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Abstract. The unmanned surface vehicle (USV) system has the characteristics
of large inertia, long time delay and under-actuated, the traditional linear control
method is not robust enough to achieve course control. Therefore, a course con-
troller of USV has been proposed based upon the fuzzy control theory in this paper.
On this basis, the mathematical model of USV has been established and the model
parameter has also been identified by least-square method in different speed. In
addition, a hardware platform of USV are obtained. The control method has been
verified and validated through computer simulation and marine experiment; the
results validate that the course control of USV has an excellent effect.
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1 Introduction

With the application of USV in port patrol, environment monitoring, antisubmarine
etc. the research is more and more in-depth of USV at home and abroad, one of the
key technologies of USV is course control, because it determines the track tracking
error. Sonnenburg Cr, Woolsey C A. et al. [1] investigated the trajectory control of
USYV, the modeling, identification and control of USV are obtained, a back-stepping
[2, 3] trajectory controller and a PD cascade trajectory control law was developed,
the performance of the two controllers was compared using aggressive trajectories. A
kind of fuzzy self-adaptive PID [4] course controller for USV had been designed and
implemented by Fan Yunsheng et al. [5], the simulation of the conventional PID and
fuzzy self-adaptive PID [6] course control was carried out in the case that whether there
is environmental disturbance and parameter perturbation. Ashrafiuon et al. 7] presented
a novel nonlinear trajectory tracking control [8] framework for general planar models
of underactuated vehicles [9] with six states and two control inputs. A nonlinear sliding
mode control [10, 11] law was employed to stabilize the error dynamics. It was shown
that the control law is uniformly asymptotically stable if unknown disturbances and
modeling uncertainties were bounded. A sliding mode control law of formation control
for multiple underactuated surface vessels was proposed by Wei Meng, Chen Guo et al.
[12], The stability analysis of the sliding mode control law was taken based on Lyapunov
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[13, 14] theory. Numerical simulations were provided to validate the effectiveness of
the proposed formation controller for underactuated surface vessels. Ren Junsheng et al.
[15] proposed a nonlinear backstepping controller [16] to solve the nonlinear problem
of ship motion when research the ship steering controller, and compensated the course
angle tracking deviation based on Lyapunov candidate function. The controller did not
need prior knowledge of ship mathematical model. The simulation object was “Yulong”
ship, and the results showed that the controller was effective.

2 Fuzzy PID Controller

2.1 Mathematical Model

Select the second-order response model of “Nomoto” [17-20] to describe the plane
motion mathematical model of USV:

T1To7 + (T1 + To)i +r = K8 + KT38 (1)

where § is rudder, r is course angular velocity, K is gain, T, T2, T3 is time delay constant.
In this paper, the parameter identification of model is carried out by the least-square
method [21]. In addition, the goodness of fit [22] is used to identify result, the measure
of goodness of fit is a determinable coefficient R, as shown in formula 2. The value range
of Ris [0, 1].
5 w2
R=1- M )
X 0i—y
where y; is the sampling value, y; is the output value of identification model, y is the
average value of all sampling values.

2.2 Design of Course Controller

The course controller of USV is based on the theory of fuzzy control [23]. The structure
design of course controller is shown in Fig. 1. The input of the controller is the course
deviation and the course deviation change. Output is actual course.
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Fig. 1. The structure of course controller
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where ¥, is expected course, e is course deviation, ec is course deviation change, §
is rudder, r is course angular velocity, 1 is actual course.

2.3 Fuzzy Control Principle

The input of fuzzy control [24, 25] is course deviation and course deviation change.
According to the rule table, the control value is obtained by Mamdani [26, 27] reasoning
and fuzzy settlement. As shown in Fig. 2 below.
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Fig. 2. The structure of fuzzy control

where e is course deviation, ec is course deviation change, u is control value.

Fuzziness. In order to change the input variable into a fuzzy set that can be identified
by the controller, it is necessary to deal the input with fuzzy measure [24]. In this paper,
the fuzzy set is divided into seven subsets: {PB, PM, PS, Z, NS, NM, NB}. The triangle
membership function [28] is used to deal the input of course deviation, the change of
course deviation and the output of fuzzy control with fuzzy measure. As shown in Fig. 3
below. Where E, EC, U is domain transformation of e, ec, u.

Fuzzy Rule Table. The fuzzy rule table is obtained through the experience of manual
operation. The control rule table with the output of each parameter is shown in Table 1
below.

2.4 Mamdani Fuzzy Reasoning

Using the Mamdani reasoning method [29], any group of fuzzy output sets of course
deviation and course deviation change can be obtained. The result of Mamdani fuzzy
reasoning ergodic output is shown in Fig. 4 below.

Defuzzification. The output of the fuzzy controller is the exact value, and the solution
of fuzzy is the process of transforming the fuzzy set obtained by fuzzy reasoning into
the exact value. In this paper, bisector [30] is used to solve the fuzzy problem. As shown
in Formula 3.

_i i (ug) - u;
== (3)
; i ()
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Fig. 3. Membership function of controller (a) Input £ (b) Input EC and (c) Output U

Table 1. Table of fuzzy rules

U EC

NB |[NM|NS |Z |PS |PM PB
E|NB |[NB |[NB |[NB INB NM NM | NM
NM NB NB |[NB |[NM |NM NS |NS
NS \NM NM |NM|NS |[NS NS |[Z
Z |NB |[NM|NS |Z |PS PM |PM
PS [P |Z |PS |PS |PM |PM PM
PM |PS |PS |PM |PM PB |PB PB
PB \[PM PM PM |PB PB |PB |PB
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Fig. 4. The results of traversal output of Mamdani fuzzy reasoning

where n is the number of fuzzy sets after fuzzy reasoning, p; is membership value
corresponding to the ith bisector of fuzzy set area. u is the exact result of defuzzification.

3 Hardware Platform of USV

3.1 Parameters

The research object of this paper is “Jinghai 2” of Shanghai University. “Jinghai 2”
belongs to the category of water jet propulsion. It adopts the design principles of stan-
dardization, modularization and systematization, and it is applied to marine surveying
and mapping. The Fig. 5 shows the appearance and internal structure of “Jinghai 2”.

Fig. 5. The appearance and internal structure of “Jinghai 2”

The parameters of “Jinghai 2” are shown in Table 2 below.
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Table 2. The parameters of “Jinghai 2”

Category Parameter
Length 7.65 m
Width 30m

Draught depth | <0.5m
Full load weight | 4000 kg
Max speed 20 kn

3.2 Composition of Hardware System

The equipment carried by the “Jinghai 2” include INS, GPS, microwave communica-
tion, maritime radar, laser radar, forward-looking sonar, etc. the equipment for remote
monitoring is mainly remote monitoring stations. As shown in Fig. 6 below.
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Fig. 6. Composition of hardware system

3.3 Remote Monitoring Software

The main function of remote monitoring software is route planning and USV dynamic
information display. It can be divided into chart management module, route plan-
ning module, video monitoring module, obstacle information display module and USV
integrated information module. As shown in the Fig. 7.
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Fig. 7. Remote monitoring software

4 Simulation and Experiment

4.1 Identification Result

147

Identification result of model parameters of “Jinghai 2” in three different speeds. As is
shown in Table 3 below.

Table 3. Identification result of “Jinghai 2”

No. Speed (Kn) Transfer function Coefficient of determination (%)
1 15-18 __4.095+3.95 71.7
GO) = 2310.12514.01
2 7-10 __1.26540.85 78.08
GO = 7730154075
3 14 58.43

G(s) 0.050154-0.000486

= $2+0.18455+0.000201

4.2 Simulation

In the simulation experiment, the input signal source is step signal, the initial course
is set as 0°, the expected course is 60°, the sampling frequency is 0.1 s, the random
interference signal is added at 60 s, the duration is 3S, and the range is [0°, 5°]. Fig. 8
(a) and (b) below are the course change curve and the corresponding actual rudder angle
change curve under random interference.

As can be seen from Fig. 8, the expected course can still be recovered after a certain

degree of interference. Response index of three speed model parameters are shown in
Table 4 below.
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Fig. 8. Simulation of course control (a) Course change (b) Actual rudder change

Table 4. Response index of three speed model parameters

Speed Max overshoot (%) | Rise time(s) | £ 5% steady state Static deviation (°)
adjustment time(s)

High 12.5 10.5 16 -1

Medium | 21.5 13.5 35 +0.5

Low 14.2 44 Infinity +5
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4.3 Experiment

The marine experiment was carried out in north shipyard, Qingdao. the marine state is
1-2, the wave height is about 30 cm, and the wind is 1 —5 m per second northward. The
experimental area on the chart and scene are shown in Fig. 9 below.

S AR

WWP&S
A b
1g w

P o\

Fig. 9. Marine experiment of “Jinghai 2" in Qingdao

As shown in Fig. 10 below, it can be seen from the experimental results that after the
start of control, the actual course of USV can rotate rapidly to the expected course, and
finally vibrate near the expected course. The oscillation is caused by uncertain wind,
wave and current. these external forces will make the USV course deviate when they act
on USV. Practice shows that USV can still keep straight-line operation effectively When
the course vibration is within £10°.
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Fig. 10. Marine experiment result of course control (a) 15-18 Kn, Course change (Left), actual
rudder change (Right) (b) 7-10 Kn, Course change (Left), actual rudder change (Right)
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Marine Experiment Results Of course Control are shown in Table 5 below.

Table 5. Marine experiment results of course control

Speed Max overshoot (%) | Rise time(s) |+ 10% steady state | Static deviation (°)
adjustment time(s)

High 25.9 10.5 14 +10

Medium | 18.5 13.5 17 +10

5 Conclusion

The USV has the characteristics of large inertia, long time delay, under drive, etc. the
traditional linear controller cannot meet the needs of course control. In this paper, a
fuzzy PID course controller based on fuzzy control theory is designed. The mathematical
model is established. The parameters of the model are different with the driving force of
different speed. The parameters are identified under three speeds. At last, the simulation
experiment of the model with three parameters shows that the control effect is good in
medium and high speed. Furthermore, the hardware platform is built, and the experiment
is done in the sea. The experiment shows that the design of the course controller work
effectively.
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