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Abstract: [Objectives| For the ship—course nonlinear control system subject to time-varying environmental

disturbances with parametric uncertainties, to achieve the real-time requirements for course control, [ Methods | an

adaptive self-regulation PID ship course tracking control scheme not depending on model parameters and unknown

input is proposed by using adaptive technique. With Lyapunov direct method to verify the designed control law, it can

guarantee all signals in the closed—loop system of course control are bounded. [ Results ] Simulation results show that

the controller can adaptively regulate the gain of PID. It not only inherits the advantages of the traditional P1D

controller, but also has good robustness to unknown time-varying disturbances. [ Conclusions] The study results can

provide reference for the course tracking control design of ships.
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0 Introduction

As an effective, economic and environmentally
friendly mode of transport, ships are an important
support for international trade and national economy ",
At present, ships are developing in the direction of
large scale, automation and intelligence, and ship
motion control is the key technology to realize the in-
telligent navigation of the ships, which will directly
affect the safety, economy and comfort of the ships'
maritime navigation. How to accurately and quickly
adjust the ship course has become a research hotspot
in the field of ship motion control"™.

Ships sailing on the sea will inevitably be affect-
ed by environmental factors such as wind, waves and
currents, as well as the large inertia of the ship itself,
large time lag, nonlinearity, etc., which makes the
ship parameters uncertain and disturbed. Therefore,

it is difficult to accurately control the tracking of
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ship course. With the development of intelligent un-
manned merchant ship technology, the course con-
trol technology commonly used in marine ships also
needs to be further extended to the field of manipula-
tion within the port. At present, when the pilots get
aboard or get ashore, the ship needs to maintain a
stable attitude under a certain course”. When the
ship is berthing, it is necessary to continuously ad-
just the berthing angle, which puts forward precise
and multi-modal requirements for the tracking con-
trol of the course. In order to solve the above prob-
lems, control strategies such as PID" ™, sliding mode””,
nonlinear feedback ", adaptive backstepping ®” and

9712 can be used in the

adaptive neural network/fuzzy'
field of ships. It is worth noting that although the
control method proposed in References[8-12] does
not require an accurate calculation model, its inher-
ent complexity will bring certain difficulties to engi-

neering applications. In contrast, the PID control
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structure is simple, does not depend on accurate
models, and has fewer adjustment parameters. But
the traditional PID is less robust to external
time—varying environmental disturbances, and it is
difficult to reflect the advantages of PID control. To
this end, the researchers have proposed a variety of
PID control strategies, such as iterative sliding
mode-PID"" and integral compensation PID "*, both
of which can improve the course control perfor-
mance, but cannot resist the influence of time—vary-
ing disturbance. In addition, intelligent optimization
algorithms can also be used to adjust the gain of
PID, such as fuzzy logic ", firefly swarm optimiza-

. . . . 8
|, simulated annealing"” and improved genetics"".

tion!"*
However, the fuzzy logic method needs to set the
fuzzy relationship in advance, and it does not have
universal applicability. Firefly swarm optimization,
simulated annealing and improved genetic algorithm
are all offline optimization algorithms, and can not
meet the real-time requirements of course control.
Based on this, this paper proposes a new adaptive
self-regulation PID control strategy. Firstly, consid-
ering the unknown time—varying environmental dis-
turbance and model parameters of a ship, the mathe-
matical model of nonlinear ship motion is estab-
lished. Then, the adaptive technology is used to de-
sign the adaptive control law with traditional PTD
structure, and the Lyapunov stability analysis meth-
od is used to verify the boundedness of the designed
control law. In the end, the simulation experiments
under the condition of unknown model parameters
and time—varying disturbances are carried out to ver-
ify the effectiveness of the control strategy proposed

in this paper.
1 Mathematical model

In the mathematical model of nonlinear ship mo-
tion, the relationship between rudder angle ¢ and

. 2
course y is as follows ™!

¢;+T1F(¢/)=$5+5 (1)

Where 4 is heading rate; T and K are the ship

maneuverability indexes, which are related to the

ship type, loading and speed; F(y)=ay+by’ is a

nonlinear function of s, where a and b are propor-

tionality coefficients; ¢ is external unknown distur-

bance.

Assuming X, =y , X,=y=r , U=0 and accord-
ing to Eq. (1), there is

X, =X, (2)

X2:0Tf(x%)+a)u+§ (3)

y=% (4)
.
Where 6= [%’TQJ 3 T(x)=[-X,. —Xg]T ;o= % ;U
is the control law of the system; y € R is the system
output.

To simplify the calculation, this paper sets the fol-
lowing assumptions:

1) Assumption 1: the external environmental dis-
turbance ¢ is unknown, bounded, and satisfies
|&| < A, where the unknown constant A is the up-
per bound of the disturbance.

2) Assumption 2: the reference course Y, is
smooth, and Yy, and Y, are valid values.

3) Assumption 3: model parameters @ and © are
both unknown.

The control objective of this paper is to design a
robust course tracking controller for the mathemati-
cal model of ship motion shown in Eq. (1) with con-
sidering its unknown time-varying environmental
disturbance. Thus, the actual output course of the
ship can track the expected course, and it can guar-
antee that all signals in the closed—loop control sys-

tem are bounded.

2 Control design

For the nonlinear ship course control system, in
view of the external environmental disturbance and
the unknown model parameters, this paper will adopt
adaptive technology and Lyapunov method to con-
struct an adaptive control law with traditional PID
standard form. And it can realize adaptive self-regu-
lation parameters and high control accuracy for ship
course tracking under the condition of external dis-
turbance and model uncertainty. The design of the

control law is as follows.
2.1 Design of control law

The course error variable €, is defined as
e, =yY-VY, (5)
Then, there is
€, =€ =X, — Yy (6)
A new variable s is defined as
5:/11e1+/12.|.e1dr+e1 (7)
Where 4,>0 and 1,>0 are design parameters; 7
is a time constant.
According to Eq. (5) and Eq. (6), time derivative is
taken for S:
$=16,+1,6,+X%, -V, (8)
Substituting Eq. (3) into Eq. (8), we can obtain that
$=27,8,+ 4,8, =Yt 0 £ (X)) £du+¢ . (9)
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According to Eq. (9) and combined with Refer-
ence [19], the control law u and the adaptive law 9
are designed as follows:

u=—(k, +9h*(2))s (10)
where

9=rh?(@)s? - 68 (11)
Where Kk is the design parameter; x is the learning
law of the adaptive law; 9 is the estimator of 9 s

where S:max{| , }; h(z) =16, + 1,6, -V |+
| f(x)|| +1.and z=[e,.X,, Yy Y] -

2.2 Stability analyses

The Lyapunov direct method can be used to deter-
mine the parameter range of the control law and
prove the stability (or boundedness) of the system.
The Lyapunov function V of the course closed—loop

control system is

_1le, 15
V_ZS +2K19 (12)

Where 3=9-wd .

Time derivative is taken for Eq. (12). Combined
with Assumption 1 and Egs. (9)-(11), we can obtain
that

Vi=5(4,8,+4,8,— Yy + 0" F(X,)+ou+¢&) - —§9<

s \(Mle1 + 2,6, = Yol + [0l %) +A) +SmU—

%.§§<]s|9h(z)+5wu—%§§ (13)
According to Young's inequality, there is
< wh?(2)s? 1
|s|h(z) < wh?(z)s” + o (14)

Substituting Eq. (9), Eq. (10) and Eq. (14) into
Eq. (13), we have
V<w3h2(z)52+5wu— @Fg %<

—wk,s + wdh?(2)s? - ﬂé[xh 2)s* - 59] + % -

— ok, + 0‘”5.99+ J (15)
4w

With Young's inequahty again, and combined with
3=9-wd , there is

2
39— 19( 9+19)<——+'9 (16)

2w
Substituting Eq. (16) into Eq. (15), we have
32 2
ks O 088
V<-ok s’ = -+ S+ = <-0V+C (17)
: 0% 9
Where @=m|n{2wkd,5§};c—2—+m
According to Eq. (7) and Eq. (10), there is

~(k, + 62 (z))(/llel +7,[edr+ el) -
(kg +30°(@) e, — 4k, + 30°(2)) x
Jerdrow(kesdh* @ Je. (18)

Assuming K =4k,, Kk ()=2,90°(2), k=2.k,.

k() =2,9h%(2) . k,() = 9h*(z) , Eq. (18) can be simpli-
fied to

u=—(k, +k,())e, = (k + ki(~))je1dr— (ks +ky())8,

(19)

It can be known from Eq. (19) that the control law

u has a similar structure of the conventional PID con-

trol law and inherits the advantages of the conven-

tional PID control law. However, unlike the tradition-

al PID, the control law of Eq. (19) has the perfor-

mance of adaptive self-regulation, mainly embodied
as 9. k(). k(). ky(). Among them, when k().
ki(-), k,(-) are all 0, the control law of Eq. (19) is the

same as the traditional PID. At the same time, the
biggest advantage of the adaptive control law is that
it is not necessary to determine the control gain
through continuous trial and error, and only the
learning law x needs to be adjusted. In addition, the
control scheme can overcome time-varying distur-
bances and has robust performance against environ-
mental disturbances.

To further analyze the stability (boundedness) of
the control law, Eq. (17) needs to be solved. First,

Eq. (17) is multiplied by €* and integrated, and

there is
t t t
j\/egtdr < —j@Vthdr + jCe@tdr (20)
0 0 0
Where €® is the minimum error coefficient, ¢ is
time.
Eq. (20) is further solved, and there is
t t
d(ve™) < [Sedr (21)
o)< 5
namely,
ve? —v(0)< e - & 22
e A

Where V(0) is the initial value of function V .
According to Eq. (12) and Eq. (22) there is

o<v< & +[\/(0) ]‘0‘ (23)

It can be seen from Eq. (23) that when
!Ln;VQC/@ , V is bounded, and the value of C/©
can be reduced by increasing the design values of K,
and x . According to Eq. (12) and the boundedness
of function V , s and ¢ are also bounded, and K
can be obtained. According to Reference [20], the
boundedness of S can guarantee the boundedness of

e, J.eldr , €, s0 X, is also bounded. Further, ac-

cording to Assumption 2, the boundedness of h(z)
can be obtained, and according to Eq. (11), the
houndedness of b caih heobrdinedy
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Therefore, under the conditions of Assumption 1

and Assumption 2, the control law U and the adap-

tive law 9 (Eq. (10) and Eq. (11)) can cause the
ship course control system (Eq. (1)) to track a given
reference course Y, , while ensuring that all signals
of the closed—loop control system are bounded. In ad-
dition, by selecting the appropriate parameters 4,
Ay, Ky, 6, 0, we can control the tracking error of the

ship course within a smaller neighborhood.

3 Simulation research

In order to verify the effectiveness of the control
strategy of this paper, the simulation research is per-
formed on the teaching and training ship “Yulong”
of Dalian Maritime University. The relevant parame-
ters are set as follows™: K = 0.478, T = 216, a =
9.14,b =10 836.12.

For ease of calculation, the selected reference sig-
nal model is *

g, () +0.19y, (t) +0.015y, (t)=0.015y,(t) (24)
Where y, is the ideal course satisfying ship perfor-
mance; ¥, is the command input signal.

The simulation research contains two working con-
ditions:

1) Condition 1: The disturbance is assumed to be
a constant disturbance and & =7.

2) Condition 2: The disturbance is assumed to be
a time-varying disturbance, and =w(t)h(t)+1+
2sin(0.2t) + cos(0.5t) . Where w@(t) is a 6-level wave
interference, which can be described by the sec-
ond—order oscillation elements driven by the white

noise recognized by the International Towing Tank

Conference ™, and w(t)= - 0.419 8s ;
§°+0.3638s+0.367 5
f(t) is zero-mean Gaussian  white noise;

1+2sin(0.2t) + cos(0.5t) is the equivalent interfer-
ence of the marine environment **.

Based on these two working conditions, the initial
values of parameters of the ship course control sys-
tem 9 , W, s are sel as 9(0)20, w(0)=10x 180/x ,
w(0)=0. The adaptive PID (APID) proposed in this
paper is compared with the traditional PID control
law ( Upp) shown in Eq. (25), where k;=4,
K, =4Ky, Ki=2,ky, 4,=3,4,=5,xk=0.5.

u,,,D=erl+Kij'eldr+Kdé1 (25)
Where K, =45, K; =25, K; =15 are the design pa-
rameters of the traditional PID control law.

The simulation results of the two control strategies

are, shown,in Fig. 1 and Kig..2. They are the.tracking
)

simulation results of ship course controlled by APID
and traditional PID under constant disturbance and
time—varying disturbance, respectively. It can be
seen from Fig. 1(a) that the response performance of
the ship course y,pp under APID control is relative-
ly fast, but the dynamic performance of the ., in
the initial stage controlled by traditional PID is more
in line with the actual engineering needs. It can be
seen from Fig. 1(b) that the tracking accuracy under
two control schemes is satisfactory. It can be seen
from Fig. 1(c) that it is easier to realize the rudder an-
gle response under the traditional PID control in en-
gineering applications. In the steady state phase, the
rudder angle responses of the two control schemes
are almost the same. Fig. 1(d) shows the adaptive du-
ration curves of K (), ki(), ky() under APID con-

trol.

It can be seen from Fig. 2(a) that the ship course
response performance under the APID and tradition-
al PID control is basically the same, but the dynamic
adjustment performance of the traditional PID in the
initial stage is poor. As can be seen from Fig. 2(b),
the tracking accuracy of the APID control is higher.
It can be seen from Fig. 1(c) that the rudder angle re-
sponses of the two control strategies are completely
identical. Fig. 2(d) shows the adaptive duration
curves of k,(), k() , k() under APID control.

From Fig. 1(c), Fig. 1(d), Fig. 2(c) and Fig. 2(d),
the control input J and the adaptive parameters
k,() . k(). ky() are bounded.

Table 1 shows the results of quantitative perfor-

mance comparison of the two control schemes. In Ta-
t
ble 1, Intergral of Absolute Error (IAE) =‘[ e, (t)|dt

can be used to evaluate the steady-state perfor-
mance of the control scheme, where the start time is

t;, = 0 s and the end time is t; = 600 s. Mean Inte-

t'
gral of Absolute Control (MIAC) =ﬁjt |o(t)|dt
£ 0"

can be used to evaluate the energy consumption of
the control scheme. It can be seen from Table 1 that
under the constant disturbance and the time-varying
disturbance, the MIAC indices of the two control
strategies are the same, namely that the system ener-
gy consumption is completely consistent. It can be
seen from the TAE index that under the constant dis-
turbance, the difference of the steady-state perfor-
mance of the two control strategies is small. Under
the time—varying disturbance, the steady—state error
of the traditional PID is large, which also proves that

it, gannol resist the time—-varying ,distutbance-, Fhis
\
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Table 1 The performance comparison between APID and
PID control

TAE MIAC
Control - - - -
scheme Constant  Time-varying Constant ~ Time-varying
disturbance disturbance disturbance disturbance
APID 9.85 115.5 7.01 1.53
PID 16.09 442.7 7.01 1.53

conclusion further embodies the robustness of APID
to uncertain disturbances.

In order to meet the different control performance
requirements under time—varying disturbance condi-
tions, the influences of k; and x on the control per-
formance of APID are quantitatively analyzed. The
results are shown in Table 2. It can be seen from Ta-
ble 1 and Table 2 that k; and x have less influence
on MIAC, and Kk; has less influence on IAE, but «

has more obvious influence on IAE. Therefore, an ap-
propriate increase in the x value can improve the

control accuracy.

Table 2 The influence of APID design parameters on

control performance

Design parameter IAE MIAC
ky=1,x=0.5 116 1.53
ky =6, x=0.5 111 1.53
ky =4, x=0.1 148 1.53

k=4, k=1 98 1.54

4 Conclusions

In this paper, based on the problem of ship's exter-
nal environmental disturbance and model parameter
uncertainty, adaptive self-regulation PID course
tracking control law is designed by parameter adap-
tive technology, which can be used for ship course
tracking control and dynamic positioning control.
The control law not only has the advantages of sim-
ple PID structure, not depending on accurate model,
fewer regulation parameters, but also has good ro-
bustness to parameter uncertainty and unknown in-
put. At the same time, there are few online regula-
tion parameters of the control scheme in this paper,
so the calculation load is low, and it is of easy engi-

neering implementation.
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