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Robust Stabilization of Large
Amplitude Ship Rolling
in Beam Seas
The dynamics and control of a strongly nonlinear 3-DOF model for ship motion
investigated. The model describes the roll, sway, and heave motions occurring in a
tical plane when the vessel is subjected to beam seas. The ship is installed with
antiroll tanks as a means of preventing large amplitude roll motions. A robust s
feedback controller for the pumps is designed that can handle model uncertainties,
arise primarily from unknown hydrodynamic loads. The approach for the controller
sign is a combination of sliding mode control and composite control for singularly p
turbed systems, with the help of the backstepping technique. It is shown that this d
can effectively control roll motions of large amplitude, including capsize prevent
Numerical simulation results for an existing fishing vessel, the twice-capsized Patti-B
used to verify the analysis.@S0022-0434~00!02701-5#
e
t

n

-
y
u

d
b
l

l

t

o

i
a

im-
hip

ted

is ul-
ent
ude
p-
l is
pli-

and
er

eds.
rs in
els

e
in-

e a

n be
ust
ode
ck-
rly

ery
ed-

on
ctical

are
ga-

its
ation

t

1 Introduction
Ship roll stabilization is an important issue for comfort in pa

senger vessels, cargo integrity in cargo vessels, and targetin
military vessels. In addition, the matter of safety against capsiz
extreme seas is of utmost importance for all vessels. Attemp
controlling or reducing ship rolling motions have a long histo
dating back to the late nineteenth century, and several method
gies have been proposed. A historical account of this subjec
given in Bennett@1#. Passive methods appeared first, includi
bilge keels, antiroll tanks, moving weights, and gyroscopic me
ods ~see@2# for examples!. Following the development of feed
back control theory, active methods began to emerge, man
which were inspired by or modified from the passive ones, incl
ing fin stabilizers, active tanks, controlled moving weights, a
active gyroscopic methods~see@3# for examples!.

As control theory has progressed and ship dynamic mo
have improved, new control strategies have been brought to
on this problem. Examples include a recently reported control
wing actuator~similar to fin stabilizers! with an adaptive control-
ler based on gain scheduling and neural networks@4#, and a
rudder-roll stabilization system that has been incorporated w
optimal control@5#, adaptive control and gain scheduling@6#. A
good collection of recent developments on the topic of contro
sea-going vehicles, such as autopilots and ship positioning, is
vided in the book by Fossen@5#.

In this paper, roll stabilization for a strongly nonlinear mul
DOF model for ship motion is investigated. The model h
3-DOF, including roll, sway, and heave motions occurring in
vertical plane, under the action of beam seas~that is, waves that
encounter the vessel directly broadside!. The vessel is assumed t
be at anchor or under low speed for work and hence has neglig
forward speed. The objective of this study is to design a stab
ing feedback controller that takes into account model uncert

Contributed by the Dynamic Systems and Control Division for publication in
JOURNAL OF DYNAMIC SYSTEMS, MEASUREMENT, AND CONTROL. Manuscript
received by the Dynamic Systems and Control Division February 24, 1997. Ass
ate Technical Editor: Woong-Chul Yang.
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ties. Robustness is a major consideration since it is virtually
possible to develop accurate models for large amplitude s
motions, due to the difficulties involved in solving the associa
free-surface hydrodynamic problem.

Because of these uncertainties, the best one can achieve
timate boundedness of the motion. This is sufficient for pres
purposes, as there will be a significant reduction in the amplit
of rolling motions and the control will prevent the ship from ca
sizing under severe sea conditions. Without control a vesse
more susceptible to the possibility of capsize under large am
tude seas@7,8#.

Of the possible actuation methods, the gyroscopic method
moving weight schemes are impractical, while the fin stabiliz
and rudder-roll systems are not effective at low vessel spe
Therefore, antiroll tanks and pumps are employed as actuato
order to dynamically change the horizontal position of the vess
center of gravity~CG! in such a way that the roll motions ar
reduced. However, the position of the CG cannot be shifted
stantaneously, and therefore the control scheme will involv
dynamic state feedback controller.

The control system considered has three time scales, and ca
cast in a singularly perturbed form. Our approach for the rob
controller design is based on a smooth version of sliding m
control, which handles the uncertainties, together with the ba
stepping method and the idea of composite control for singula
perturbed systems@9#.

The paper is organized as follows. The ship model is v
briefly described in Section 2. The design of the robust state fe
back controller is outlined in Section 3. In Section 4, simulati
results for an example vessel are presented and some pra
issues regarding the control effort are discussed. Conclusions
drawn in Section 5, where some directions for further investi
tion are also provided.

2 The Ship Model
In this section the ship dynamic state model is stated and

general structure is discussed. The nondimensional state equ

he

oci-
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model which represents the roll, sway, and heave motions
vessel traveling in regular beam seas has been obtained in p
ous work by the authors@10#. In terms of variables and function
defined below, and under suitable nondimensionalization and
caling, this model is of the form

ẋ15x2 , (1)

ẋ25 f 11~x1!1 f 12~x1!x31D f ~x1 ,x3!1e~g11Dg1!

3~x1 ,x2 ,x3 ,y,z1 ,z2 ,t!, (2)

ẋ350,

ẏ5e~g21Dg2!~x1 ,x2 ,y,z2 ,t!, (3)

e ż15z2 , (4)

e ż252az12bz21e~g31Dg3!~x1 ,x2 ,x3 ,y,z1 ,z2 ,t!, (5)

wherex1 , x2 , y, z1 , andz2 represent, respectively, the roll angl
roll velocity, sway velocity, heave displacement~relative to the
water surface!, and heave velocity;x3 is the horizontal position of
the CG, which is simply a constant in the open-loop system;
f i j andgi are known functions that approximately model the
fects of wind, hydrostatic, and hydrodynamic forces.

These state equations are derived in a wave-fixed coordi
system. The nonlinear effects of hydrostatics and inertia h
been accounted for, but an essentially linear hydrodynam
model is employed. The only nonlinear hydrodynamic effect
counted for is quadratic roll damping. Note also that the ti
variable has been rescaled using the unbiased1 roll natural fre-
quency, which is assumed to be small compared to the he
natural frequency. Vessel sway does not have a ‘‘stiffness’’ eff
and hence its dynamics are first order in nature.

There are two sources of model uncertainties, one from hyd
statics and the other from hydrodynamics. The functionsf i j ’s in
the state equation represent the contributions from hydros
forces. For a given hull shape, these functions can be obtaine
an integral form, but quite often they cannot be expressed
closed form in terms of the roll angle. However, in most cas
polynomials can well approximate them in a best-fit sense
should be noted that if better functional fits forf i j ’s are available,
they can be easily employed in place of the cubic polynom
used in the present study. The discrepancy between the actua
approximate righting moment~i.e., f 11(x1)1 f 12(x1)x3! is repre-
sented by the uncertainty functionD f (x1 ,x3). For the other hy-
drostatic functions, the differences are contained in the funct
Dgi ’s.

On the other hand, the significant model uncertainties aris
from the hydrodynamics are represented in part by the uncerta
functionsDgi ’s and in part by the unknown positive constantsa
andb in Eq. ~5!. All these uncertainty functions are assumed to
continuously differentiable in their arguments.

As one can see from the state equations, the system is a
time-scaled, singularly perturbed system in which the heave
tion is the fastest, the roll motion is next, and the sway motion
the slowest. The small perturbation parametere is the order of the
ratio of the unbiased roll natural frequency to the heave nat
frequency. The unperturbed system withe50 corresponds to the
condition in calm water with no damping and no wind. In th
case there exists a two-dimensional invariant manifold contain
roll motions uncoupled from heave and sway, and it posse
three equilibrium states—a center at the origin, correspondin
the upright position, and two saddles representing the angle
vanishing stability; see Fig. 1. In the unbiased case the two sa
points are connected by a heteroclinic cycle whose interior is

1When a ship’s righting arm is an odd function of the roll angle, it is called
unbiased ship. Physically, this means that its equilibrium state in calm water is
upright vertical position. For the present system, an unbiased ship can be interp
as one whose CG is located in the symmetry plane of its hull. Otherwise, the sh
called biased.
Journal of Dynamic Systems, Measurement, and Control
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ferred to as the unperturbedsafe region, which is denoted by the
shaded region in Fig. 1. The controller will essentially keep
vessel from escaping the safe area in the invariant roll manifold
the perturbed system, and it will account for the coupling to he
and sway dynamics.

3 Design of a Robust Stabilizing Controller
In this section, a robust state feedback controller will be d

signed using the method of active antiroll tanks. The antir
tanks, as shown in Fig. 2, consist of two tanks connected at
bottom with one on the port side of the vessel and the other on
starboard side. The fluid in the tanks can be moved from one
to the other through the connection tubes, and, in this way, the
of the vessel can be controlled.

Assume that the flow rate of the fluid between the tanks can
directly controlled by actuators, such as pumps, added to the
nection tubes. When equipped with such antiroll tanks, the th
state equation is given by:

ẋ35u, (6)

whereu is proportional to the flow rate and serves as the con
input.

Due to space limitations, the fluid weight in the tanks is usua
less than 5 percent of the vessel displacement. This implies th
order to shift the CG by 1 unit, the CG of the fluid must be mov
by at least 20 units. Hence,x3 is limited by available space. On
the other hand, the flow rate~the control effort! also has practical
limitations. These limitations onx3 and u will be taken into ac-
count when designing the controller.

Before starting the controller design, a specific statement of
associated mathematical problem is given. LetS0 be the unper-
turbed, unbiased safe region in the (x1 ,x2) invariant manifold,

an
the

reted
ip is

Fig. 1 The unperturbed system in the roll manifold

Fig. 2 The active antiroll tanks
MARCH 2000, Vol. 122 Õ 109
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2D
i.e., the one enclosed by the heteroclinic cycle. LetS1 be some
compact set containingS0 in the same manifold. Then the doma
of interest is defined by

D5$~x1 ,x2 ,x3 ,y,z1 ,z2!u~x1 ,x2!

PS1 ,ux3u<Lx ,uyu<Ly ,i~z1 ,z2!i<Lz%, (7)

wherei•i denotes the Euclidean 2-norm, andLx , Ly , andLz are
positive constants.

Our goal is to design a feedback law

u5c~x1 ,x2 ,x3 ,y,z1 ,z2! (8)

such that for any initial condition inD,

~i! All state variables are bounded fort>0;
~ii ! (x1(t),x2(t)) asymptotically approaches a small neig

borhood of the origin ast→`.

In other words, for the ship initially in the safe region, the ro
motions are to be reduced as much as possible and, at the
time, bounded motions of the other degrees of freedom are t
maintained. It will be shown below that the desired feedba
function can be chosen to depend only onx1 , x2 , andx3 . That is,
partial state feedback is sufficient to achieve the goal. This is
to the large damping in heave and the essentially inconseque
nature of sway.

The full control system given by Eqs.~1!–~6! is a singularly
perturbed system. Therefore, it is natural to design the contro
via the approach of composite control@9,11#. The composite con-
trol is a sum of two components, theslow control and thefast
control. The former is designed on the slow manifold to satis
the desired requirement. The fast control, on the other hand
designed to guarantee that the slow manifold is attractive. In
following analysis, it is first assumed that the slowly varying va
abley is bounded for allt>0 and then this assumption is inve
tigated at the final stage of the design.

The design of the slow control is started by restricting the
namics to the slow manifold which, to leading order, is simp
z15z250. The slow system is thus given by

ẋ15x2 , (9)

ẋ25 f 11~x1!1 f 12~x1!x31D1~x1 ,x2 ,x3 ,y,t!, (10)

ẋ35u, (11)

where

D15D f ~x1 ,x3!1e~g11Dg1!~x1 ,x2 ,x3 ,y,0,0,t!. (12)

The controller for this system will constitute the slow control f
the full system.

It is clear that the uncertainties in the slow dynamical system
not satisfy thematching condition~Khalil @9#!. In other words, the
uncertainties and the control input enter the state equation
different points. As a consequence, most robust control meth
cannot be applied without incorporating the backstepping te
nique @9,12#. In what follows, the slow control is designed by
smooth version of sliding mode control with the help of the ba
stepping technique.

As the first step in the backstepping procedure, assume for
moment thatx3 is a direct control input, i.e., that the CG can b
altered instantaneously. Sincef 12(x1) is basically a normalized
inertia term, it is always positive within the angles of vanishi
stability. Hence, the uncertain termD1 will now satisfy the match-
ing condition by treatingx3 as the control input. The problem the
is to design a smooth feedback lawx35cx(x1 ,x2) such that the
2D system in Eqs.~9! and ~10! is ultimately bounded. Note tha
the smoothness requirement is due to the use of backsteppin

This 2D control problem appears to be well suited for t
method of sliding mode control. Other methods like Lyapun
redesign and adaptive control are also possible choices. How
it is easier to obtain a simple smooth feedback law by employ
110 Õ Vol. 122, MARCH 2000
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a smooth version of sliding mode control. The idea of slidi
mode control is to design asliding manifold, x25s(x1), such that
the dynamics on this manifold, given byẋ15s(x1), will be as-
ymptotically stable. The sliding mode control thus consists of t
parts. One part is used to bring the system onto the sliding m
fold in finite time—this is called theswitching controland is
denoted bycs . The other part is used to maintain the situati
afterwards, which is called theequivalent controland is denoted
by ceq.

The equivalent control is designed first. The sliding manifo
will be taken as the linear forms(x1)52bx1 , b.0, resulting in
an asymptotically stable reduced system,ẋ152bx1 , on the slid-
ing manifold. Let s1(x1 ,x2)5x22s(x1)5bx11x2 so that the
sliding manifold is represented bys1(x1 ,x2)50. Then, maintain-
ing the system ons150, once it is there, is equivalent to main
taining ṡ150, which leads to

bx21 f 11~x1!1 f 12~x1!x350,

in the absence of uncertainty. This is to be done byceq, yielding

ceq~x1 ,x2!52
f 11~x1!1bx2

f 12~x1!
. (13)

Upon applying x35cx(x1 ,x2)5ceq(x1 ,x2)1cs(x1 ,x2) with
ceq(x1 ,x2) given by Eq.~13!, the ṡ1 equation becomes

ṡ15v1D1S x1 ,x2 ,ceq1
v

f 12~x1!
,y,t D , (14)

wherecs5v/ f 12(x1). The task now is to choosev to force s1
toward the manifolds150 in the presence of the uncertainty. T
this end, it is assumed that there exist constantsr1>0 and 0<k
,1 such that

UD1S x1 ,x2 ,ceq1
v

f 12~x1!
,y,t D U<r11kuvu, (15)

within the domain of interest. The positive constantr1 represents
an upper bound on the uncertainty and is not necessarily sm

With inequality ~15!, a Lyapunov analysis using the candida
function Vs5

1
2s1

2 suggests that a smooth version of switchi
control

v52
l11r1

~12k!tanh~1!
tanhS s1

e1
D , e1.0, (16)

wheree1 is the thickness of the boundary layer near the slid
manifold, will satisfy the requirement. The smoothness requ
ment is due to the backstepping method. While asymptotic sta
ity is guaranteed by the conventional discontinuous feedback
only ultimate boundedness can be achieved by the smooth co
equation~16!. This can be shown by a Lyapunov analysis.

Next, consider the 3D system given by Eqs.~9!–~11!. With the
above preliminary analysis, the backstepping method proceed
applying sliding mode control again, with the sliding manifo
now given bys2(x1 ,x2 ,x3)5x32cx(x1 ,x2)50. In other words,
on the sliding manifold, the foregoing desired results will ho
The time derivative ofs2 with respect to the 3D system takes th
form

ṡ25 f 13~x1 ,x2 ,x3!1u1D2~x1 ,x2 ,x3 ,y,t!. (17)

With the assumption that within the domain of interest

uD2~x1 ,x2 ,x3 ,y,t!u<r2 , r2>0, (18)

and applying the same design procedure as in the previous
system, the following slow control is obtained,

u5
]cx

]x1
x21

]cx

]x2
~ f 11~x1!1 f 12~x1!x3!2

l21r2

tanh~1!
tanhS s2

e2
D .

(19)
Transactions of the ASME
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Given the slow control, the next step in the design of a co
posite controller is to obtain a fast control to ensure the attract
ness of the slow manifold. However, in light of the asymptotica
stable linear part in the fast dynamics~Eqs.~4! and~5!!, feedback
control of the fast dynamics is not necessary. On the other h
one can see from the previous analysis that the attractivene
the slow manifold is not crucial as long asz1 and z2 remain
bounded. This is because the fast variables only show up in
perturbation terms. Therefore, it is expected that the heave da
ing will naturally bound the motions. Indeed, a Lyapunov analy
using a quadratic Lyapunov function inz can confirm this point
provided that within the domain of interest, the following hold

u~g31Dg3!~x1 ,x2 ,x3 ,y,z1 ,z2 ,t!u< l 1 , l 1>0. (20)

The analysis to this point has been predicated on the boun
ness of the sway velocity,y. The validity of this assumption is
now investigated. It should be physically correct since the li
energy fed into the sway direction through coupling from hea
and roll is easily absorbed by the sway damping. Like the he
damping, the sway damping plays an important role in limiti
the sway velocity.

Assume that the onlyy-dependent term in the uncertaintyDg2

is Dd22y and that the actual sway damping isd222Dd22>d̂22
.0. This is a reasonable assumption in view of the expression
g2 . Now, the sway equation is rewritten as

ẏ5e@2~d222Dd22!y1~ ĝ21Dĝ2!~x1 ,x2 ,z2 ,t!#,

whereĝ2(x1 ,x2 ,z2 ,t) andDĝ2(x1 ,x2 ,z2 ,t) are self-evident. By
the continuity ofDĝ2 , there existsL̂.0, independent ofy, such
that

u~ ĝ21Dĝ2!~x1 ,x2 ,z2 ,t!u<L̂, (21)

within the domain of interest. A Lyapunov analysis usingVy

5
1
2y2 is then used to verify the boundedness ofy.
The design of a robust stabilizing controller for the full vess

system has been decomposed into several simpler control p
lems. In each subsystem, it is easy to verify that the design ind
works. The question thus arises: Will it work for the full system
There are some coupling terms between subsystems, and fo
design to be valid for the full system, these terms must be w
behaved in the sense that they do not destroy the establi
analysis. Generally, they are required to satisfy some small
conditions. For the current system, as one can see from the
equations, the coupling terms are not dominant, indicating that
design should work for the full system, as is shown below. Inde
in addition to the inequalities satisfied by the uncertainties
perturbations, an inequality must be imposed on the coupling t
between the slow and fast systems. Specifically, within the
main of interest,

uĝ1~x1 ,x2 ,x3 ,y,z1 ,z2 ,t!u< l 2 , l 2>0, (22)

since

ĝ15~g11Dg1!~x1 ,x2 ,x3 ,y,z1 ,z2 ,t!

2~g11Dg1!~x1 ,x2 ,x3 ,y,0,0,t!

is a continuous function in its arguments.
The foregoing analysis is now summarized as the main th

rem. The proof is based on Lyapunov analysis and is omitted h
for brevity. Recall that the compact setD,R6 given by Eq.~7! is

the domain of interest. Also, let

D05$~x1 ,x2 ,x3 ,y,z1 ,z2!u~x1 ,x2!PS0 ,ux3u<Lx ,uyu

<Ly ,i~z1 ,z2!i<Lz%

be the stabilization region.

Main Theorem. Consider the vessel control system given
Eqs. ~1!–~6!. Suppose that within the domain of interestD, the
Journal of Dynamic Systems, Measurement, and Control
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perturbations and uncertainties satisfy the inequalities~15!, ~18!,
~20!, and ~21!, and the coupling term satisfies inequality~22!.
Then for l1 , l2 , and b large enough ande1 , e2 , and e suffi-
ciently small, the partial state feedback controller given by E
~19! will stabilize the vessel system in the sense that for any ini
condition inD0 ,

~i! x1 , x2 , and x3 are ultimately bounded with bounds de
pending one1 ande2 ,

~ii ! z1 and z2 are ultimately bounded with bounds dependi
on e,

~iii ! uy(t)u<Ly , ;t>0.

Remarks. ~i! All the bounds on the perturbations, uncertaintie
and coupling terms in the inequalities~15!, ~18!, ~20!, ~21!, and
~22! can be obtained from the fact that these functions are c
tinuous on the compact domain of interest.~ii ! The perturbations
and uncertainties depend on the wave amplitude. Hence, the u
bounds should be chosen to include the worst sea condition
pected to be encountered.~ii ! There exists a positive constantc0
such thatS0,$V2<c0%, which can be used to serve asS1 . This is
depicted in Fig. 3.

4 Simulation Results and Discussion
In this section, numerical simulations for a fishing vessel,

twice-capsized clam-dredgePatti-B @7,8# are carried out to exam
ine the performance of the controller. A detailed system desc
tion and parameter values for thePatti-B can be found in@7,10#.
Of interest here is the comparison of the vessel response in o
loop and closed loop configurations under severe sea conditi
Some issues regarding the control effort are also addressed.

For a given vessel, a simple procedure based on the main
sults can be followed to obtain a robust stabilizing controller. T
procedure includes the following 6 steps:~1! Determineb. ~2!
Choose the domain of interestD. ~3! Estimater1 andk in inequal-
ity ~15!. ~4! Determinel1 ande1 for cx(x1 ,x2). ~5! Estimater2
in inequality ~18!. ~6! Determinel2 and e2 . Step 1 amounts to
determining the sliding plane for the 2D roll system and the s
bility on the sliding plane. It will also affect the level of contro
effort required. This step precedes step 2 due to the fact tha
choice ofD involvesS1 , which depends onb.

Ideally, the controller should meet the following requiremen
~a! it can stabilize a large set of initial conditions;~b! it is effec-
tive under severe sea states;~c! it does not require large contro
efforts. Requirement~a! is equivalent to enlargingD as much as
possible, which will increase the estimates forr1 , r2 , and k.
Requirement~b! also leads to large values forr1 , r2 , andk. Then
a choice of large values for the parametersl1 , l2 , and b is
needed, as indicated in the previous analysis. In other words,
requirements need sufficiently large control effort. However,
reality the control effort cannot be arbitrarily large, as mention
in the beginning. Therefore, there is a tradeoff between the id
requirements and practical limitations in choosing the domain
interestD and the design parametersl1 , l2 , andb. A feasible
approach is to chooseD as small as possible such that it st

Fig. 3 The domain of interest and the ultimate bound
MARCH 2000, Vol. 122 Õ 111
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includes most of the safe region. Moreover, the design parame
can be tuned according to the sea conditions, where larger va
are used in bad conditions.

It is also important to point out that the controller design
conservative, typical for a Lyapunov-based design. The main
pose of the analysis is to ensure that the controller design
work. Although it can also provide some estimates on the ultim
bounds of states and lower bounds for design parameters,
often the controller works better than predicted. This is why th
bounds were not explicitly calculated in the analysis. Hence,
can be a bit generous when choosing design parameters, as is
below.

For a chosenb, take c0 to minimize the range ofS15$V2
<c0% that containsS0 in its interior. It can be shown that

c05
b2

3.144~11b2!
(23)

is the value needed. In the following numerical results, the dom
of interest D is chosen withS1 determined from Eq.~23!, Lx

52.0, Ly5L̂/ d̂22 ~whered̂22 is the bound on the sway damping!,
andLz52.0.

Three different configurations for thePatti-B are considered for
comparison. The first is the open-loop system for an unbia
ship. The second is a closed-loop system with the linear pa
state feedback law,

u5k1x11k2x21k3x3 . (24)

The linear controller is designed based on the linearized mode
the slow system using pole placement method. The third is
closed-loop system with the nonlinear partial state feedback c
troller designed herein.

In the following simulations, the linear feedback gains in E
~24! are chosen to be,

k150, k2510, k3526,

which assign the closed-loop poles of the linearized slow sys
to 21, 22, and23. These gains were chosen to yield the sa
order of control effort as the nonlinear controller. The design
rameters for the nonlinear feedback system are taken to be

b50.1, l150.005, l250.01, e150.1, e250.1

and the uncertainty bounds are estimated as

r150.6, r250.6, k50.4.

Throughout this example the position of the CG (x3) and the flow
rate ~u! were tracked over a wide variety of conditions, and t
design parameters for the nonlinear controller were selected
that the performance specifications were met while certain lim
on these quantities were not exceeded.

The sea condition is set at a wave amplitude of 5 m and a wave
frequency of 0.6 rad/s. These conditions can capsize the un
trolled vessel even when it is given initial conditions near t
calm water stable operating point. In addition to wave excitati
some of the following simulations also include parameter va
tions to demonstrate the robustness of the proposed nonlinear
troller. A 5 percent variation of hydrostatic parameters~including
ship geometry! and as large as 25 percent variations of hydro
namic parameters~including wave amplitude and frequency! are
assumed to be present in the system.

Figure 4 shows the state trajectories~projected on the (x1 ,x2)
plane! for the nominal system under each of the three configu
tions with the following initial conditions:

IC1: x150.55, x250, x350.1, y51, z151, z251, denoted
by ‘‘ x’’;

IC2: x150, x250.4, x350.1, y51, z151, z251, denoted
by ‘‘ o,’’
which are near the boundary of the calm-water safe region. Fig
5 depicts the corresponding trajectories with parameter variati
From Fig. 4, it is seen that the uncontrolled and linearly control
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vessels with IC1 immediately capsize for the nominal mod
while the nonlinear controller demonstrates good stabilization
this case, as it will for any initial conditions inside the safe regio
Although the linear controller can stabilize the initial conditio
IC2 for the nominal model, it fails when the parameter variation
included, as demonstrated in Fig. 5. On the other hand, altho
roll reduction performance is not as good as those without par
eters variation, the nonlinear controller still works for both initi
conditions under the parameter variation.

Without parameter variations, the peak control effort using no
linear feedback control isumax51.45 for IC1 andumax52.24 for
IC2, and for the linear feedback control that value isumax53.40
for IC2. With parameter variations under nonlinear control,umax
53.88 for IC1 andumax58.05 for IC2. These peak control effort
usually occur during the initial transient period and settle down
smaller levels soon after. The peak control effort required for
cases with parameter variations is somewhat larger, as expecte
can be reduced by tuning down the control parameters, howe
at the expense of roll reduction performance.

Fig. 4 Roll dynamics without parameter variations under dif-
ferent controllers: nonlinear feedback „solid …, linear feedback
„dash–dot …, and open loop „dashed …

Fig. 5 Roll dynamics with parameter variations under different
controllers: nonlinear feedback „solid …, linear feedback „dash–
dot …, and open loop „dashed …
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The position of the CG and the corresponding control eff
have been monitored for several simulation runs. It is obser
that during transientsyG can reach as large as 0.2 m~the worst
case!, although it quickly settles down to smaller levels, just li
the control effort. For antiroll tanks using 5 percent of the sh
weight, this accounts for a 4 m movement of the CG of the water
The maximum peak flow rate encountered for the pump was a
200 L/s~corresponding tou'8, the worst case!. If this peak con-
trol effort goes beyond practical limitations, it will be necessary
tune down the design parameters.

Fortunately, the nonlinear controller developed in this study
a large flexibility in tuning its parameters. For the linear feedba
controller, the tuning is restricted in that high feedback gains m
in general be used in order to stabilize initial conditions far aw
from the origin. In simulation runs, it was generally observed t
the peak control effort required for the linear controller near c
size conditions was roughly twice that of the nonlinear control
and this may lead to significant practical difficulties in impleme
tation of a linear controller.

5 Conclusions
In this study, a nonlinear state feedback controller was desig

using a Lyapunov-based approach in order to stabilize a nonli
3-DOF ship model in beam seas. The nonlinear controller is
bust in the sense that it takes into account model uncertain
resulting primarily from unknown hydrodynamic contribution
The design procedure follows the idea of composite control
singularly perturbed systems. The slow control for the dynam
on the slow manifold consists of two parts, linked by the ba
stepping technique, both of which use a smooth version of slid
mode control which can handle the uncertainties. It is shown b
Lyapunov analysis that the slow control alone can restrict the
motions to a small region in the state space, and, at the same
bounds the motions in the other degrees of freedom.

Numerical simulations for a fishing vessel, the clam dred
Patti-B, were carried out for the open-loop system, the clos
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loop system with linear feedback, and the closed-loop system w
the designed nonlinear feedback controller. It was shown that o
the nonlinear controller can effectively stabilize the syste
against capsizing using a reasonable amount of control effort o
a wide range of initial states and ship model uncertainties.

Many of the details regarding the model development and
tails of the proof of the main theorem presented here can be fo
in @7,10#.
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