the USV
on these points in order of number tracking, tracking on the track points after the sensor in
the case of stable readings to collect the point of water quality data in real time. Through
the analysis of the water quality data stored in the background of the upper computer, a
preliminary understanding of the distribution of water quality changes in the pool can

be obtained.
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@ 114.366599°
30.613272°

Figure 25. Experimental water detection route.
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Two valid data were extracted near the set track point to reflect the water quality
around the point. The measured data were analyzed to obtain the linear distribution of wa-
ter temperature, turbidity, and pH. Figures 26-28 show the detection of water temperature,
turbidity, and pH, respectively. So the initial task of water quality spot detection of the pool
was completed. In this process, the use of the designed USV platform equipped with a
water quality testing module combined with remote wireless network control platform, and
USV built-in control algorithm finally realized automatic water quality testing. Through
the analysis of the data measured at the spot, we can roughly know the water quality
distribution of the pool within the vicinity of the set track. It is of a certain value for the

practical applications such as aquaculture and water conservancy inspection.
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Figure 26. Water temperature detection.
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Figure 27. Turbidity detection.
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5.4. Summary

Firstly, the traditional line-of-sight (LOS) guidance algorithm was introduced and its
implementation principle was analyzed in conjunction with the USV trajectory tracking
control requirements. Combined with the large deviation and steering problems in the
actual situation of trajectory tracking, the track correction strategy and precise steering
control strategy were proposed, respectively. By comparing the size of the corresponding
track error before and after the algorithm improvement, the proposed improved algorithm
was verified to have better trajectory tracking control. Finally, with the water quality
testing hardware response characteristics and the test pool, which set a series of track
points and fixed-point water quality testing, we achieved the autonomous water quality
testing function.

6. Conclusions
The main work of this paper is as follows:

1.  The intelligent control system of the USV was designed from the perspective of
low cost and small volume, which provides perfect experimental conditions for
the subsequent experiments of remote manipulation and autonomous navigation
motion control;

2. In this paper, a mathematical model of the simplified planar motion of the unmanned
ship was established to lay the foundation for the subsequent research. We combined
the symmetrical two-motor structure of the unmanned ship and its type to estab-
lish a mathematical model of the motion of the two thrusters. Through simulation
experiments, combined with the actual steering control, we derived the mapping
relationship between rudder angle and motor speed;

3. For the underlying motion control, the HSIC humanoid intelligent motion control
strategy was introduced and compared with the PID control method for simulation,
and the simulation verified the stability and feasibility of the algorithm;

4. Inview of the large deviation and steering problems of the line-of-sight (LOS) algo-
rithm, the trajectory correction and precise steering control strategy was proposed,
and the improved algorithm trajectory tracking accuracy and control practicality were
verified by the designed and completed multi-point trajectory tracking experiments,
and the autonomous water quality fixed-point detection function was realized.

There are also some shortcomings in this paper., such as the control system information
acquisition and transmission mode are single, and the actual control process may have
unstable transmission. There is a need to strengthen the sensor multi-data fusion and
multi-redundancy communication design in the future. At the same time, for the trajectory
tracking control algorithm design, there is no interaction with the water environment (such
as autonomous collision avoidance, etc.), which will be studied in the next step.
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