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Abstract: Energy optimization is one of the key problems for ship
roll reduction systems in the last decade. According to the nonlinear
characteristics of ship motion, the four degrees of freedom
nonlinear model of Fin/Rudder roll stabilization can be established.
This paper analyzes energy consumption caused by overcoming the
resistance and the yaw, which is added to the fin/rudder roll
stabilization system as new performance index. In order to achieve
the purpose of the roll reduction, ship course keeping and energy
optimization, the self-tuning PID controller based on the
multi-objective genetic algorithm (MOGA) method is used to
optimize performance index. In addition, random weight coefficient
is adopted to build a multi-objective genetic algorithm optimization
model. The objective function is improved so that the objective
function can be normalized to a constant level. Simulation results
showed that the control method based on MOGA, compared with
the traditional control method, not only improves the efficiency of
roll stabilization and yaw control precision, but also optimizes the
energy of the system. The proposed methodology can get a better
performance at different sea states.
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1 Introduction

How to reduce energy consumption is a key problem of
the fin/rudder roll reduction system. It is a new tendency for
the ship roll reduction system. Various roll reduction devices
have been well employed to accomplish the ship roll
reduction. For example, fin stabilizer is the most
fundamental and effective roll reduction device for ships in
waves (Treakle et al., 2000; Huang et al., 2014). The rudder
is mainly applied to control the ship course, in addition it
improves roll reduction (Fang and Luo, 2007). Tanks are
also an important roll reduction device (Fang and Luo,
2007). In this paper, the fin/rudder roll stabilization system
(Perez and Goodwin, 2008) is adopted. It is a new kind of
ship roll reduction device, that uses the rudder to assist the
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fin stabilizer to further improve roll reduction and ship
course precision.

A wide variety of control algorithms have been proposed
to reduce the ship roll motion, such as classical PID
(Minorsky, 1947) optimal control (Fang and Luo, 2007) and
H,/H, (Oda et al., 1996). Various control algorithms of
the fin/rudder roll reduction system highlight the roll
reduction efficiency and the ship course control precision
(Koshkouei et al., 2007). However, they seldom consider the
problems of energy optimization. Liu and Jin (2013) have
proposed a method to optimize additional resistance. In this
paper, the energy consumption of overcoming the resistance
and the yaw caused by the additional energy consumption is
regarded as performance index.

While the ship sails in the seaway, different ship speed,
encounter angle and sea states lead to different roll moment
and yaw moment of ship. But the classical PID controller
(Crossland, 2003) is designed in the specific sea state. To
optimize the PID controller, the self-tuning PID controller
based on the MOGA (Lee et al., 2007; McGookin et al.,
2000) is proposed to tune three parameters. During the past
decade, due to its generality and several advantages over
conventional optimization methods, multi-objective genetic
algorithm does not require user to prioritize, scale, or weight
objectives. Therefore, genetic algorithm had been
successfully applied to solve multi-objective optimization
problems (Suksonghong et al., 2014; Malik et al., 2014;
Long, 2014). Besides, MOGA is very suitable for solving
multi-objective optimization problems because they deal
simultaneously with a set of solutions and find a number of
Pareto optimal solutions in a single run of algorithm
(Vicente et al., 2012). This paper presents the self-tuning
PID controller based on the MOGA, which adapts to
different sea states (Pan and Das, 2013). Using this
algorithm, the system has better roll reduction efficiency and
ship course precision, at the same time it can dramatically
reduce the energy consumption and the cost of navigation.

The rest of this paper is organized as follows. In Section 2,
the ship model is presented. The establishment of
performance index of roll reduction system is addressed in
Section 3. The optimization of performance index is
described in Section 4. The experimental results and
analysis are presented in Section 5. The conclusion is given
in Section 6.
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2 Mathematical models

According to the Newton law and the ship motion
characteristics, nonlinear four degrees of freedom (4-DOF)
model is established based on rudder roll reduction model,
the nonlinear 4-DOF mathematical model includes the surge,
sway, roll and yaw. Motions in pitch and heave can often be
neglected in comparison with the other motions (Holden et
al., 2007). The control forces and moments of fin/rudder roll
reduction system are given. The ship model is described as

(m— X))t = Xnyat-X ruader +X i +X prop +
m(vr+xGr2 —szr)
(m=Y,)3— (mzg+Y, ) prt (g — )V =
Yiya+Yruader T Yoin T Yorop — mur
~(mze K )i (L~ K ) b Ko =
Ky + Krudder TK in TK prop + mzgur
(mxg —N;)v=Nyp+(I.—N;)r=
Niya + Nrwdder TNgin +Nprop — mxgur
$=p
y =rcos(4)
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where m is the ship mass, ¢ is roll angle, y is yaw
angle, u is surge, v is sway, r is yaw rate, p 1is roll
rate, I, and . are the inertia about the X, and z
axes, respectively. xg and zg are the coordinate of the
center of gravity CG with respect to the body-fixed frame,
ie., CG=[xs0z].

The following are explained in this paper: hydrodynamic
forces and moments, rudder forces and moments, fin forces
and moments, and propeller propulsion forces and moments.

Holden et al. (2007) have given the hydrodynamic forces
and moments, the nonlinear hydrodynamic models as:

Kiya = Xoth + Xyt | u | +X v

Yiwa = Yiv+ Vi + Yo p + Yo [u|v + Your + Yy v +

V|| + Yo [Vl + Y |ev] + Youngbluur|
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Ky |u| p+ Ko | p| p + K, p — pgVGZ($)

Niya = Nov + N+ Ny [u| v+ Ny [ 7+ N 7| +
Nor |V + Nogu|uv] + Ngundu|r| + Niyi | p| p +
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Liang et al. (2012) have given the rudder forces and
moments, the equation is written as:
Xdter =—D -0,
Youdder =L - O,
Krgger ==1+L- 0,
Nrager =—LCG-L- 6,

3)

where L represent the rudder-induced lift force, D is the
rudder-induced resistance, they are expressed as the Eq. (4).
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7, is the roll arm of rudder force, LCG is the yaw
moment arm of rudder force, &, is effective rudder angle
when a ship sails in the seaway. The related equations of the
lift force and the drag force can be presented as:

{L:O.SpUZACL(aﬁ) (4)

D=0.5pU*A[ Cpo +Ci (.)/(0.974) ]

where U is the flow velocity upstream from the foil, 4
is the area of the hydrofoil, p is the fluid density, A is

the effective aspect ratio of hydrofoils, C.(c.) is the lift
coefficient, Cpo is the drag coefficient.
The stabilizer fin-induced forces and moments (Perez and

Goodwin, 2008) can be expressed as:

Xin =—(Dcos(a) — Lsin(@)) - .

Yin = (Lcos(a) + Dsin()) - sin(f) - .
Kin =—2r; - (Lcos(a) + Dsin(@)) - ae
Nin =—FCG - (Lcos(a) + Dsin(e)) - sin(f) - .

)

FCG is the
longitudinal distance from fin pressure center to the ship
is the

where r; is the roll arm of fin force,

gravity center, 4 is fin mechanical angle, a.
effective fin angle when a ship sails in the seaway.
Xprop B Yprup 5 Kprop s and Nprop

propulsion forces and moments. Assuming that thrust force
and resistance are equal, the resistance can be approximately

are the propeller

equal to X,,U; when a ship sails in the seaway. The

propeller thrust forces and moments are described as

Xpmp = _Xu\u\Ug

oo =0 ©
Kpop =0

Ny =0

where U, is the initial ship speed.

3 Establishment of performance index

In order to meet roll reduction efficiency and ship course
precision when optimizing the energy, the performance
index is extended from the following two aspects.

3.1 Energy consumption of overcoming the resistance

When the ship course is a straight line with little sway and
yaw motion amplitude, by using the linear approximation
theory, force analysis is shown in Fig. 1.

Inertia force

U

T R

Inertia resistance
(m+m,)UPAys

Fig. 1 Force analysis of ship navigation
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3.2 Yaw caused by the additional energy consumption

When there is the yaw, on the one hand, it will increase
the navigation time with the increasing navigation course,
which leads to additional energy consumption. On the other
hand, turning rudders more frequently can reduce course
deviation, but it will increase the yawing angular velocity,
which increases the resistance of ship navigation and
attrition of steering gear. In Fig. 2, the illustration shows the
deviation between the actual ship position and the desired
path.

y

Ideal course . .
Turning point

Actual course

Fig. 2 Ship course
_ (e (A'//_ﬂ)z 2
Ar= e Edero(ar) (7

Therefore, when the ship sails in the seaway, the actual
totAt , here to
navigation time in the ideal navigation conditions, A¢ is
the navigation time with the increasing navigation course.
The propulsion resistance and navigation time determine the
total energy consumption. Navigation time is increased, the
total energy consumption is:

navigation time is is the smallest

E= 'f:w(m +Amy ) u’ fAyrdt +
tfo+At to+At (8)
.[ Rgudl+j Roudt
0 0

The total energy consumption is FE, in the ideal

navigation condition:
to
Eo = jo Roudt )

E —E, is the energy loss in the actual sailing. When the

ship course is a straight line, the measure of energy saving
index can be described as:

Ji= 10
=L (10)

When the ship course is a straight line, R, and u are
constant. Therefore, energy savings are the sum of an
increased rate of average navigation resistance and an
increased rate of navigation time.

7 :ljm{(Az//—ﬁ)z +(m+Amy)uﬂAl/'/+R5

dr (11
0?0 2 Ro } (h

where R, is the ship resistance, which mainly include

wave resistance and friction resistance, it can be represented
as

Ro=[CW+(1+K)Cf]-§u2V2/3 (12)

where C,, C, and K are wave resistance coefficient,
friction resistance coefficient and ship shape coefficient; p
is the fluid density; V is the ship displaces.

The empirical formula of rudder resistance is adopted.

1 2 2 sy 6.134, .,
Rs=—pU°A,(1-W;)1+3.6S " )———sin" 95, (13
5=35P A=W )/1 25 13)

-

where U is the ship speed (m/s ), 4, is the area of the rudder,
W} is wake fraction, S is the ship ratio, L, is the aspect ratio
of the rudder, &, is the rudder angle.

The ship resistance and rudder resistance expressions are
substituted in Eq. (11), considering the impact of steering
angle, equation (11) can be represented as

_ 1 ¢t 2 . )
J]—ZJAO [ﬂ,]Al// +ﬂ.2Al//AV/+ﬂ,3Al// + (14)

AAYS, + AsAyS, + 4652 1dt

where A;,i=1,2,---,6 are the weight coefficients, Ay is

the heading error, Ay is the yaw rate, O, the rudder
angle.

3.3 Establishment of performance index

This section aims to establish a new performance index
based on the original performance index (Jin and Wang,
2009; Jin et al., 2011). Generally, the weight coefficients of
AyAy, Awd. and Ayd, are smaller and ignored. When
the ship is in severe roll motion, which will reduce the
power of the host, at the same time, it reduces the speed.
Thus, energy optimization and roll reduction efficiency must
consider roll angle. Practical application shows that the roll
angle is within a certain range, which can reduce the viscous
resistance and wave-making resistance. It can be beneficial
to improving the power of the host and reduce fuel
consumption, which also increases speed and cost savings.
Therefore, roll angle should be taken into account. From the
control effect and stability, the roll angle should be as small
as possible. The roll angle and steering frequency can be
added to performance index. After that it is considered to be
discrete. In order to reduce costs and decreaseattrition of
steering gear, so steering frequency is added into the
performance index. Thus overall performance index can be
expressed as:

N

Ji = %Z(ﬂlAI/I,Z + ﬂyzAl//,2 + ﬂ3¢,‘2 + 245,'2 +ﬂ,5ﬁ2) (15)

i=1

where N is the total number of the time interval in the
control system simulations, Ay, is the ith heading error,
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Ay, the ith yaw rate, ¢ the ith roll angle with roll
reduction control, ¢; the ith rudder angle, f; the ith

steering frequency, A the weight coefficient, J, the

performance index. The smaller the J;, the better the
performance.

4 Optimization of performance index

In order to optimize performance index, the self-tuning
PID controller based on the MOGA optimization method
(Suksonghong et al., 2014) is applied. Each objective
function is not independent and should proceed in parallel to
get the optimal solutions. There are five methods to solve
multi-objective optimization problems in genetic algorithm.
In this paper, weight coefficient transformation method is
adopted. Thus, the multi-objective optimization problem can
be transformed into single objective optimization problem.

Selecting the appropriate weight coefficient is often
difficult in actual problems. There are three kinds of weight
coefficient setting methods: fixed weight coefficient method
(Fang et al., 2012), random weight coefficient method
(Hoko and Wang, 2011) and adaptive weight coefficient
method. The random weight coefficient method overcomes
local optimal solution and slow search speed and other
shortcomings in the original genetic algorithm. In this paper,
random weight coefficient is adopted to build
multi-objective genetic algorithm optimization model.

The flowchart of the self-tuning PID controller based on
the MOGA used in this work is shown in Fig. 3.

Initial population

I Generate first generation N=1 |

1

| Select weight coefficient |

I Select, Crossover, Mutate |

New population

PID controller

| Fin/Rudder roll stabilization system |

i

Calculate the fitness of
roll reduction device

N>maximum
evolution generation

NO

YES

Optimal parameters

Fig. 3 Flowchart of self-tuning PID controller based on the
MOGA
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The PID transfer function is usually expressed in the
following form:

Gs) = Kp+ X0 4 Kps (16)
S

where Kp is the proportional, K; is the integral gain and
Kp is the derivative gain.

However, based on experience and actual work conditions,
Eq. (16) can be rewritten as below:

K1 KZS

G(s)=Kp+K +K
@) =Ko+ Kz P (T + 1)(Tes +1)

(17

For optimization, the PID controller with three parameters
in Eq. (17) must be well tuned. Therefore, the self-tuning
PID controller based on the MOGA is proposed. The main
steps of MOGA are explained below:

First, the method to calculate weight coefficient and
improve fitness function is presented.

The random weight coefficient is used. The Eq. (15) has
given weight coefficient A4,—As of each objective function,

they are described as

Ti
5

D

J=1

A= (i=12,...5) (18)

where 7 and r; are random positive integers.

In the Eq. (15), because the target unit is not uniform,
both values are very different. It will lead to some objective
function does not work. So Eq. (15) is modified to Eq. (19).
The objective function can be normalized to a constant
level.

- 1 A l//iz ri2 ¢i2 é‘iZ ﬁZ
Iy R e e ) )

where AWimax > Zimax > @imax> Oimx > fimx are the most

suitable value of each objective function in each generation
population, respectively.

Because each value of the objective function is the square
root, the fitness function should be non-negative. In addition,
the fitness function value increases with the increasing
problem solution. Thus the fitness function is defined as

J=1/J, (20)

In this paper, two different types of control modes are
applied to the fin/rudder roll stabilization system, a type of
classical PID controller is selected to optimize ship
performances in certain conditions. In order to obtain the
optimal PID controller, the self-tuning PID controller based
on the MOGA is presented.

In this paper, population size is 50, crossover probability
is 0.8, mutation probability is 0.05, the parameters K, in
the range of [0, 100], K; in range of [0, 50], Kp in the
range of [0, 100], the optimization time is 200 s, the step
size is 0.1 s, termination condition is 40 iterations.
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5 Simulation results and discussion According to the simulations, the performance index can
be improved so that the ship has better performance.
To facilitate the study, the ship model is adopted. The 15- ——Optimal PID
main dimensions of the ship and the fin and the rudder can 0 - ----Classical PID

be found in Holden ef al. (2007).

When the ship speed and sea states are set, classical PID
controller has good control effect. However, when the ship
sails in various speed and sea states, the classical PID

5

Roll angle/(°)
.g

controller is ineffective. In order to obtain the optimal PID =S¢ R wy v

controller, the self-tuning PID controller based on the 1ok \, : B ' ’

MOGA is chosen in correspondence to these conditions. :

Simulations are carried out with two different speeds and ~13,720 20 60 80 100 120 140 160 180 200

three different encounter angles. The ship speed is set to be ils

18 knots and 30 kn, respectively. Encounter angle y is set 0.6 Fig. 4 Roll angle Siﬂlg‘;:i?:a] PID

to be 0°, 90° and 180°. 04 ----Classical PID
In classical PID controller, the sea state 5 corresponds to '

4 m significant wave height H,;. The ship speed is set to % 0.2

be 18kn, the encounter angle is set to be 90° . In this case, a T%D 0

set of optimal PID controller parameters K,, K; and 5_0'2

K, are obtained in termination populations using the ” 04

self-tuning PID controller based on the MOGA that are -0.6F

10.591, 0.432 and 0.026 1, respectively. _0.8— . e

The cost function values of the roll angle, yaw angle and 0 20 40 60 80 lt%) 120 140 160 180 200
rudder angle for two types of controller with respect to

Fig. 5 Yaw angle simulation
different contrast curves are shown in Figs. 4-6, respectively. 2.0- ——Optimal PID
The curve of performance index is shown in Fig. 7. The 1.5 ﬁ'j'ClaSSica] P;;ID
simulation data comparison results are summarized in Table ~ 10 o non
1, which can be used to judge the effect of two types of 3 05
controller. From Fig. 4, it can be seen that compared with %D Ok
the classical PID, the roll reduction is improved greatly. 805 . M
From Fig. 5, the yaw angle is smaller compared with the 5_1'0_ I. .f
classical PID, thus the ship course precision is improved. In -5 [ ‘
Fig. 6, the rudder angle is smaller compared with the -2.0r v ’
classical PID. Furthermore, from Fig. 6, it can be seen that 23720 40 60 80 100 120 140 160 180 2(')
the steering frequency decreases, which means energy ils
consumption caused by the yaw and attrition of steering gear L6 Fig. 6 Rudder angle simulation
can be decreased. Fig. 7 shows that the performance index is L5
the best in the self-tuning PID controller based on the Lt
MOGA. From the overall investigation on the total fitness 13k
function with different dynamic ocean conditions, Table 1 12}
can be applied to judge the performance index of each type >k
of controller. It can be concluded that the average value of 1ok
the roll angle, yaw angle and steering frequency can be 0.9
significantly decreased by using the self-tuning PID 0.8
controller based on the MQGA. Thfﬂrefore, the system is 0.70 5 1'0 1'5 2‘0 2‘5 3'0 3'5 "‘0
able to meet the roll reduction efficiency and ship course Generation
precision and reduce energy consumption. Fig. 7 Performance index J for best controller
Table 1 Comparison of roll angle
Speed (kn)/ Roll angle/(°) Yaw angle/(°) Rudder angle/(°)
encounter angle(°)  Classical PID ~ Optimal PID  Classical PID ~ Optimal PID ~ Classical PID ~ Optimal PID
18/0 33124 22455 0.1245 0.097 8 0.126 8 0.1053
18/90 6.178 1 1.657 1 0.316 1 0.273 4 0.9815 0.712 7
18/180 0.832 8 0.5612 0.024 1 0.019 6 0.008 9 0.007 1
30/0 3.701 6 1.413 4 0.1127 0.0412 0.243 6 0.2137
30/90 5.1827 0.763 7 0.278 1 0.201 5 1.463 1 1.1259

30/180 03913 0.214 0 0.009 8 0.006 7 0.126 8 0.104 2
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6 Conclusions

This paper presents a proposal on how to reduce energy
consumption of roll reduction devices. Firstly, the nonlinear
4-DOF mathematical model is established. According to the
model characteristics, the energy consumption caused by
overcoming the resistance and the yaw is analyzed.
Considering the actual needs, steering frequency is added
into the fitness function. A new performance index is
established. In order to obtain the optimal PID controller, the
self-tuning PID controller based on the MOGA presented in
this paper improves the fitness function. According to a
series of simulation comparisons, the self-tuning PID
controller based on the MOGA is generally superior to the
classical one. The system has better roll reduction efficiency
and ship course precision. At the same time the system
energy is optimized using the self-tuning PID controller
based on the MOGA. This paper provides a reference
method for the performance of the ship roll reduction
system.
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