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Abstract

Underactuated surface vessels (USV) have the characteristics of large inertia, large
time lag and high nonlinearity. In order to implement the high-efficiency course-keeping

of USV, a fractional-order P1”D* controller was proposed in this paper. However, the
integral-order # and differential-order # increase the difficulties of P1“D* controller

parameter tuning. So we proposed a fractional-order P1°D* controller based on
asynchronous time-varying learning factor and self-adaptive weight particle swarm
optimization (PSO) algorithm, which can control the flying speed of the particles more
effectively and enhance its global convergence ability. This method can also solve the

problem that the fractional-order P1”D* controller has many parameters and design
complexity. The simulation results show that the proposed method has the advantages of
short regulation time, fast convergence, small overshoot, good robust performance and
strong immunity ability.

Keywords: underactuated surface vessels, course-keeping control, particle swarm

optimization algorithm, fractional-order P1*D* controller, asynchronous time-varying
learning factor, self-adaptive weight

1. Introduction

The underactuated system refers to the system that the spatial dimension of control
input is less than spatial dimension of configuration, and it is a nonlinear system, such as
underactuated surface vessels (USV), mobile robots, and spacecraft [1]. Underactuated
surface vessels have the characteristics of large inertia, nonlinear and time-delay. In order
to implement the high-efficiency course-keeping of USV, steering is controlled by
autopilot control system, and correct the disturbance caused by yaw. But due to the
complexity of ship motion and environment, it is difficult to establish a precise motion
model of ship course in the autopilot design. In order to obtain satisfactory control effect,
many scholars do many researches. The intelligent control algorithms of ship course
mainly include generalized predictive control [2], variable structure control [3],
Backstepping control [4], Ho robust control [5] et al, which have been applied to the
course control, and achieved good control effect. But there are some problems, such as
forecasting control, Backstepping control, Ho robust control which depend the object
precise model.

Fractional calculus expands the differential-order and integral-order of integral calculus
to any order, and improves the description of the integer-order calculus [6-7]. In 1999,

I.Podlubny proposed the fractional-order P1”D* controller. Compared with traditional
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PID controller, it has two additional adjustable parameters, which can control the object
more flexibly and has stronger robustness and better control effect [8-9].But it is difficult

to tune the parameters of fractional-order P1D* controller. Therefore, the parameters’

tuning of fractional-order P1”D* control system has become a hot research spot.

At present, there are many optimization algorithms such as neural network, fuzzy
control, genetic algorithm, particle swarm optimization, synovial control and so on. In
[10], an adaptive fuzzy fractional-order controller was proposed to solve the parameter

adjustment of the fractional-order P1“D* controller that was used for the integer-order
controlled object. In [11], a modified differential evolution algorithm was proposed for
tuning the parameters of fractional- order P1*D* controller.

In this paper, we use a fractional-order P1”D* controller based on improved PSO
(IPSO) algorithm to control autopilot of USV and keep the ship’s course. Meanwhile, the

asynchronous time-varying learning factor and self-adaptive weight are proposed to
optimize PSO algorithm, and the convergence speed and the global searching ability of

PSO are improved. Compared with fractional-order P1“D* controller based on improved
PSO algorithm and PID controller based on traditional PSO algorithm, the simulation
results show the feasibility and effectiveness of the approach.

2. Fractional Calculus descriptions

2.1. Fractional Calculus Definition

Fractional calculus is a branch of mathematical analysis that studies the possibility of
taking real number powers or complex number powers of the differentiation operator and
the integration operator. The basic operator of fractional calculus is as follows

:_a’ RE(a) >0
.= (1)
D% =11,Re(er) > 0

j‘ (d7)™,Re(a) <0

In which, @and t are upper and lower limit of operation operator, & is calculus order
which can be any complex number and assumed as real numbers.

There are three definitions of fractional calculus, Grunwald-Letnikov definition,
Riemann-Liouviblle definition and Caputo definition.

The Grunwald-Letnikov definition formula is:
t-a
1 ol (a .
DO f ()= Iimh7 > (-1’ (j jf(t— in)
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In which, [X]denotesx an integer, (J] is binomial coefficient.
The Riemann-Liouviblle formula:

e L dyap @)
D f(t)_r(m—a)(dt) I (t—zy~ " i )

In which, I'(e) is Gamma definition function.
The Caputo definition formula:
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From three kinds of definitions of fractional calculus, we can see that the fractional
differential and integer-order differential is different when continuous function is on a
point.

2.2. Modified Oustaloup Approximation

In order to apply the research method of integer-order controller to the fractional-order
controller, fractional calculus must be approximated to integer-order calculus. In this

paper, a modified Oustaloup approximation method is applied. " is approximated as

integer-order calculus, approximate fitting frequency range is (%, ) orderis N . By
this method, approximation integer-order transfer function is given as

o
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In which, 0<a<1 b>0 d>0 d=]® e fractional part of formula K(5) denotes as
zeros, poles form of a rational transfer function
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Construct the continuous rational transfer function model of fractional calculus
operator:

2 N '
G(s) =K ds 2+bcohs H1+S/a)k )
dl-a)s”+bos+da )i y1+s/ o,

In which, K = (@5,0,)"
3. Fractional-order P1"D* Controller based on IPSO

3.1. Fractional-order P1”D* Controller

The general form of fractional-order controller is PI”D” that includes an integral-
order /4 and differential-order # , the differential equation is

u(t) = K e(t) + K,D"e(t) + K, D/e(t)

(10)

a _ Cha
In which, D' = <DX' is the Caputo definition, 2>0 and #> 9 are any real number.
The Laplace transform of Caputo definition is
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L{SDf f(t)} =s“F(s)- nf:sa-k-lf “(0)
=0 (11)

From (10)-(11), the transfer function of fractional-order P1“D” controller is

Gc(s)zKp+£;+ Kgys” (12)
S

The fractional-order P1”D” controller has more than two adjustable parameters.

Choosing properly integral-order 4 and differential-order # , the control performance can
be improved.

3.2 The Tuning of Controller Parameters based on IPSO

From (12), the fractional-order P1”D* controller adds two adjustable parameters 4
and # , which make the parameters of fractional-order P1”D* controller are being

increased to five, namely(Kp’Ki’Kd”l’/“‘). By choosing five adjustable parameters
reasonably, the performance of the controller can be further improved, but it also
increases the design difficulty of the controller. Therefore, a fast and effective method is
necessary to adjust controller parameters and meet the requirements of the control system.

In 1995, Kennedy and Eberhart proposed a particle swarm optimization algorithm. This
algorithm has the advantages of swarm intelligence, intrinsic parallelism, simple iterative
scheme, and fast convergence to the optimal solution location etc. However, with the
further study of the PSO algorithm, the three major drawbacks are discovered. The first
drawback is that the PSO algorithm easily traps in local optimum, which is called as
premature phenomenon. Secondly, the relationship between global and local optimal
values is difficult to coordinate. Finally, it is very difficult to understand the exact time of
PSO algorithm at using global and local models.

According to defects that the PSO algorithm prone to fall into local optimal solution,
difficult to reconcile the global and local optimal value, this paper proposes an improved
particle swarm optimization (IPSO) algorithm. On the basis of the original algorithm,
self-adaptive weight is introduced to PSO algorithm, which balances the ability of PSO
algorithm in global search ability and local improvement. At the same time, two
asynchronous time-varying learning factors are added, which can further control the
flying speed of the particles and increase the local search ability of the algorithm.

Firstly, the PSO algorithm initializes group in the feasible solution space and velocity

space, namely determines the initial position and speed of the particle. In the d
dimensional target search space, let the position and speed of the ! particle are

represented as X = [X‘vl’xivz'“xivd] and V' :[Vill’viyz“'vivd]. During the optimization,

the target functions of each particle are evaluated to determine the best position of

particle R :[pivl’ p‘vz“'p‘vd] and the best position of whole

swarm Py = [pg’l’ pgvz"'pgvd]. According to the following formula, the positions and
velocities of the particles are updated

Vig (t+1) = wvig (1) + Clrl[pid — Xig (t)]"‘ C, I, [pgd — Xig (t)] (13)

X (t+1) =X, (1) + v,y (L +1) (14)

where @ s inertia factor, Ci and ©2 are acceleration factors, " and " are random
number between 0 and 1. To balance the global search ability and the local improved
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ability of PSO algorithm, the nonlinear dynamic inertia weight coefficient formula is
proposed
@ . — (a)max _a)min) * ( f — fmin) i f < favg
@ = favg - fmin (15)

w f > f

max ? avg

In which, ®max gnd ®min gre the maximum and minimum value of @, f is target

function value of current particle, Favg and Tmin are respectively the average target and the
minimum target value of the current particle. Because the inertia weight is changed
automatically with objective function value of the particle, so it is called as self- adaptive
weight.

At the same time, because the learning factor C and ©2 determine the experience
information of the particles themselves, and the experience information of other particles
effect on the trajectory of the particles. They reflect the information exchange between the

particles. Setting the larger value of €1 will make particles hover in the local range.

However, the larger value of €2 will lead particles prematurely converge to the local
minimum. Therefore, we propose asynchronous time-varying learning factor, the
asynchronous time-varying refers to the different changes of two learning factors with
time during the optimization process. During the initial stage of the optimization, this
makes the particles have a strong self-learning ability and weak social learning ability,
and strengthens the global search ability. In the later stage, the particles have strong social
learning ability and weak self-learning ability, which is advantageous to converge to the
global optimization. The change formulae of learning factors are

Cy,fin — Cyini
C; =Cpjni + ————— ot
max
(16)
and
Cy.fin — Cyini
Cy, =Cyini + RCLRCLUPY 17)
tmax

C .. C,: . . C . C, .
Where “bini and “2ini are the initial values of & and CZ, Lfin and “2fin are the

iteration final values of G and CZ.

In summary, the parameters tuning process of fractional-order P1”D* controller based
on IPSO algorithm is described as following:

a) Initialize the particle swarms, and randomly generate position and speed of each
particle.

b)  The position vector of each particle is successively used as the fractional-

order P1”D* controller parameters, the current fitness value of each particle is calculated, and
initialize 7 and " 9.

c)  Compare the best position Pl of all particles, choose the best value and act as the best
position Py of the whole particle swarm.

d) Use formula (13)-(17) to optimize, update the speed Y and position X of each
particle, i=12,..,n , d=12.5

controller.

is the five parameters of fractional-order P1”D*
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e)  Check to see whether the termination condition is satisfied. If it is satisfied, then exit;
otherwise, go to step (b).

3.3. The Fitness Function Selection

We propose the IPSO algorithm to tune parameters (KP’K"Kd”l’”)of fractional-

order P1”D* controller, the space dimension of solution is five, and a modified
Oustaloup approximation method is used. Consider the error square integral and system
overshoot of the control loop, the formula of fitness function is

+o
J= a)ljo e (t)dt+w,o (18)
In which, e(t) is systematic error, O is system overshoot, “Land “2 are weights.
4. Underactuated Surface Vessels Mathematical Model

4.1. Maneuvering Mathematical Model

For an ocean vessel moving in 6 degree of freedom (DOF), the 6 different motion
components respectively represent the position and direction. The first three coordinates

(x,y,2) and their first- order differential represent the ship position and translational

motion along X, Y and Z axes. The last three coordinates (‘/”H’W)and their first- order
differential indicate the direction and rotation of the ship. The 6 DOF are respectively
denoted as surge, sway, heave, roll, pitch, and yaw [12], see Figurel.

Y x

Sway
Yy ¥r Y

Body-fixed frame

Figure 1. Reference Frames and Variables for Ship Motion Description

The ship maneuvering is usually considered in the horizontal movement of the ship,
and the heave, roll, and pitch are usually neglected. So the ship motion problem is
simplified to only three DOF. The maneuvering mathematical model of USV can be
written

X = ucosy —vsiny
yzusint//+vcosz// (19)

=
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L.j:&vr_hu_*_qu
m11 mll mll
\l/:_&ur_hv (20)
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. — 1
r:mn mzzuv_dss r+ T,
m33 m33 m33

where X, Y and ¥ denote the surge, sway, and yaw angle in the earth fixed frame. U , V

mll ,

and I are the surge, sway and yaw velocities. M2 and M are the inherent and

additional mass of ship, that are model uncertainties. dll, d22 and 933 gre the
hydrodynamic damping of the surge displacement, sway displacement, and yaw angle,

that are model uncertainties. " ,Tr denote longitudinal force and torque of ship
propeller.

4.2. Norrbin Nonlinear Model for USV Course Control

In the design of the USV course controller, the ship is considered as a dynamic system.

The input is the rudder angle o , and the output is the yaw angle Y In the case of steering
is not very frequent, the Norrbin nonlinear model of USV course control deduced from
the maneuvering mathematical model is obtained

y =—ayy —ay° +bo (21)
where ¥ and O respectively are the yaw angle and rudder angle control.

& =ab : 8, =pb and P=K/T are model parameters, K and T are ship indexes, & and

p are nonlinear coefficient. K, T, & and p are relevant to the speed and structure of
ship.

5. Simulations

The simulation experiment uses the data of 5446 TEU container ship in COSCO Group.
Suppose  the rated speed of this ship is V=1980  Kknots,
then K=0.1955 T =255.8837 «a=14.3601 4y p=19.3172 According to the

design procedure of fractional-order P1”D* controller based on IPSO algorithm, the

fitting frequency of modified Oustaloup filtering method (a)b ,wh) chooses [0.001, 1000],
and order N = 5. The total nhumber of the particles is 50, the particle size is five that is

[Ke. Ki, Kq. 4, 4] of fractional-order P1"D* controller. The initial parameters of

Cyini :2.25101’fin :0.3510 :2.25and
.The minimum and maximum inertia weights are Onin =06 :0'9.
W,

2,ini

asynchronous time-varying learning factor are
Cy sin =0.35 and @rex

The weights @ and of fitness function are both 10. Respectively choosing the

fractional-order P1”D* controller based on IPSO algorithm and integer-order PID
controller based on PSO algorithm, the maximum rudder angle limits at -35°~+35°, the
expected course angle takes30°in 0 ~ 1000 seconds.

Choosing the fractional-order P1“D* controller based on IPSO algorithm, the five

. K, =14.794 —
parameters of the controller are respectively P 9 : K;=9.285 :
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Kd =83.637 , A41=0.275 ’ ,Ll=0823 . rise time t, =104s , adeSt time ts=104s ,

overshoot M =0.20% | steady-state error == =9-00579 cpoosing integer-order PID

controller based on PSO algorithm, the three parameters of the controller K, :29'015,

Ki =-2.485 ’ Kd =67.766 , rise  time tr =61s , adjust time ts = 4655 ,

overshoot M =48.54%  steady-state error Ess =0-0245%
The design method of the traditional PID ship autopilot [13], the proportional, integral
and differential parameters of controller are

_ Tw? K - Tw? _ 2Tew, -1

T K 10K ' K (22)

K

where “n is system natural frequency, ¢ is system relative attenuation coefficient.

Usually take 08<e<10 @ =006 £=09 From (22), we can obtain Ky :4'712,

Ki =0.028 , Kd =136.2426 1 rise time tr =69s , adjust time ts =625s ,

overshoot M =11.32%  steady-state error B, =0.01602 10 cimulation results are

shown in Figure2, Figure3.
As shown in Figure2, Figure3, we can see that the control effect based on fractional-

order P1”D* controller is obviously superior to other two PID controllers. The proposed
method has the advantages of less overshoot, shorter regulation time and precise control.

N R PSOPD
FT improved-PSO FOPD ||
traditional PID

Course angle y /(%)
w

0 100 200 300 400 500 600 700 800 900 1000

times

Figure 2. Ship Course Tracking Curve without Disturbance

i[: T T T T T T

A PSOPID

i —— Improved-PS0 FORID
. I't'. . — traditional PID
S b ;
20k i
Y
2 i
2l %

‘.f-'

__J_[: 1 1 1 1 1 1
0 100 200 300 400 500 600 YOD  B00 900 1000
timais

Figure 3. Ship Rudder Angle Output Curve without Disturbance
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When the ship is sailing, the disturbance of wind and waves is the main cause of the

ship yaw. In order to validate the robustness of fractional-order P1*D* control system,
the wind and wave disturbance is introduced into this control system. It is used as the
system disturbance that is using white noise to drive a typical two-order oscillation system

[14]. The transfer function of wave model in six-level winds is

0.4198s
h(s) =

_ _ ) s?+0.36385+0.3675 _ (23)
The simulation results are shown in in Figure4, Figure5. Under wind and wave
disturbance, the fractional-order P1“D* controller based on IPSO algorithm is obviously
superior to other two PID controllers. The system can achieve stability quickly and have

good control effect. It can be shown that the fractional-order P1“D* controller based on
IPSO algorithm has stronger robustness and better regulation quality.
Similarly, the simulation experiment uses the data of 5446 TEU container ship. From

formula (21), we can know that the uncertain parameters K, T @ and B of ship course
control model are changed with the ship speed. In 600 seconds, we can set that the ship is
sailing at 16.20knots speed firstly, and accelerates to 26knots speed, and then keeps

27knots speed.
60

------- PSOPID
Improved-PS0 FOPD [
traditional PID

(A%
=1
T

.
=)
T

Course angle y /(°)
"
L=

J 1 1 1 I 1 1
0 100 200 300 400 500 600 700 8OO 900 1000

time's

Figure 4. Ship Course Tracking Curve with Wind, Wave Disturbance

------- PSO P
i — Improved- S0 FOPID
' traditional PID

rudder angle & /(%)
=
_';' ‘:.‘:"'

1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000

timefs
Figure 5. Ship Rudder Angle Output Curve with Wind, Wave Disturbance

Use the fractional-order P1”D* controller based on IPSO algorithm to control USV
course. Set the change schedule of USV course angle is¥r (=30 jh0<t<300 gng

v () =50 j,300<t<600 The simulation results of the ship model with parameter
perturbation are shown in Figure 6 and Figure 7. The ship can track the desired course
quickly, and the autopilot responds quickly and the steady error is small.
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In the case of uncertain modeling parameters of ship, when the expected course is
changed, the ship can achieve the expected course quickly by fast speed adjustment, and
eventually maintain the stable tracking effect. From the experimental results, it can be
seen that the controller can effectively overcome the impact of the uncertain model
parameters on the ship course control, and realize the tracking control of the ship course.

60 T T T

Course angle i /(7)
u

a 1 1
] 100 200 300 400 500 600
time/s

Figure 6. Course Tracking Control Curve with Uncertain Model Parameters

rudder angle 5 A7)

0 101 20 T I 500 500

timels
Figure 7. Rudder Angle Output Control Curve with Uncertain Model
Parameters

6. Conclusions

This paper deals with the course-keeping problem of large inertia, nonlinear and time-

delay ship system with uncertain model parameters. A fractional-order P1”D* controller
based on IPSO algorithm is proposed for ship’s course control with uncertain model
parameters. Meanwhile, according to the shortcomings of the PSO, the asynchronous
time-varying learning factor and the self-adaptive weight are introduced into the
algorithm to improve the performance of the PSO. The simulation results demonstrate the
effectiveness of the proposed control method. When the controller output is changed
under the wind, wave disturbance or the control object is changed due to some factors,

fractional-order P1°D* controller based on IPSO algorithm can overcome these effects.
This controller has a high robustness, small overshoot and strong immunity.

Acknowledgments

The authors would like to thank all the reviewers for their constructive comments. This
research was supported by the National Natural Science Foundation of China (Grant
N0.61374114, No0.51579024, U1433124, 51605068) and the Fundamental Research
Funds for the Central Universities (DMU No. 3132016311)

10 Copyright © 2017 SERSC



International Journal of Control and Automation
Vol.10, No.7 (2017)

References

(1]
[2]

(3]

(4]

[5]

(6]

[7]
(8]
(9]
[10]
[11]

[12]

[13]

[14]

B. Liu, “Approximate linearization of a class of underactuated system and its application in the ball and
beam system”, International Journal of Control and Automation, vol. 8, no. 12, (2015), pp. 119-130.

Z. Yan, F. Lang and X. Cheng, “Design of ship course networked controllers based on generalized
predictive control”, Proceedings of the 27th Chinese Control and Decision Conference, Qingdao, China,
(2015), pp. 5993-5998.

H. Xiao, Y. Li and Y. Han, “Variable structure control of ship course nonlinear system based on radial
basis function network adjustment” ,Journal of Information and Computational Science, vol. 8, no. 9,
(2011), pp. 1667-1674.

H. Wang and Q. Wang, “A new robust adaptive backstepping for ship course-keeping control”,
Proceedings of the 2nd International Conference on Mechatronics, Robotics and Automation, Zhuhai,
China (2014), pp. 793-797.

P.H. Yang, S.S. Hu and J.Y. Juang, “Design of a nonlinear Hoo controller applied to a ship control
system”, Proceedings of the 2000 IEEE International Conference on Control Applications, Anchorage,
USA,(2000) , pp.349-354.

X. H. Zhang ,Q. Sun and P. Cheng, “Design of a four-wing heterogeneous fractional-order chaotic
system and its circuit simulation”, International Journal on Smart Sensing and Intelligent Systems, vol. 7,
no. 4, (2014), pp. 1647-1662.

H. N. S. Hassan, T. Inés and B. M Vinagre, “Fractional-order reset control: Application to a
servomotor”, Mechatronics, vol. 23, no. 7, (2013), pp. 781-788.

1. Podlubny, “Fractional-order System and Fractional-order Control”, IEEE Transactions on Automatic
Control, vol. 44, no. 1, (1999), pp. 208-214.

I. Podlubny, “Realization of Fractional-order Control”, Acta MontanisticaSlovaca, vol. 8, no. 4, (2003),
pp. 233-235.

X. M.Tian,Y. R. Huang and C.M. Zhang, “The tuning principle of adaptive fuzzy fractional-order PID
controller parameters”, Procedia Engineering, vol.7, (2010), pp. 251-255.

Huang Lilian, Zhou Xiaoliang and Xiang Jianhong, “The adaptive design of the fractional order PID
controller parameters”, Systems Engineering and Electronic, vol.33, no. 5, (2013), pp. 1064-1069.
Zwierzewicz Zenon, “On the ship course-keeping control system design by using robust and adaptive
control”, Proceedings of the 19th International Conference on Methods and Models in Automation and
Robotics, Miedzyzdroje, Poland,(2014) , pp. 189-194.

Fossen TI, Editor, “Guidance and control of ocean vehicle, England”, John Wiley &Sons Ltd, England
(1994).

Jia X L, Editor, “Ship motion intelligent control and Hoo ropust control”, Dalian Maritime University
press, China, (2002).

Authors

Li Guang-yu, He is pursuing Ph.D. degree at Navigation College
of Dalian Maritime University, Dalian, China, in 2011.He is an
assistant professor at Software College of Dalian Jiaotong University,
China. His research interests include artificial intelligence, fractional-
order control, particle swarm optimization algorithm and so on.

E-mail: ligyu@163.com

Copyright © 2017 SERSC 11


http://www.engineeringvillage.com/search/submit.url?CID=quickSearchCitationFormat&searchtype=Quick&searchWord1=%7bZhang%2C+Xiaohong%7d&section1=AU&database=1&yearselect=yearrange&sort=yr
http://www.engineeringvillage.com/search/submit.url?CID=quickSearchCitationFormat&searchtype=Quick&searchWord1=%7bSun%2C+Qiang%7d&section1=AU&database=1&yearselect=yearrange&sort=yr
http://www.engineeringvillage.com/search/submit.url?CID=quickSearchCitationFormat&searchtype=Quick&searchWord1=%7bCheng%2C+Peng%7d&section1=AU&database=1&yearselect=yearrange&sort=yr
http://www.engineeringvillage.com/search/submit.url?CID=quickSearchCitationFormat&searchtype=Quick&searchWord1=%7bHosseinNia%2C+S.+Hassan%7d&section1=AU&database=1&yearselect=yearrange&sort=yr
http://www.engineeringvillage.com/search/submit.url?CID=quickSearchCitationFormat&searchtype=Quick&searchWord1=%7bZwierzewicz%2C+Zenon%7d&section1=AU&database=1&yearselect=yearrange&sort=yr

International Journal of Control and Automation
Vol.10, No.7 (2017)

12 Copyright © 2017 SERSC



