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Abstract: [Objectives] Under complex environmental conditions, unmanned surface vehicles (USVs) may deviate
from the target course. In order to improve the anti-jamming ability and actual navigation stability and achieve
accurate track control, this paper proposed an improved USV track control method. [Methods] According to the
influence on navigation signals caused by the environment, track control is analyzed in two cases of GPS signal:
effective and invalid. A track control method based on the line-of-sight (LOS) algorithm based on fuzzy-controlled
variable ship-length ratios and the active disturbance rejection control (ADRC) algorithm is then realized on an
autonomous controllable platform, and a lake test is carried out using a USV with dual propellers and dual rudders.
[Results] The simulation results show that this method can meet the requirements of track control, and the heading
can be stabilized quickly without frequent rudder swinging after turning. The proposed method can complete track
control in real environments with an average track error of about 0.1 m and a variance of about 0.03. [Conclusions]

The lake test results verify the feasibility and effectiveness of the proposed algorithm in practical engineering

applications.
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0 Introduction

An unmanned surface vehicle (USV) is a kind of
surface ship that can autonomously sail and com-
plete its missions. It has a wide application prospect
in military operations, maintenance of sea-area se-
curity, exploration of marine resources, and environ-
mental monitoring [!!. The motion control of a USV
mainly includes velocity and heading control, track
control, intelligent planning, obstacle avoidance
and navigation, and formation coordination. Specifi-
cally, track control is a premise for the USV to com-
plete its mission independently, and also one of the
core points for intelligent control of the USV 23],
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The main methods for track control of a USV in-
clude line-of-sight (LOS) algorithms ™, backstep-
ping sliding mode control B), cascade PID ], neural-
network based control ), robust adaptive control [,
and fuzzy control P1. Tian et al. ['% designed and re-
alized the tracking of straight lines by using LOS
and anti-windup PID, solving the problem of head-
ing overshooting and oscillation. However, in this
method, heading accuracy and stability were greatly
affected by external disturbances. Chen et al. ('l
achieved a good tracking effect by combining an
improved LOS algorithm with an adaptive sliding-
mode heading-control algorithm and introducing an
adaptive observer to estimate and compensate drift
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angles in real time. However, in the real-ship verifi-
cation of the method, tracking errors of the USV
were great at turning points of the desired track. On
the basis of an LOS algorithm, Zhu et al. "?! ana-
lyzed the three control algorithms of incremental
PID, fuzzy PID, and fuzzy PD with variable ship-
length ratios through simulation. The results
showed that fuzzy PD control with variable ship-
length ratios was more advantageous in disturbance
rejection. Fan et al. ['¥ designed a track-control al-
gorithm combining LOS with fuzzy adaptive PID
and tested the algorithm with a real ship. According
to the results, the algorithm reduced the effects of
time-varying drift angles on track control but result-
ed in a certain steering overshoot and a great posi-
tion deviation at turning points of the path. Fossen
et al. ['* combined a nonlinear adaptive integral
LOS algorithm with a PID heading controller. Ac-
cording to their results, this method was suitable for
the track control of a USV, but it took a long time
for the USV to follow the desired path in the case of
a change in path curvature.

Scholars have studied the theories, models, and
realization methods for track control of a USV.
However, the actual working environment of a USV
is complex and changeable. In view of this, this pa-
per studied the track control of a USV according to
the effects of navigation signals and environment
on the USV in actual navigation. A track-control
method combining an LOS algorithm based on
fuzzy-controlled variable ship-length ratios with an
active disturbance rejection controller (ADRC) was
proposed. First, a triangular track was simulated to
verify the feasibility of this algorithm. Then, a lake
test was carried out to verify the track-control effect
of the USV.

1 Track-control method of USV

Due to environmental disturbances from winds,
waves, currents, and shelters, a USV in actual navi-
gation will deviate from its target course. In view of
these problems, it is necessary to study the track
control of a USV according to specific scenarios. In
this paper, methods for track control were intro-
duced in the case of effective and invalid GPS sig-

nals, respectively.

1.1 Track control in the case of effective
GPS signals

The LOS algorithm is widely used in the track
control of a surface ship. Essentially, it is to control

the actual heading of a ship to align it with the LOS
angle of the target heading, as shown in Fig. 1. In
the figure, P,_,is a track start point; P, is a set tar-
get point; O is a real-time position of a USV. Let
the longitudes and latitudes of points O, P,_,, P,,
and Pog, be (0;, Oy), (P 1 Pu-1yw)s (Pigs Pr)s
and (P, P,), respectively. A fan-shaped area is ob-
tained by taking O as the center and an adjustable
parameter R as the visual radius. Suppose that the
USV has a length of L and a ship-length ratio of n.
Then, there is R=nL 21, Ah is a track deviation. The
fan-shaped area intersects the line P,_ P, at P,
and the direction of connection between O and the
real-time target point P, is the real-time target
heading y, with respect to true north. The actual
heading w of the USV is obtained by GNSS, and
the difference between w, and w is the angle Ay
eliminating the track deviation. When the USV sails
into the circular zone centered at P, , it switches the
target point to a new one. This process is repeated
until the track control of the USV is finally completed.

Visual radius R

P, (Py, Py)

Actual heading

Track start point
Pk—l (P(k—l)j, P(k—l)w)

Fig. 1 Schematic diagram of LOS track control for USV

The coordinates of P,,5 can be obtained from
Formula (1):
(P-0)+(P,—0.) =R
Py —Py_iyw _ Py = Py1yw (1)
Pi=Pyry  Py—Puy

The target heading can be obtained according to

the longitudes and latitudes of points O and P, .

(P;—0))xcos(0y,)
¢ = arct
W, = arctan P 0. (2)

1.2 Track control in the case of no GPS
signals

In view of invalid GPS signals in the case of a
USV passing through a bridge opening or a ship
lock in actual navigation, this paper used an inertial-
navigation fused processing method to ensure track
control. As shown in Fig. 2, the USV passing
through a bridge opening is taken as an example. It
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is assumed that GPS signals of the USV are invalid
at point O. In such a case, the system needs to re-
cord the velocity v under the last effective GPS sig-
nal, the heading w, from the inertial navigation
equipment, and the distance d from the current posi-
tion O of the USV to the target P,.,. In order to
reach the point P,,,, the UAV sails with a target
heading of y, = wy, a velocity of v, and duration of
t = d/v. If GPS signals are still invalid after the dura-
tion of ¢, then the target heading w,., of the USV
will be equal to the heading w, provided by the iner-
tial navigation equipment plus the heading devia-
tion Af at the next point. Af is determined by For-
mula (4):
Yoo =Wx + A0 (3)
A8 = — e (4)
(P — Pk])XCOS(PkW)) (5)
P(k+l)w - Py
(P o P(k+])_])XCOS(P(k+])W)) (6)

P(k+2)w - P(k+1)w

Yo = arctan(

Wi = arctan(

where y,,, and y,,, are the target heading of point
P,., relative to point P, and that of point P,,, rela-
tive to point P,,,, respectively, which are obtained
by Formulas (5) and (6). With the repetition of the
above process, track control of the USV in the case

.Pm Puanjs Puenrw)

PPy, P

Fig. 2 Schematic of covered track control for USV

Fuzzy
Track deviation Ah, controller
Track-deviation h\‘/.arilableth
ship-len
Change rate dh Fatio '%
A
Track point ITOS. ¥
navigation >
P, P,) algorithm

Real-time position

of invalid GPS signals can be realized.

2 Track-control algorithm of USV

For the same target track, different visual radii R
yield different effects of track control. In order to
obtain the most suitable ship-length ratio » under
the different environmental influences, we adopted
fuzzy control to adjust » in real time. An ADRC
was used for heading control. As fixed parameters
are adopted in traditional PID control algorithms, it
is difficult to select appropriate control parameters
for these algorithms. With a transition process, the
active-disturbance-rejection algorithm can compen-
sate in real time and combine state errors nonlinear-
ly. Fig. 3 shows the structural diagram of the track-
control system, in which 4, is an input to the control
rudder and ¢ is a control variable acting on the USV
model.

2.1 Fuzzy controller

For the fuzzy controller in Fig. 3, its inputs in-
clude a track deviation A% and a track-deviation
change rate dh from a real-time position to the tar-
get route, and its output is a variable ship-length ra-
tio n. The system can adjust n in real time according
to Ak and di caused by environmental changes of
the USV, so as to change R in the LOS algorithm to
obtain the optimal target heading v, .

2.1.1 Fuzzification and rule base

Considering the actual situation of the USV and
accuracy of track control, quantitative domains of
fuzzy variables of the fuzzy controller were de-
signed as follows: track deviations E: [0, 4], track-
deviation change rates EC: [-2, 2], and variable
ship-length ratios N: [1, 4]. If the variables are out
of the designed ranges, boundary values will be as-
signed. Specifically, track deviations are always
positive and variable ship-length ratios N are of
non-zero values. Fuzzy subsets corresponding to

Environmental

disturbances

B ADRC Rudder

(0, 0,)

Track-control loop

Heading-control
loop

Fig.3 System diagram of track control
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various variables were as follows: E={ZO, PVS,PS,
PM.PB}, EC={NB,NS,Z0,PS,PB}, N={PVS, PS,

PM, PB}. Normal Gaussian functions were adopted
as membership functions of the fuzzy subsets. Ac-
cording to the experience of track control, the fuzzy
rule table shown in Table 1 can be obtained.

Table 1 Fuzzy control table of ship-length ratios

E
EC
Z0 PVS PS PM PB

NB PS PS PS PVS PVS
NS PM PM PS PVS PVS
Y49 PB PB PS PVS PVS
PS PM PM PS PVS PVS
PB PS PS PS PVS PVS

Functions of a variable ship-length ratio » are as
follows: In the case of a small n, the USV can reach
its target route more quickly under disturbances
from winds, waves, and currents, but an overshoot
can be easily caused. In the case of a large n, the
USV can maintain its target heading smoothly, but
it fails to approach its target route quickly due to
disturbances from winds, waves, and currents. The
main ideas of the fuzzy rule table in this paper are
as follows: In the case of a large AA, the USV devi-
ates badly from the target route, and a small n
should be used to make the USV approach the tar-
get route as soon as possible. In the case of a small
Ah and a large di, the USV is under environmental
disturbances, and a small n should be used. In the
case of a small A4 and a small di, the USV is sail-
ing stably, and a large n should be used. Thus, a
USV in actual navigation can adapt to environmen-
tal changes quickly by adjusting n in real time
through A% and dh.

2.1.2 Defuzzification

As the fuzzy controller needs to output accurate
values, defuzzification operations are necessary.
Many defuzzification methods are available, and
common ones include the weighted average meth-

od, the median method, and the area centroid meth-

Target heading Wk e w

0 Arrangement Feedback

of the transition control law

7 ek

process of nonlinear

V2 (k) -

state errors

od U3, In this paper, the area centroid method was
employed, with its specific formula as follows:

m

Z e, (1)

_ k=

=——— (7)

Z u,(uy)

k=1

where k is a variable; m is the number of elements
in the fuzzy set; u, is an element value of the fuzzy
subset; u,(1;) is the membership value of a corre-
sponding element in the fuzzy subset; Y refers to
the summation of membership values of various ele-
ments in the output fuzzy subset; u is an output ac-
curate value.

2.2 ADRC

The ADRC consists of three parts: a tracking dif-
ferentiator, an extended state observer, and a feed-
back control law of nonlinear state errors. The track-
ing differentiator arranges a transition process and
extracts a differential signal to solve an overshoot
caused by an abrupt heading change. The extended
state observer can not only observe headings but al-
so estimate uncertain disturbances. The feedback
control law of nonlinear state errors generates a con-
trol signal according to the nonlinear combination
of errors between transition process and state esti-
mations, as well as compensation for estimated dis-
turbances Bl. Fig. 4 shows the structural diagram of
the ADRC. In the figure, V (k) is a target heading;
V,(k) is a transition process of V(k); V,(k) is the dif-
ferential of the transition process; e;(k) and e,(k)
are error functions of transition and observation sig-
nals; Uy(k) is an intermediate control variable; U(k)
is an input rudder angle; Y(k) is an actual heading;
Z,(k)-Z,(k) are observed states of the system; b, is a
gain parameter.

The discrete expression of the tracking differenti-
ator and the expression of the extended state observ-
er used in the test of this paper are the same as
those in Reference [16]. The PD control law of non-
linear state errors was used as the feedback control
law of nonlinear state errors, as shown in Formula

Uy (k) Actual heading Y(k)

Zy (k)
7, ) Extended
- state
4 ) observer

Fig. 4 Structure diagram of ADRC
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(8). The nonlinear function fal in Formula (8) is the
same as that in Reference [16]. k,, k;, J,, b, are ad-
justable parameters.

e (k)= Vi(k)-Z (k)

e, =V (k)= Z, (k)

Ugk) =k, - fal(e,,0.65,00) +k; + fal(es,1.5,05) (8)

U = Uyt - 20
by
3 Design of control system and
software

A domestic chip Loongson 1C and a domestic
embedded real-time operating system RT-Thread
were used as the autonomous controllable platform
for USV control. The developed data acquisition
and control board has various interfaces, with pow-
er supplies, sensors, control signals of motors and
rudders, and communication modules all connect-
ing to this board. Thus, time, velocity, azimuths,
GPS states, longitudes and latitudes, attitudes, and
distances from obstacles can be obtained through
analysis by this board. In order to complete track
control, we adopted a multi-thread design of RT-
Thread. It mainly includes a sensor-data receiving
and processing thread, a track-algorithm thread, a
heading-control thread, a motor-rudder control
thread,
thread. Fig. 5 shows the flow chart of track control.

and an upper-computer data-interaction

First, the system receives data from each sensor and
extracts effective ones through analysis. Then, it se-
lects a track-control method according to GPS
states and transmits the calculated pulse width mod-
ulation (PWM) value to a rudder. Finally, the rudder

executes the command after receiving the signal.

4 Simulation of track control of
USv

4.1 Simulation environment

According to the designed track-control algo-
rithm, a simulation environment of track control
was built through Simulink tools. Fig. 6 shows the
block diagram of Simulink-based track control.
This block diagram is mainly divided into three
parts: a track-control loop, a heading-control loop,
and a track-update loop.

The LOS algorithm based on fuzzy-controlled
variable ship-length ratios was adopted for the
track-control loop. Its inputs include the current po-
sition, the target position, and the visual radius cal-
culated by the algorithm of fuzzy-controlled vari-

Invalid

Judge
Whether the received
sensor data are
alid or no

Extract data from
each sensor

Judge whether
GPS signals are
valid or not

Invalid

A
Calculate the target
heading according to
inertial navigation

Calculate the target heading
by the LOS algorithm based on
fuzzy-controlled variable
ship-length ratios

A 4
Calculate and then output PWM
values of rudders by using the active
disturbance-rejection algorithm

Execute the
command by rudders

End

Fig. 5 Software block diagram of track control

able ship-length ratios, and its output is a target
heading. An ADRC was used in the heading-control
loop. The Nomoto model [' expressed by Formula
(9) was adopted as the mathematical motion model
of the USV simulated in the heading-control loop. A
first-order inertia model was employed as the rud-
der model, which is expressed by Formula (10).
Disturbances of winds and waves to the navigation
of a USV can be equivalent to those to rudder an-
gles. White noise was applied to simulate distur-
bances from winds, waves, and currents, as ex-
pressed by Formula (11). In the track-update loop,
the next position can be calculated according to the
current position, velocity, and actual heading of the
USV. Positions of the USV in the simulation algo-
rithm are all represented by longitude and latitude

coordinates.
G'(S)_(TIS+1)S (9)
1
GZ(S)—TZSJrl (10)
k,s
¥(s) = h(s) - w(s) = cws) (11)

§2 + 28wy s + wy?
where G,(S) is the transfer function of the Nomoto
model; G,(S) is the transfer function of the rudder



YANG Z K, et al. Unmanned surface vehicle track control based on improved LOS and ADRC

Latitude of]|

he current point

Track-control loop

Longitude of|the current point| )
Latitudp of start point
N 1 Radius Longitude of start poin
—’|“‘H§L“ | Laiude of ntesevion_Lattude oend pint Get_Angle
Latitude of start point tPoint Longifude of intersection
. |_g Longitude of end point
Longitud¢ of start point

Latitu

o To workspace10

target point

Longit

de pf target point

— Scope3

To workspacel

Seope?!

simouts

I To workspace5

—

Scopel3

Constants

Track-update
loop

Scopel2| To workspace6

n

Memoryl

L]

ttoroTy

Band-limited
white noise

Heading—é
control !
loop

—
L

Memaory?

Fig. 6 System diagram of track control using Simulink

model; y(s) is an equivalent rudder angle under
wind-wave disturbances; /(s) is the transfer func-
tion of a second-order wind-wave model; w(s) is an
input of the disturbance model, which is Gaussian
white noise with a mean of 0 and power spectral
density of 0.1; k, is a maneuverability index; &, =
2¢wyo, where &, w,, and o are the damping coeffi-
cient, wind-wave frequency, and wind-wave intensi-

ty, respectively.
4.2 Experimental simulation

A triangular track was simulated. In the simula-
tion, parameters of Formula (8) were set as follows:
k,=0.9, k,= 1.2, ,=0.02, and b, = 0.3; parameters
of Formula (11) were set as follows: £=0.1, o, =
0.3, and o = 0.2; velocity was set to 2 m/s. The lon-
gitudes and latitudes of the three target points in the
simulation were as follows: 4 (119.460 934 101 7°,
32.198 867 838 3°), B (119.461 125 181 7°, 32.198
695 635 0°), and C (119.460 876 234 6°, 32.198
674 479 7°). With point 4 as the start point and due
north as the initial heading, track simulation was
done from point 4 to point B and then to point C.
Fig. 7 shows the simulated track of the USV.

From Fig. 7, the USV can sail along the set track
with natural transitions at turning positions. Turning
with obtuse angles can better prove the fast adapt-
ability of the algorithm. As can be seen from the fig-
ure, the USV makes a large turn near the target
point. At this time, both the track deviation and its
change rate are large. In view of this, the fuzzy con-
troller will output an appropriate ship-length ratio
according to the fuzzy rules. Thus;-a target heading

32.198 90

- Target track
— Actual track

3219885 |
32,198 80 -
o

B3219875 |
53219870 |

C
32.198 65

119.46095 119.461 0.5 119.461 15
Longitude / (°)

119.460 85

Fig. 7 Diagram of track

for approaching the desired route faster can be ob-
tained, making the actual route close to the target
one quickly, with no large overshoot.

Fig. 8 shows the simulated headings and rudder
angles of the USV. With the due north as the initial
heading, the USV reaches the target heading within
5 s. Then, it keeps the heading stable, with a smooth
heading curve, under environmental disturbances.
After turning, it can reach the target heading quick-
ly, with basically no overshoot. The actual heading
of the USV is between 0° and 360°. When the target
heading of the USV changes from 264° to 16° at
90 s, the USV first increases the angle from 264° to
360°, and then from 0° to 16°. This meets the re-
quirement of the actual navigation of the USV. In
Fig. 8, the rudder angle of 0° indicates the middle
position at the beginning. A rudder angle greater
than 0° indicates rightward steering, while a rudder
angle less than 0° indicates leftward steering. In the
case of target-point switching, a large rudder angle
is first needed, and when the target heading is
reached, the rudder angle gradually tends to 0°.
This proves the effectiveness of the ADRC in this

paper.
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400
oL Target heading
I ---- Heading from track algorithm
300 - — Actual track of USV
2501 - - Rudder angle
< 200k

Time/s

Fig. 8 Simulation result of headings and rudder angle of USV

5 Test results and analysis

A dual-propeller dual-rudder USV was tested,
with a length of 1.4 m and a width of 0.35 m. The
external high-precision differential GPS had a posi-
tioning accuracy up to 10 cm. The integrated iner-
tial-navigation system could output headings with
angular errors up to 0.5° after the filtering fusion al-
gorithm. Two groups of customized lithium batter-
ies were used. When each group has a capacity of
13 600 mA, the maximum load current is 80 A. The
test was conducted in Wanpingkou Lagoon in Ri-
zhao, Shandong Province, at temperature of 18 °C
and northeast wind of scale 4. The route had a total
length of 5 km, and the USV was required to pass
through four bridge openings. Specifically, the nar-
rowest bridge opening had a width of about 3 m.
Fig. 9 shows the test USV. During the autonomous
navigation, data and videos of the USV were up-
loaded in real time, and displayed in the user inter-
face, as shown in Fig. 10.

Fig. 9 Tested USV

GPS data during the navigation of the USV were
recorded. Target and actual routes in the 5 km navi-
gation of the USV were compared in the coordinate
system with longitudes as abscissas and latitudes as
ordinates. In the test, there were 92 target route
points and 5 000 actual GPS. points. Four bridge

BA EA Tewg

T

Pestng _ Angler  Wwde _ Anged  Argles W) OPSES  MORS
] 76 |4z | 354700000 (354 200000] 2054361 | 578405 | 0.000000 | 0.000000 | 2753000 | GEEN M | KA
o D00 detance  [DOOSDI0  pwhd_cove 141

et e
nREssl [ W e w0 cows o mmrn EEmas | #a

Fig. 10  User interface

openings were passed through during the naviga-
tion, as shown in Fig. 11.

35.431

35408 b ° Tayget route R .
. point 3 <&
o 35.425F _ Actualtrack § § Bridge opening 3
S 35422+ { Y Bridge opening 2
] .
235419 /
535416 Bridge opening 1

35413 + Y

End point % Start point
35.410 . .

119.550 119.552 119.554 119.556 119.558 119.560
Longitude / (°)

Fig. 11  Track tracing results

According to Fig. 11, the USV can autonomously
navigate according to the set target route, and pass
through the bridge openings without GPS signals.
In order to verify the tracking accuracy, this paper
calculated the track deviations of track points of
5 km, as shown in Fig. 12. From the figure, the av-
erage track error is about 0.1 m, and the variance is
about 0.03. The maximum track deviation is about
1.5 m, at a time of track-point switching. However,
with the LOS algorithm based on fuzzy-controlled
variable ship-length ratios, as well as the ADRC,
the USV can quickly reduce the track deviation to
less than 1 m. In Reference [13], the USV "Haixun
03" had a maximum error of about 20 m during its
navigation between Qingdao and Lianyungang. By
comparison, the USV track-control algorithm based
on the autonomous controllable platform proposed
in this paper has high control precision and can
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make real-time adjustments according to environ-
mental conditions. Thus, it can meet the require-
ment of the actual navigation of a USV.

Distance/m

AVALAUGMAM VN
3000 4000
Number of corrdinate points

Fig. 12 Track error of USV

2 000

6 Conclusions

Considering environmental disturbances to USVs
in navigation, with regard to tracking control of
USVs in the real environment, this paper designed
and realized a track-control method combining the
LOS algorithm based on fuzzy-controlled variable
ship-length ratios with an ADRC. Moreover, a simu-
lation test with a triangular track was conducted.
From the simulation results, this algorithm can real-
ize the track control of the desired path. It can
quickly restore the track after a large turning to the
desired one, with a stable heading and no large over-
shoot. This verifies the stability and reliability of
the algorithm.

The control strategy and algorithm given in this
paper were realized based on the autonomous con-
trollable platform and verified through actual navi-
gation of a dual-propeller dual-rudder USV. From
the test results, the strategy and method proposed in
this paper can well control the track of the USV in
the real environment, with an average track error of
about 0.1 m and a variance of about 0.03.

References

[1] LIUC G, CHU X M, WU Q, et al. A review and pros-
pect of USV research [J]. Shipbuilding of China, 2014,
55 (4): 194-205 (in Chinese).

[2] LIAOYL,ZHANG M J, DONG Z P, et al. Methods of
motion control for unmanned surface vehicle: state of
the art and perspective [J]. Shipbuilding of China,
2014, 55 (4): 206-216 (in Chinese).

[3] WANG C S, XIAO H R. Path following controller for
unmanned surface vessels based on ADRC [J]. Journal
of Shandong University (Engineering Science), 2016,
46 (4): 54-59, 75 (in Chinese).

[4] BORHAUG E, PAVLOV A, PETTERSEN K Y. Inte-
gral LOS control for path following of underactuated
marine surface vessels in the presence of constant
ocean currents [C]//Proceedings of the 2008 47th IEEE

[5]

(6]

(7]

[8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Conference on Decision and Control. Cancun: IEEE,
2008: 4984-4991.

YU Y L, SU R B, FENG X, et al. Tracking control of
backstepping adaptive path of unmanned surface ves-
sels based on surge-varying LOS [J]. Chinese Journal
of Ship Research, 2019, 14 (3): 163-171 (in Chinese).
ZHONG W B, LU Z C, FENG Y B, et al. Design and
implementation of motion control system for un-
manned surface vessel with two propellers [J]. Ship-
building of China, 2019, 60 (3): 194-202 (in Chinese).
DONG Z P, LIU T, WAN L, et al. Straight-path track-
ing control of underactuated USV based on Takagi-
Sugeno fuzzy neural network [J]. Chinese Journal of
Scientific Instrument, 2015, 36 (4): 863-870 (in Chi-
nese).

DO K D. Global robust adaptive path-tracking control
of underactuated ships under stochastic disturbances
[J]. Ocean Engineering, 2016, 111: 267-278.

ZHONG W B, LUO Y, LU D H, et al. Design and im-
plementation of communication navigation and control
system for unmanned surface vehicle [J]. Shipbuilding
of China, 2018, 59 (1): 207-215 (in Chinese).

TIAN Y, WANG D, PENG Z H, et al. Design and vali-
dation of path tracking controller for USV along
straight-lines [J]. Journal of Dalian Maritime Universi-
ty,2015, 41 (4): 14-18 (in Chinese).

CHEN X, LIU Z, LUO Y S, et al. Path tracking con-
trol algorithm for the underactuated USV in the marine
environment [J]. Journal of Harbin Institute of Technol-
ogy, 2018, 50 (10): 110-117 (in Chinese).

ZHU J, WANG ] H, ZHAO M K, et al. Simulation of
path following optimization control of unmanned sur-
face vehicle [J]. Computer Simulation, 2016, 33 (6):
362-367 (in Chinese).

FANY S, GUO C, ZHAO'Y S, et al. Design and verifi-
cation of straight line path following controller for
USV with time-varying drift angle [J]. Chinese Journal
of Scientific Instrument, 2016, 37 (11): 2514-2520 (in
Chinese).

FOSSEN T I, PETTERSEN K Y, GALEAZZI R.
Lineof-sight path following for dubins paths with adap-
tive sideslip compensation of drift forces [J]. IEEE
Transactions on Control Systems Technology, 2015, 23
(2): 820-827.

LIN Z, LYU X F. Autonomous obstacle avoidance of
unmanned surface vessel based on improved fuzzy al-
gorithm [J]. Journal of Computer Applications, 2019,
39 (9): 2523-2528 (in Chinese).

HAN J Q. Auto disturbances rejection control tech-
nique [J]. Frontier Science, 2007 (1): 24-31 (in Chi-
nese).

JIA X L, YANG Y S. Mathematical model of ship mo-
tion: mechanism modeling and identification modeling
[M]. Dalian: Dalian Maritime University Press, 1999
(in Chinese).



60

CHINESE JOURNAL OF SHIP RESEARCH, VOL.16, NO.1, FEB. 2021

TSGR LS S 5 505 A bk
FIC 1 8 ) 5 118 PG N JBE P 328 92 ]

L, AR, R V!
LILAR R RS B FE A, L #iL 212003
QUL AR R EHERAH R, LA #IL 212003

M E.[Be] TAM(USVIERZIREEITALT 2 PR 25 HARALZ n9 1 00 , S48 & 7Kl o A i bt T4 fig
I3 Be 2R MAT B FEE P, 52 BUGH AU B0 vRE A s o, 2 o — b SO B T NSRRI ) iR o [ sk ] IR LS
I B 5 DL, A GPS {5 S A7 RO TEAL 2 Bl Bl T B 42 ) 2 0 24T 23 B, 78 A BT LB If
SCP T T ARO 4  PT A8 A EE B PR 51 Bk (LOS) A B A 17 4 1 4% (ADRC) AR 45 & B9 030 44 i
IR IT R TR T AMEW) ik, [ R ] 07 BLA5 SRR 3207 1 ml il A sl #2160 2R, B 25 )5 ot vl i
PR PR SRR E , O SR B G , HAZ 5 TA BE A 58 MU SC 3R A 030 £ 11, 03l W 2 1% 22 (29 9 0.1 m,
TEZH0.03, [k ] W) LRI A R UE T %505 AR S bR AR N b A Al AT M FAT R

R MBS AR O APTIE Bl A TG

IR 21IR J118 211 VIR STIE JVIE 211R 21IE SNIE ANIE 21IE SIS ATIR SNIE IR 21IR SNIE SNIE AT 21IR VIR A1IE J1IE SHIR 2SHIE 2NIE J1IE SHIE 2]

[Continued from page 51] [18] WANG Y. Modeling and path tracking control of un-

[16] YASUKAWA H, YOSHIMURA Y. Introduction of manned surface vessel [D]. Hangzhou: Zhejiang Uni-
MMG standard method for ship maneuvering predic- versity, 2019 (in Chinese).
tions [J]. Journal of Marine Science and Technology, [19] ZHONG H X, QIU S H, LUO X SH, et al. Study of ap-
2015,20 (1): 37 - 52. plying BP neural network with inertia term self-tuning

[17] LIU J L, QUADVLIEG F, HEKKENBERG R. Im- to attitude stability of quadrotor unmanned aerial vehi-
pacts of the rudder profile on manoeuvring perfor- cle [J]. Journal of Guangxi Normal University (Natural
mance of ships [J]. Ocean Engineering, 2016, 124: Science Edition), 2017, 35 (2): 24-31 (in Chinese).
226-240.

KT GRS v AL > A B RE AR
FC B R it 2 ol

T, W, L4
1 RWE T AF g, ¥k & X 430070
DRREIAY BHCHEZLH KT, Hd KX 430063

O LA ey ] B REAMNAA AT I8 R I 4 o ] R A 1R A 4 ) R AR R T AR AR E MR AN DA SO ik
THAF RS, S 9B  BRER AR HE A i, 48— P g | ATR B Sl 2 ) BOR BT Pl 4 . [ 3 ] %,
G55 LR (LOS) BT T, LA AN 178 15 N A5 R s o) S Ay Rl s I ) R0 A A 1k 5 2% ] SR e SR e
B HOARZS A5 18] Bl 25 18] Tl R K SR, AT B 2 1 SR s 6 2 (DD PG ) B8 0E AR DA 2 1 e ) 92 B, SR
2o 2] D7 i P e R AT U s g, o DI R 58 WA 4% ) 4% 15 BP-PID 5 il & £ 47 X FUAIF 5, 20 A7 4 il AR, o

(2R ] D7 A SRR, Bt 0 IR B2 53 Al 27 o Pl 8 7T LU ez o] ad A P pR g il S0k B0 47 1 225K, U )i B
W% 15 BP-PID f4 il #if AH U R g, HAT Pt iR 22 /1 JEA AR /NE I o [ 838 ] BFT R n] o 4 REAS
AR BR R ] SR 2%

KB R AEMTIN DU BRER T 5 TRIEE SR AESE ) 5 R S ALIA





