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Variable Structure Robust Fin Control for Ship Roll Stabilizatio n
with Actuator System

Yansheng Yang and Bo Jiang

Abstract— The ship roll stabilization by fin control system + .
with actuator is considered in this paper. Assuming that thee Controllen— Actuator —  Ship
exist uncertain parameters and uncertain external perturka-
tions in the ship roll model, a variable structure robust cortrol
algorithm for ship roll stabilization system is presented br
a class of uncertain systems with the absence of matching
assumption in which the uncertainty is not acted within
channels implicit in the control inputs. A simulation example
illustrating the method described is included in this paper Fig. 1. Ship roll stabilization system with actuator
It is shown that it makes the designed system guarantee the
performance of robustness with respect to the perturbatios

and uncertainties. ship roll fin stabilization system. Generally speakinguatt
fin angle has a time-delay compared with order fin angle,
. INTRODUCTION such that step response is unlikely. Generally, the aatuato

Ship excessive roll motion induced by wave disturbancegan pe described by use of 1-order inertia dynamical system
would make the crew feel uncomfortable and may alsgjven by

cause dama_g_e tq the cargoes and _equipment on board, such Ted 4+ a = Keac 1)
that the stabilization of ship roll motion has been a goal tha
people always strive to achieve. The fin stabilizer, which iwhereac is order fin angle (i.e. controller's output, is
a hull stability equipment for reduction of ship rolling by actual fin angleTe is the actuator’s time constarg is
using the generating lift of the fins extended to the botiput gain.
sides of a ship, was invented 60 years ago and began to beAs for the actuator, the smaller time constait is,
equipped on the ship and showed good performance [1]. ABe less its influence on closed-loop system is. But, the
we all know, a fin stabilizer is a kind of active stabilizationmagnitude ofTe is inversely proportional to actuator’s
system, the performance of which is effected greatly bgriving power. Hence, the decrease Tf will definitely
its control methodology. To achieve better performancéncrease the driving power, which is proportional to thetcos
its advanced control scheme has received consideralsiedevice and its volume. So the actuatofis is unlikely
attention. From 1970s, some advanced control schemigsbe arbitrarily small and have a certain value.
are put into practices, such as optimal control [2], fuzzy Generally speaking, when the actuatdisis greatly less
logic control [3], self-organizing fuzzy control [4], adéae  than the controlled-process’s time constant, the actisator
LQ control [5], He control [6], internal model control [7] influence may not be considered in the control system
and etc. However, there exists nonlinearity, parametric ulesign. But when both are similar, neglecting the fin ac-
certainty and environmental disturbances in the ship roluator'sTe existence may not only affect the closed-loop’s
nonlinear system from the changing sea conditions. Tperformance, but also destroy its stability. In ship’s fifl ro
handle those problems, the author has ever proposed sevétabilization system design, actuatofis was regarded as
robust adaptive fuzzy control schemes [8],[9]. Thereforesmall value and could be negligible in the past. But, after
developing the control scheme with large robustness is our research;Te can not be neglected, because Tia's
much interest in the research field of fin roll stabilizatioreffective range, the fin stabilizer by use of conventional
systems. methodology may have no capacity of roll stabilization,

In fin roll stabilization system, the controller’s outputéven aggravate ship’s roll amplitude and cause instability
drives the controller components through the device whichhose will be illustrated through simulation example irsthi
is called as a process actuator, as shown in Fig. 1. The@per. If we take the fin actuator into the design consider-
actuator is composed of electrical-hydraulic system in thation, the active anti-rolling fin stabilizer will be actial

a mismatching uncertain system, because the initial cbntro
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that the adopted controller has closed-loop’s stability unyhereTATT = [ A Az ] TAB = { 0 ]
affected by the actuator'sz, and the performance is also A1 Az ABy
improved.

This paper is organized as follows. In section Il, we will TAATT = {
design variable structure control for mismatching underta
system. Section Ill contains the description of mismatch-
ing uncertain system model of ship fin stabilization Withti
actuator. In section IV, a systematic procedure for th
synthesis of variable structure robust controller for Shiijn

AA11 DAgp } 1

, C=TC, C=T"C.
DAz DA ! z
Assumption 3:For (5), we introduce the matching condi-
on, i.e. there exist two matrix functiortg1(-), E1 () and
constant matridF; satisfying

stabilization system with actuator is developed. In sectio MA1((t)) = Arohya(o(t))
V, we demonstrate how the adaptive robust fuzzy control MAo(0(t)) = ApoE1(O(t))
scheme can be applied to the controller design for ship roll Cy = ARy

stabilization and a container ship is used as an examplefFor the second one of (5B, is reversible, and can
for simulation. The simulation results are described angatisfy the matching condition, i.e. there are 3 matrix

compared. The final section contains conclusions. functionshyy (+),he2(-),E2 (-) and a constant matrik, with
IIl. VARIABLE STRUCTURE ROBUST CONTROL ~ @PPropriate dimension satisfying
OF MISMATCHING UNCERTAIN SYSTEMS APo1(S(t)) = Bohar(a (1))
A. Description of Mismatching Uncertain Systems DAL(S(t)) = Bahpo(a(t))
Consider the following system AB; = ByEx(0(t))
. G =B
X(t) = [A+AA(G(1))]X() + [B+AB(a(t))Ju(t) 2o
+Cu(Y) where hy1 () = B;MAAg (), Ea(-) = By1ABy (), Fo =
X (to) = Xo ) B, C,. Then the system (5) can be converted into
where t € R, X(t) € R" is state vectoru(t) € R" is ,
input vector,a(t) € Q c RP is the uncertainty vector of _217A1121+A12[(I T Eyz2 ] (6)
P o) €QCRP s ; y Ve : 2 = Ao121 + Ao2zp + B [(1 + E2) U+ g
model’'s paramete(t) € R is input noise vector with unit
amplitude.A and B are known system matrix and controlywhere
matrix, AA(o(t)) is the uncertainty matrixAB(o(t)) is
input uncertainty matrix, either of which depend on the ni(z(t),z(t),o(t),v(t)) = hy(o(t))z(t)
uncertainty parameters’ continuous function matrix. +Fv(t) + hoo(0(1))2a(t) + Fav(t),
Throughout the paper, the following assumptions are
made at first.
Assumption 1:Uncertain pallrameteur(t) €EQCRP, Un-  np(zy(t),2(t),0(t),v(t)) = h(o(t))z(t)
certain input noise(t) € YC R, Q andY are compact sets 4 hoo(T (1)) 2o (1) - Eol (1) - Fov(t).
that lie inRP andRP, respectively. All of them are Lebesgue 22(0 ()22(t) + Eu(t) + Rt
measurable.

To meet the requirements of the robust control design,

Assumption 2:Nominal system(A,B) satisfies the sys- e introduce the following assumption on the uncertainty’s
tem’s controllability condition. bound.

We introduce an orthogonal transformation matffix

o = Assumption 4:
R™N and partition (2). Furthermor@, satisfies the follow-

ing conditions 0 Mz (t), 22 (1), 0(t),v(t)[| < kaa[|za (1) ]
TB= { 5 } ©) +kaz2[|z2 (1) ]| + ka3 @
2 [n2(z1(t), 22 (1), 0 (1), V(1)) || < kea [|za (1) ]
whereB, € R™M, ko2 (122 (O] +ku[lu(t)[| + kos
We define
T where ki; = maxjjhu(o (b))l kiz = maxjhuz(a(h))]] <
~ z
z2=TX= { T1 }X = [ 21 ] 4) 1, kiz = max|Fwv(t)|, ko1 = max|ha(o(t)),
i K Ihoao )], kes = maxiFov(t)|  and
= max , =
wherez; e R™™ 2z ¢ R™, and T, T! are transformation 2 geq | 22 23 vev 2

matrix with appropriate dimension. Then the system (2) calﬂ‘ - TEEB(”EZ(G(U)” <L

be transformed into Here, ||=|| employs Euclidean modulus & is a vector,
2 = Auiza + Arazo + DAL1Z1 + DALz + Crv(t) and||Z|| employs- matrix modulus % is a matrix. The em-
2 = Ap1Z1 + Aoozo + Bou+ AAz 1z + AAxoZ (5) ployed modulus ISHEH = [)\M (ETE)] 2, whereAy ()()\m())
+AByu+Cov(t) is the matrix’s maximal or minimal eigenvalue.
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B. Design of Variable Structure Robust Controller then (11) will be

This paper focuses on regulator problem, which is to S= ®*S+ By [un + 2] (14)
design a bounded control schernét) driving the state _ _ _
X(t) to transfer from the initial stat& to zero state, i.e. ~AS ®" is of the eigenvalues in the left half plane, there
lim X(t) = 0. According to the above orthogonal transfor-eXists a systematic positive definite matfxsatisfying the

mation, the problem is converted into that new state vagiablFY2Punov equation
z(t) moves from the initial state, to zero, i.e.tjglz(t) =0. Pd* + O TP, 4 Imum = O (15)
Based on system (6), a variable structure robust controller
can be designed, which follows two steps:
(1)ch_oose sliding hyperplane function; un=—-p(1—ky)* B§1F’23/(||P25H +£) (16)
(2)drive the state to move to the hyperplane, keep them . B )
staying on the hyperplane, and move asymptotically tyheree >0 is specified by designer, and
equilibrium along the plane. p> (kk11+k2k12+k21+kk22+kuk|_1) |z

1) Design of the robust sliding hyperplane function::
As (A,B) is controllable, (A11,A12), the matrices after + (ke +Kkiz +kuki2) [ S + (kas + klas),

orthogonal transformation is also controllable [10]. Defin
thatp, € R, Q= Q" ¢ R™", andQ > 0, then there exists
a real symmetric positive definite matrf satisfying the
algebraic Riccati equation

A1PL+ PiALL — p1PLAL AP + Q1 = 0 (8)

Hence, the nonlinear pank in (12) is

_ 1 _
k=B, K| = 5 (p1+ 1) [[B2*| [ ALP |

ki =Bz 0 ka = [[B; " (®— @7)]].

Theorem 1:For the mismatching uncertain linear system
(2), under the condition of orthogonal transformation rixatr
T € R™" and meeting Assumption~4, system’s sliding
mode hyperplane (9) is globally reachable and a motion
on the hyperplane is globally ultimately bounded, and we
S(zi(t),z2 (1) ,t) = 2o (t) + 1 (p1+ Vl)AIZF’lZl ®  (9) choose (12) as the variable structure robust control laew th
2 the system (2) with mismatching uncertainty is globally
which is robust because the parametgris a constant practically stabilizable.

wherep; andQ are specified by designer.
Choose switching function as

related to the bound of uncertain items.is chosen by Proof: See [10].
1 _ Remark 1:The closed-loop system which is globally
V1= (1—ki2) “kigp1+ o1+ +y (10) practically stable means that, its track will be uniformly

Iultimately bounded and converge to closed-ball redddn)
containing equilibrium point. The radiusof which is spec-
ified by the controller's parameters and can be arbitrarily
small by reasonable choice of the parameieede.

wherey is the controller's parameter specified by designe
and

O > kfl/(/\min (Q1) +Amax(P1))

&> (1+ k12)2/(1+)\max(P2)) I1l. DESCRIPTION OF MISMATCHING
UNCERTAIN SYSTEM MODEL OF SHIP FIN

In this paper, uncertainties of parameters and environ-
mental disturbances are taken into consideration in ship
: ~ roll stabilization mathematical model, which are origitt

S=®S+Qz + Bp[u+ 2] (A1) from the variation of ship speed and stability height. The
whereK — %(P1+V1)AIZP1, S = A —A;K, ® = Ay, + following model also includes the influence of actuator

2) Design of variable structure robust controllerDif-
ferentiating (9) with respect to timeand substituting it into
(6), we get

KAgz, Q = Agy — AgoK + K and iy — B§1Kf71+l72- implementation device [12].
Choose control law as follows (I + Jxx) @ + 2 (Ngg + ANp) G+W(h0+Ah) 0
B = Fy + Ry sinwet
U= UL+ Un. (12) (Teo+ATe) &+ a = (Kgop+AKg)u
which is combined with linear part and nonlinear part. (17)

Ryan and Corless [11] method is used to meet thwhere 6,6.6 denote the ship roll angle, angular
reachable condition, which chooses a mamix(mx m) rate, and zangular acceleration, respectivelfy =
having eigenvalues in the left half plane. Especially, whem P (Vo+A4V)*ArClalra, and p is the density of sea
we define{y; : Re(ki) < 0,i =1,2,---,m}, we haved* = yvat.er..Ngo denotes ship linear .dampln.g _cpefhment wihch
diag{pi i =1,2,--,m}. is initial parameter valuehp is the initial transverse
metacentric height and is initial ship velocity.ANg, Ah,

AV are the variation of the parameters resulted by ship
u =-B,1[Qz + (@ ") g (13) loaded conditions, external environment and other reasons
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Fw is the external wave amplitude anad. is the externa
wave frequency met with by ship when sailing at s&%&

andAKg are the variations of time constant and input gain

of the actuatoru = ac is the controller output.
Choose state variable§ = 6, Xo =6 andX3 = a, and
separate the uncertain items from certain items.

X (t) = [A+AA(0)] X (t) + [B+AB(0)]u(t) +Cv(t) (18)

0 1 0 0
whereA=| —a; —-ay a3 , B=1| 0],
0 0 -—-a b
0 0 0 0
M(o)=| Na; Nay Aag |, AB(o)=| 0 |,
0 0 Aa Ab
0
Why 2Ngo
C=]|c , a=—, = )
[ o } et b’ Tt d
ag = #pVZA IFCL
3 (lxx+Jxx) o "\FIF%“La,
1 Keo WA
= — b: -, al] = _,
TEO TEO ! Ixx‘|'\]xx

Aay; =ay 1—|—A—h—1 +%
ho Heo

AV (AV? ATe
Nag—ag 2=+ (ZX) ), Ayy=——-EFE
° 3< Vo (Vo> ) A Teo (Teo +ATe)
_ TeoAKg — KegoATe R
Ab = s C1 =
Teo (TEO + ATE) Ixx + Jxx

Moo = Mo (0) (1+3-3V0/\/9_|-) ;
Aptp = g () (3.3Av / \/g_l_) .

Equation (18) shows that uncertain matriées(g) andC
cannot be expressed linearly by use of maBixT herefore,
that is a standard unmatching uncertain system.

IV. DESIGN VARIABLE STRUCTURE ROBUST
CONTROLLER FOR SHIP’S FIN STABILIZATION
SYSTEM

v(t) = sinwgt,

To meet the design of variable structure robust controller,
(18) can be written in the form of the following partition

matrix

21 = A2y + Aoz + AA1121 + DA + C;LW('[)
2 = Ap121 + Aoszo + Bou+ AAx 11 + AARoZ> (29)

+AByu+ Cow(t)
wherezy =[ X1 Xz ]T, 2= X3,

0 1

0
All—{_al _az], Alz—[ae},

0 0 0
AAll—{Aal Aaz}’ AAlZ—[AaS]v

AMoij=[0 0], AAp=[Aay,

B= [b] , ABy= [Ab] , G= [0] :

Cl:|:21:|a Apr=[0 0], Agpp=[-ad,

According to the assumption, the uncertain items are

written into matching form
AA11 = At = Az | Dag/az Dag/as |,
hii=[ da/ag Dap/ag |,
AA12 = Arphiz = Arz [Dag/ag)
hio=DNag/as, Ci=AF=A1|c1/as],

Fi=ci/as, DA =Bshp;, ha=[0 0],
DAy = Bohpo = By [Mas /b,  hpp = Day/b,
By = B,E = By [Ab/b], E=Ab/b
Co=BoF =By [cy/b], F=0.

Choosepy =1/Aq, Qu=diag| Ag Ap |, WhereAq, Ag
andAp are the system’s parameters and usually are explicitly
given. Then solve algebraic Riccati equation (8) and we get

Ky K
= { d K,

whereki; = ark}, + agkd; + k3, k3,85 /Aq
—a; + a+ agAg /A
Ky =k =2— VL e
&/ Aa
—a2+4/ 2—2a1+k
k%z = 2 2a2
&/ Aa

k=2y/a2+a3)g/Ap+a5Ap/Aa

Uncertain bound of system’s parametlerg ki, ko1, koo,
ku, and environmental disturbancks;, ko3 are given by

kiy= max{ |Aas/a| [Aaz/a| }
kiz = max(|Aas/as|)

kis =, max, (|c1/as))

kop =kp3=0

koo = max(|Aay /b))
ATe

ko= max (|Ab/bl)

ATe ,AKE

Robust slide mode hyperplane is

8223-1-[ ki ko ]21:X3+k1X1—|—|(2X2

(20)

(21)

(22)
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where From (23), the robust variable structure control law of
1 5 ship’s fin roll stabilization system is expressed as
ki = ¥ed (14 Aakgy/Amin (Q1) + Aa (14 kao)?
) u=—(81L96x; + 1697.6x, + 8.66585
+A ar+/a+azrg/Aq ) /&
S trash/a) 2 +p(x 9S/(|S+0.15))
ko = Vei (14 Aake1/Amin (Q1) + Aa (1 +Ki2)? wherep (x,S) = 17578(|x1| + [%2|) + 339.53|S| + 69.35.

’ At the design speed and with the specified metacentric
height, the time responses of ship’s roll angle under the

) ST 23 /) action of fin roll stabilizer and its control angle are shown i
B=\/a—2a+2\/a;+a3Ae/Ap+83Ap/Aa. Fig. 2 and Fig. 3, respectively. As we can see, the proposed
method achieves better performance of roll rejection, and

If ®* = —1, P, =1/2 can be obtained .from. (15). Hence, e range of the fin’s control angle is satisfactory.
variable structure robust controller for ship’s fin statalion

system is
u=—bt{@x + @x2+ (kpaz—as—1)S
+p(1-k) 'S/(5+¢)]

where @ = ky (a4 — a3 — agky),

+Aay) (—22+B) /a3

(23)

@ =k1+Kko(ag—az —agke),
p =ay([xa|+ [%2|) +a2|S +as,
ag = kkq1 + K2kg2 + koo + kuki 1,

Roll angle (deg.)
o

ap = koo + Kk + kykpoaz = kkqs,
= (|ke| + |ka]) /[blker = (|| +[2]) /[bl,
ki = |koag—as—1|/|b].

V. SIMULATION EXAMPLE 0 100 Zt?O 300 400
s

The parameters in ship roll motion equation is obtained
using the method in (17). Then the matrices in (18) is showrig. 2. Time response of ship’s roll angle under the contfari-rolling

as fin system
Ay — 0 1
17| -00106 -0.1117 30
Ao = 0 Apy=]0 O
12= | _0043 |’ 17 [ ], ok
Ay =105], B,=][0.5],
T a 10 ..............................
Ci=[0 0006] , Cy=0. g
According to the assumptions introduced for the simula- %C)» OtV VL E eI U I L
tion, the bounds of uncertain parameters in (21) and (22) ®
are obtained, namely A AAREAR R AR NAR AR R RS AR
kigp=2.6 ko1 =koz=0 I I I
k12 =0.66 ko = 0.45 oo C L ]
kiz=0.135 kp=0 i I I
Choosep; = 1/Aq, Q1 = diag[ Ag )\_p ] whereAy = -30 . ; ;
0.24, A = 0.5 andAp, = 55. Then the sliding mode hyper- 0 100 200 300 400
plane is written as tls
S=x3—10942x; — 17599%, Fig. 3. Time response of fin's control angle
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TABLE |
COMPARING THE PERFORMANCE OF CONTROLLER PROPOSED IN THIS PBR WITH LQG AND CONTINUOUS ROBUST CONTROL LAWS

Average ampli-| Average ampli-| Time constanflg(sec.) of the fin's actu-
tude(degree) of rolling| tude(degree) fin’s| ator when the system becomes unstable
angle control angle

LQG control law 0.62 11 1.9

Continuous robust control law 0.1 11 1.8

Variable structure robust contrdl 0.12 115 The system is still stable even whéa>

law 4

To manifest the effect of the actuator’s time constant odiscussed in this paper. If we see fin roll stabilizer as a non-
the closed-loop system’s performance, according to the colinear uncertain system, and takes account of the effect of
ventional design, another two kinds of control algorithmsts actuator’s time constant, it will be a typical generatiz
are also discussed under the negligence ofTiie effect.  matching uncertain system. The variable structure robust

(1)Conventional LQG control law control design of this kind of fin roll stabilization system

Based on the quadratic performance criterion, the afan utilize the methodology proposed in [13] by author. This
gorithm is designed, and takes no account of parameti@per doesn’t tackle this problem, and further research in
uncertainty and external disturbances. this respect will be continued.

(2)Continuous robust control law

The law takes into consideration parametric uncertainty _ _ _

. . . . Hlé M. Ohgushi, Theory of shipsVol. Ill, 1971. Kaibun-do book com-
and external disturbances, and is designed according to the ., inc.
method shown in [13]. [2] P. H. Whyte, "A note on the application of modern contrbkory
; ; ; to ship roll stabilization”. 18th General Meeting of the Aroan

Th.e simulation reS.UItS of the adopted control IE_lW’ WhICh Towing Tank Conference. Annapolis, Md, 1978, Proceedings2y
consider both the time constait and uncertainty, is pp. 517-532.
compared with the above two algorithms, as shown in Tablg3] R. Sutton, G. N. Roberts and S. R. Dearden, "Design stuidg o

e fi it fuzzy controller for ship roll stabilization”Journal of Electronics
I. In Table I's first two columns, we choose mma} ;peed and Communication Engineerind989. 1(3): pp. 159166,
Vo=7.71m / sec, andle = 1. In column _3_1 the _mm'm_a_-l [4] P. J. S. Fowler, "A self-organising fuzzy controller famrship roll
Te , that is, the threshold value from stability to instability stabilization”. Technical Report AM 89.1, Control EnginieeDept.,

; in i ; RNEC, Plymouth, 1989.
is found out, via increasinge step by step. [5] L. Fortuna and G. Muscato, "A roll stabilization systerorfa

From Table |, we can find that the performance of the ™ monohull ship: Modeling, identification and adaptive cotitr IEEE
3 kinds of control laws are similar, whefz = 1. Simu- Trans. on Control System and Technolog996, 4(1): pp. 1828.

: : 6] N. A. Hickney, M. J. Grimble, M. Johnson, R. Kabtebi and\ood,
lation research of the LQG controller and the ConthOU§ "H., fin roll stabilization control system designProceedings of 3rd

robust controller shows that, the system become unstable |FAC workshop on control applications in marine systéfrondheim,
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