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Abstract

In order to realize good track keeping and roll reduction of the ship while navigating. A multiple
input multiple output rudder-fin control system based on dynamic sliding mode algorithm is proposed.
Rudder-fin joint system nonlinear mathematical model is established. Because the designed dynamic
sliding mode controller makes sliding variables and the derivatives be zero, so it is essentially continuous
and can eliminate traditional sliding mode’s chattering problem. Simulation results show that while keeping
the command track angle the designed control system can make the average roll angle within +2°and
realize good stabilization effect.
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1. Introduction

Rudder roll stabilization theory was proposed long times ago. The rudder roll
stabilization method requires high steering speed and it's contradictory to rudder structure, so
rudder and fin joint roll stabilization was invented. Rudder-fin joint control refers to make
autopilot and fin stabilizer work together with fully considering the coupling effect of roll and yaw.
The main stabilization effect comes from fin stabilizer and autopilot has auxiliary stabilization
effect. Rudder-fin joint control method improves seaworthiness, safety and comfortableness [1,
2].

Recently, many scholars pay attention to rudder-fin joint control problem. Paper [3]
summarized studies on rudder-fin joint control before 2008 which mainly concentrate on PID
control, robust control, predictive control etc. In [4], aiming at higher requirement of steering
gear velocity, the given command of autopilot and fin stabilizer are modified on line. The
purpose of rudder-fin joint roll stabilization is realized within promised course error. LIU Yanwen
[5] propose a H_ method based on positive realness and adjust controller parameters

synthetically according to design results. Sliding mode algorithm is widely applied in robot
control, industrial control and other fields because of its robustness to parameter perturbation,
un-modeled dynamics and external disturbance. The sliding mode is also used in rolling
stabilization by some scholars. Aiming at ship nonlinear model with 3 freedom, Zhang Bing [6]
designed a fuzzy sliding mode for rudder-fin control, but the detailed design process is missed
and the simulation analysis is rough. Two different sliding mode controllers is was designed in
[7]. A good effect for course keeping and roll reduction was realized, but genetic algorithm was
adopted and made the whole controllers were rather complicated. Literature [8] proposed six
different triple controllers including PID and sliding mode controller. The simulation results show
control effects are better to autopilot, fin stabilizer and rudder stabilizer when all the three
control methods are sliding mode control, but the mathematic model is linear. What is more
serious is that all the above sliding mode controllers for rudder or fin stabilization exist great
chattering which accelerate damage of rudder or fin mechanical parts.

Generally, the choice of sliding function in standard sliding mode control method is
relied on system states and has no relation with system inputs, such that the discontinuous
items in reaching law will be transferred to control variable. System states will switch back and
forth under different control logics which cause the chattering. Dynamic sliding mode does not
only rely on system states, but also is concerned with system input or its higher derivatives [9,
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10]. So the effect of discontinuous term in reaching law is partly transfer to first or higher
derivatives of control input and the chattering is greatly alleviated.

Dynamic sliding mode is applied gradually in many fields [11]. To the authors’
knowledge, dynamic sliding mode control for rudder-fin joint nonlinear system has not been
studied in any literature, such that the promising theme is studied in this paper. A dynamic
sliding mode controller for MIMO system is designed and rudder-fin joint nonlinear model with 4
freedoms is established. The effectiveness of the proposed controller is verified by matlab
simulation. The chattering of steering and fin stabilizer is greatly weakened.

The rest of this paper is organized as follows. In section 2, The dynamic sliding mode
control algorithm is described. Section 3 states the ship rudder-fin joint nonlinear mathematic
model. Simulations for rudder-fin joint system is given in section 4 and at last is the conclusion.

2. Dynamic Sliding Mode Control Algorithm
Considering MIMO (Multiple Input Multiple Output) nonlinear affine system.

x=1(0+9(u &

WherexeR" f(x) :R" —>R", g(x) =[g,(x),...,9,,(x)]: R" = R™™,u e R",each vector in f(x), g(x)
is sufficiently smooth function. Suppose o =w(x) :R" — R" be sliding variables of system (1).
For simplifying formula, f(x)is written as f and other symbols are handled like this.

According to the following assumptions to choose w(X) .

Assumption 1. When system moves on o =0 sliding mode manifold, xis guaranteed
to converge to equilibrium point.
Assumption 2: For every X,

DL Ly (0 =0, L, L'y, (x) #0, i=1..,m0<k <r-1 )
i=1 j=1

L, Uiy () e L, L%y, (x)
Assumption 3: Matrix | ... ... .. is invertible.

I K VN 9 L, L7 Py, (%)

According to above assumptions:
o) = Ljy; (%) ®3)

Wherek, =0,1,...,r. -Li=1..m.

o =Ly, (%) + Z Ly, Ly, (x)u, @

i1

Derivative of formula (4) is calculated and then formula (5) which explicitly includes first
order differentiation of control variable is:

m

o =Ly 00+ L, Ly 00u; + 2 L, Ly L (00uy, + L, L 00, (5)
=1 j =

=1 j=1

Write formula (5) as vector and matrix form.

o™ =M, (x,u) + M, (X)u (6)
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Where g™ = ("™ ...... alm ™M o e R™, M, (X,U) = My, (X) + My, (X)u + M, (X)u +M,, (X, u)u,
M, (x,u) e R™ ,M;;(x) e R" , M, (x) € R™™ , M, (x) e R™", M,,(x,u) e R™™ M, (x) e R™".
Every concrete expression is as follow:

Ly, Liva () o Ly, Ly (%)
M, (X) = (L2, (X) ... Lo (%)), M, (X) = :
Ly, LTy () .. Ly Ly (X)
L Ly, L5y, (X) - Ll L (X) Ly, L 2w, (%) o Ly, LT (%)
M, (X) = ‘M, (X) =

Lo Ly, L5y (0 Ll L7, (%) Lo, LT 0 (%) - Ly L2 (X)
Ly, 2oL LiPw Ouy e Ly DL Ly ()
j=1 j=1
M, (x,u) =

Ly, 2oL L Pw (U e Ly DLy Ly, (0
L j=1 j=1

Choose a new sliding mode function [12]:

O, =0\ + ,0" P+ A 16+ A 0+ Ay (7

1

Choose O = (0, ... ©,)" and take it to formula (6).

O =c"Y + M, (x,u) (8)

230+t Ay 46 + 4y, 0y
Where M,(x,u)=| ..
AgOL™ vt A 4G+ Ay O
Choose parameters 4;,i=1,..,m;j=1..,r+1 by using pole assignment method and
make each polynomial be Hurwitz polynomial.
For satisfying sliding mode reaching condition, Exponential approach law is chosen as:

©=-10-1,59n(0) (9)

Where 4 =diag(4,, ... 4,). 4, >0,i =1,2,7=1,...,m.
Take (6) and (8) to (9):

M, (X, u) + M, (X)u + M, (x,u) = 4,0 — 1, sgn(©) (10)

Choose lyapunov functionV to design controller according to Lyapunov stability theorem
and then formula (9):

u="I(t,x,u,®,sgn(O)) (11)

o, =0, :...:Ui(“) =0, i=1..m.
According to assumption 1, x will converge to equilibrium point.
In formula (11), take integration ofu :
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u(t) =u(0) + J.OrU(T)dT =u(0)+ jo’r(f, X,U,®,sgn(®))dz (12)

The discontinuous terms sgn(®) are included in first order derivate of controller and the

controller becomes continuous function in time domain. Theoretically, it needs infinite time for X
converging to equilibrium point because traditional switching functions are linear. In order to
accelerate convergence rate, combining terminal sliding mode. Designing switching function
6 =s+as¥?, where, ais diagonal matrix, p, g are design parameters of terminal sliding mode.
The designed controller can not only eliminate the chattering but also make X converge to
equilibrium point in finite time.

3. Mathematical Model of Rudder-fin Joint System

Actual motion of ship is rather complicated and the complex motion can be divided into
six motions including rolling, pitching, yawing, surging, swaying and heaving. For researching
rudder-fin joint control, ship course keeping and rolling reducing are mainly considered and so
pitching and heaving are ignored. Nonlinear mathematical model of rudder-fin joint system
which is established based on dynamics theorem [13].

In (13), u, v, w, r, p, g respectively are: surge velocity, sway velocity, heave velocity,
yaw rate, roll rate and pitch rate in body- fitted coordinate system. w,p,0 respectively are:
heading angle, rolling angle and pitching angle in inertial coordinate system which determine
the geometric position relation between body- fitted and inertial coordinate system. X, Y, Z, K,
M, N are: longitudinal force, transverse force, vertical force, rolling moment, pitching moment
and yawing moment. m is ship weight. 1 ,l _,l _ respectively are: inertia moment about the

xx1yy? 2z

X,Y,Z axis. Other parameters are defined in [13].

u={(m+m' v r+(m+m' Jvr+X"' WL+ X V2 IL+L-X. r2
x’’c yor uur wr m

4 , 2 -~
Sk (0)) =t )Py sino+ X+ Xy (P20} (mem, )

v={=(m+m YJu r—(m4+m Y r+V-Y 'v /L+V-Y 'r+Y' v |v |/L+
y’c xr rr r wor'r

2[(1—tp)pn2D

Y, v Ir LY, T =2, )Fy coss -V EAC a cosp -

YN —YWAVE]/(pLZd)}/(m‘+ m)
p={2-K p=K_ pIp|-W-GM-p+W-GM-¢°/¢0) (pL*d) -

z'H -(\/-Y\;vr /12 +v-Yr'r/L+Y\'er v, /L2 +Y\;rvr |r|/L+YI:rr|r|)+

Ad+a,)z, Fy COS&—pVZAFCLaaf e+ Ko + KWAVE]/(pLA'd)}/(I;(X +J;(X)
F={V- N\'/vIr I24v. N'rr/ Lt N'rrr | r|+r\1\'erfr/(\/|_)+N\'/rrvrr2 IV +

2

' 2 ' 2 ' ' ' 2
\ -N(pq)/L +V-Nv(pvr|qo|/L +V~Nr(pr|¢)|/L—xC(\/~var/L +

' ' 2 '
\ -Yrr/L+YWvr |vr | /L +Yvrvr | r|/L+Yrrr|r|)72[(1+aH )XRFN COSJ +

2 4 ' '
PV EAC g1 ©0s By =Nyyinp ~Nyavel/ (P} (5, +3,,)
)'(0 =UCcoSy —VCospsiny (13)
yo =usiny +VvCcos ¢ Ccosy
p=p

W =rcosp

Rudder-fin joint control study in this paper needn't consider the change in position, so x0
and y0 can be neglected. The influence of current disturbance on course and rolling is rather
small, so current disturbance can be neglected and makeu, =v, =0, u, =u,v, =v. In addition,
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suppose the ship is sailing straightly under constant speed which means it is not need consider
the change of u.

Choose state variables x, =v,X,=p,% =r,X, =¢,X% =y, input variables u, =«,,
u, = O, output variables vy, =¢,y, =y , suppose effective angle a, =5-7, -y f3, flowing to
rudder and rudder angle o are rather small , then sina, ~a, =6-3,—y-f;, Sind =S5, cosd =1,

meanwhile choose wind and wave disturbance, balance rudder angle and small nonlinear term
as disturbance term. Then formula (13) is changed into an affine nonlinear system:

X =8y X +a,X +apX | % |+a14X1 | X3 |+b11u1 +b12u2
. 3
Xy =X, 85X, +aX, + b21u1 + bzzuz

) 2
Xg = 85X, + 83, X5 + 850X, X5+, + by, U,

X, =X, (14)
X5 = X,
Yi=%
Yo =%

In formula (14):

b, =2VZA.C cos B, [[L’d(m'+m )],b, = —(1+a, VA f, /[LPd(m'+m )]a, =VY, /[L(m+m )]+b,y/V,
a, =[Y, —(m+m)NV /(m+m)-b,yL/V,a, =Y, /[L(m'+m)],a, =Y, /(m+m)a, =LY, (m+m),
b,, =-2V°AC_I, /L'd(l, +J )b, =(L+a,)z,VZA f /[Ld(1, +J. )],

8y = —Z,VY, [ L (L + 35) + by, 1V 8, = =2K ) [ [pL*d (1, + 3,01, 855 = —2,VY, [[L(1, + 3,01 =Dy, 7LV,
a,, ==2W -GM /[[pL*d (1, + I )], a8, =—2,Y,, [[L*(1, + I, )], 8, = -2,,Y,. /[L(1, +J.)]

a, = (N, = xY WV /[LP(1, + 3, )] +b,y/V,a,, = (N —xY )V /[L(l,+3 )]-b,yLIV

Ay, =V2N(‘p L, + 3 )], a8, = =%, ITL2(1, +3.)) a5 = =Xx.Y,, /TL((1,, + J.,)]a =VN;¢ IL (1, + 3,01,
g = (N = XY, ) (1, +35,),85 = VN TIL(1, + 3,01 85 = Ny /IV (15, + 3,01 85 = Ny /IVL(L, +3,,)]
b,, = —(L+a, )XVZA f, 1 (L3d)/ (1, +J,),b,, =+2V*A.C Il lcos g, /[L*d(l,, +J))

a,, = 2K, I[pL'd(l, +3,)] 8, = =2, Y, [ (I, +35),8, = —2W -GM [ pLAd @} / (1, +J,,),
x=f(X)+g(X)u+w

y=h(x) '

Where, x =[x, X, X 1", U= [, U1,y = [y, V1", 9(%) = [9,(x), 9, ()], h(x) = [, (x), h, ()T wis
disturbance term.

Then the form of the affine nonlinear system (14) is{

fl(x) =apX +apXy+agX | X |+a14xl I X [, fz (xX)= Xy + 8y, X, + azng'
fs(x) =8y X FagnXs +339X1X§ ) f4(X) =X, fs(x) = X3 gl(x) = [bu:bzvbslvovo]T )
g,(x) :[blz,bzz,bsz,O,O]T (X)) =%, =x.

Take no account of disturbance term, and then the state function is:

x=f(x)+g(x)u (15)

4. Simulation Research
According to parameters of “YuKun"training ship [13]:

a, = —0.0833,a,, = —1.6355,a,, = —0.0215,a,, = —0.6048,b,, = 0.1874,b,, = —0.2121,a,, = -0.0763,
a,, = —0.3588,a,, = 0.7363,b,, = —0.0774,b,, = 0.0182,a,, = —0.0028,a,, = —0.2706, a,, = —0.3091,
b,, = —0.0014,b,, = 0.0166.
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Design fast terminal sliding mode switching function.
o, =e,+[ (ae +bex"™ )t (16)

Where e, =Q-Q_, a, =diag(a,,a,,), b, =diag(b,,b,,) a,>0, a,>0, b, >0, b,>0,q,, p,
respectively are positive odd number and satisfying 1/2<q,/ p, <1.
Design a new sliding mode function.

3, =6, +C,0, +d,ok" 17)

Where the choice of c,d, and j,,k, respectively are similar witha ,b,and q,, p .
Calculate derivative of formula (17), and take it to formula (15) and (16):

3 =f+0ad, +do, -Q! +aé +b (e%'") +c.g, +d () (18)

Adopt exponential approach law to guarantee the system entering into sliding mode
manifold in finite time.

Z=—-AyZ, — A, s5an(Z,) (19)

Where 4; = diag(4g,, 43,), 4 > 0,i=12,j=12.

Theorem 1: With regard to formula (15), to design control law described in formula (20),
then the system is stable and tracking error can converge to zero in finite time.

W, =0, + o, (20)
Where @, = (9) (- — g, +Q, —ae, —be*'™ —c.o, —d,c*"*), o, = j; vdt, v, =-A,% -4, sgn(Z,) .
Proof: choose Lyapunov function V =0.52] %,
Then V =213, take it to formula (18) and (20):

V=X (A5, ~ A, SON(E,)) € Ay |2, IF ~4, [IZ, <0 (when £, #0).

Wave disturbance is main reason causing rolling and off-course while navigating on the
sea. Its influence must be considered in simulation experiment. This study employs white noise
to drive a typical second order oscillation element to represent wave disturbance [14, 15] and
take it into the nonlinear model of rudder-fin joint system. Wave disturbance transfer function is:

2¢w,0,,8

h(s) = —22%TuS
®) $° +2Ew,S + &}

(21)

Where, o,is constant describing wave intensity, £is damping coefficient, o,is leading wave

frequency. Generally, o, =4.85/T,,, o, =4/0.0185T h,, , T,is the average wave period and h,
is significant wave height.

Considering the mechanical system of rudder and fin: T.6 +5=4,, Ted+a =a,, where
o, is command rudder angle, ¢, is command fin angle. T, =2.5s, T. =0.5s and has the bound

5max = 200 ' amax = 200 °
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Under grade 6 wave, takeT,=8s, h,=3m, £=0.3, then @, =0.60624, o, =1.1541,

0.4198s

s*+0.3638s +0.3675
rolling angle is 0°, then the simulation curve of yaw angle and rolling angle is as Figure 1. As is
shown in Figure 1, the average rolling angle is within 12°and the actual output yaw angle can
track the given yaw angle appreciatively.

Figure 2 shows the fin angle and rudder angle under grade 6 wave. Fin angle and
rudder angle are the actual control input. As is shown in the partial enlarged detail, the control
inputs are continuous and the chattering is greatly reduced.

. Suppose the given yaw angle is 15°and the given

the wave model ish(s) =

10 . . : . 20 .
before contralled fi
' after controlled | "I " _
i [ g fi
5 e . 1 1504y e tedhon o
) YRTRY) W
e = |l U
) Ny it b, Ly g [
H 01L |-.'lf|”.i“!_r._,i".j\w!".lf". rf‘t_.f"ulj'\.'_—e-_,\-v‘»\,-"N»J‘l.r-_f\."i;\fl L S 10}/
@ VAL SRR R Gk R P |
3 T >
5 5 |
|
10 H H 0 H H
0 100 200 300 400 0 100 200 300 400

t(s) t(s}

Figure 1. Rolling Angle and Yaw Angle under Grade 6 Wave
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Figure 2. Fin Angle and Rudder Angle under Grade 6 Wave

Suppose the wave changing to grade 8, choose T, =12s, h,=8m, £=0.5, then
1.52436s

s®+0.40417s+0.1634 '
15°and the given rolling angle is 0°. After simulation at fixed step time 0.01s, the rolling angle
and yaw angle are shown as Figure 3.

w, =0.40417, o0, =3.76935, h(s)= Set the given course angle be

20

10 - v . .
before controlled f
A . after controlled || |
1 I } ! . T
g5}t i i - 1 A :. | 15 [ LY SN -\"'-r"“"-\-' ";“\.-’\ v \Jg ‘,
I ] —
E" H 1 i & |
- TR R 2 10l
& Of -\'-J\f'-.r_\«"\-'li“\f i \." gl "'li, \.“_Pi.'-"'._: 5k 5
o i N b
= Vi ] E 5 |
= i \ I {h |
-5 54
II
F ol . i i J
.10 i L i ]
0 100 200 300 400 o 100 ;A’g}ﬁ 300 400

t(s)

Figure 3. Rolling Angle and Yaw Angle under Grade 8 Wave
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Figure 4. Fin Angle and Rudder Angle under Grade 8 Wave

The rolling angle before and after controlled can be obviously distinguished from Figure
3. The final rolling angle can also be reduced to the range®2°. Yaw angle output is relatively
smooth and can not move far away from the given course angle.

Figure 4 denotes the actual control inputs, fin angle and rudder angle under grade 8
waves. Chattering is contained in the differential of control input. So the fin angle and rudder
angle are smooth.

3. Conclusion

A dynamic sliding mode controller for MIMO nonlinear affine system is designed and the
mathematical model of rudder-fin joint system is stated. The proposed sliding mode controller is
applied to the rudder-fin joint system with 4 freedoms. Simulation research is implemented
under grade 6 and 8 wind by matlab/simulink. Simulation results show the effectiveness of the
designed control system. The chattering caused by sliding mode is almost avoided and such
that mechanical wear can be lowered to the hilt. Next radial basis function neural network will be
employed to design rolling disturbance observer and combined with dynamic sliding mode to
control rudder-fin joint system.
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