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1 Introduction ties. Robustness is a major consideration since it is virtually im-

Ship roll stabilization is an important issue for comfort in pasposslble to develop accurate models for large amplitude ship

senaer vessels. carao intearity in cardo vessels. and taraetin mations, due to the difficulties involved in solving the associated
g ’ 9 onty 9 ’ 9eUNG b _surface hydrodynamic problem.

military vessels. In addition, the matter of safety against capsize gfecause of these uncertainties, the best one can achieve is ul
ti

gggﬁmﬁnzegrs rI: d?]fclijr:g(;iﬁ;;mrgr)nrr:gnr%%tfig:gllh\al:\alzsglfé gtﬁ?;ﬁ)trs ate boundedness .of the motion. This is syfflqlent for present

dating back to the late nineteenth century, and several method SIPOSES, as_there will be a S|gn|f|c_ant reduction in Fhe amplitude
; S ' . . ?rolllng motions and the control will prevent the ship from cap-

gies have been proposed. A historical account of this SUbJeCts'i%ing under severe sea conditions. Without control a vessel is

given in Bennetf1]. Passive methods appeared first, includin : P : -
bilge keels, antiroll tanks, moving weights, and gyroscopic met%greessg;sgeg]tlble to the possibility of capsize under large ampl

gdsésee[z] IfOL examples Follovxrqing tt:)e development of feed- = ¢ e hossible actuation methods, the gyroscopic method and
ack control theory, active methods began to emerge, mani:%%ving weight schemes are impractical, while the fin stabilizer

which were inspired by or modified from the passive ones, includy, rgder-roll systems are not effective at low vessel speeds.
ing fin stabilizers, active tanks, controlled moving weights, anglqrefore, antiroll tanks and pumps are employed as actuators in
active gyroscopic methodsee[3] for exampleﬁs_ . order to dynamically change the horizontal position of the vessels

As control theory has progressed and ship dynamic model§nier of gravity(CG) in such a way that the roll motions are
have_lmproved, new contro_l strategies have been brought to beafj,ced. However, the position of the CG cannot be shifted in-
on this problem. Examples include a recently reported controllegeyntaneously, and therefore the control scheme will involve a
wing actuator(similar to fin stabilizerswith an adaptive control- dynamic state feedback controller.
ler based on gain scheduling and neural netwdds and a “The control system considered has three time scales, and can be
rud_der-roll stabilization system that has be_en |nc0rp_orated Withst in a singularly perturbed form. Our approach for the robust
optimal control[5], adaptive control and gain schedulif]. A controller design is based on a smooth version of sliding mode
good collection of recent developments on the topic of control @gntrol, which handles the uncertainties, together with the back-
sea-going vehicles, such as autopilots and ship positioning, is P&apping method and the idea of composite control for singularly
vided in the book by Foss€b]. perturbed system@].

In this paper, roll stabilization for a strongly nonlinear multi- he paper is organized as follows. The ship model is very
DOF model for ship motion is investigated. The model hagjefly described in Section 2. The design of the robust state feed-
3-DOF, including roll, sway, and heave motions occurring in gack controller is outlined in Section 3. In Section 4, simulation
vertical plane, under the action of beam séast is, waves that regylts for an example vessel are presented and some practical
encounter the vessel directly broadsidehe vessel is assumed tojsses regarding the control effort are discussed. Conclusions are

be at anchor or under low speed for work and hence has negligibig\n in Section 5, where some directions for further investiga-
forward speed. The objective of this study is to design a stabiligy gre also provided.

ing feedback controller that takes into account model uncertain-
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model which represents the roll, sway, and heave motions of a
vessel traveling in regular beam seas has been obtained in previ-
ous work by the authorfgl0]. In terms of variables and functions
defined below, and under suitable nondimensionalization and res-
caling, this model is of the form

X1=Xz, 1

Xo=F12(Xq) + F1a(X1) X3+ Af(Xq,X3) + €(g1+AQy)

X(X1,%2,X3,Y,21,25,7), 2
X3=0,
y=€e(g2+tA02)(X1,X2,Y,25,7), 3)
€2,=2;, (4) Fig. 1 The unperturbed system in the roll manifold

€2,=—az—bz+ €(g3+Ag3)(X1,%2,X3,Y,21,25,7), (5)

wherexy, X,, ¥, 2;, andz, represent, respectively, the roll angleferred to as the unperturbesfe regionwhich is denoted by the
roll velocity, sway velocity, heave displacememélative to the shaded region in Fig. 1. The controller will essentially keep the
water surfacg and heave velocityx, is the horizontal position of vessel from escaping the safe area in the invariant roll manifold of
the CG, which is simply a constant in the open-loop system; aioe perturbed system, and it will account for the coupling to heave
f;; andg; are known functions that approximately model the efand sway dynamics.
fects of wind, hydrostatic, and hydrodynamic forces.

These state equations are derived in a wave-fixed coordin@e Design of a Robust Stabilizing Controller
system. The nonlinear effects of hydrostatics and inertia haveIn this section. a robust state feedback controller will be de-
been accounted for, but an essentially linear hydrodynamics d usi th’ thod of acti tiroll tanks. Th tiroll
model is employed. The only nonlinear hydrodynamic effect a%gne using the method of active antroll tanks. 1heé antiro

counted for is quadratic roll damping. Note also that the tim nks, as shown in Fig. 2, consist of two tanks connected at the
variable has been rescaled using the unbiaseli natural fre- ottom with one on the port side of the vessel and the other on the

S rboard side. The fluid in the tanks can be moved from one side
quency, which is assumed to be small compared to the hef} ; he
natural frequency. Vessel sway does not have a “stiffness” effe p he other through the connection tubes, and, in this way, the CG

and hence its dynamics are first order in nature. of the vessel can be controlled.

There are two sources of model uncertainties, one from hydrgi-r':zﬁuTgnttr:gltlégebﬂog\(’:tféfo?; tzﬁglhufsbel}"r;’]eesn ;23;3r]tléstrc12r::gr?-
statics and the other from hydrodynamics. The functibyis in Y y ! pumps,

the state equation represent the contributions from hydrostarﬂi(ECtion twbes. When equipped with such antirall tanks, the third
}ﬁte equation is given by:

forces. For a given hull shape, these functions can be obtained®
an integral form, but quite often they cannot be expressed in a Xz=U, (6)
closed form in terms of the roll angle. However, in most cases . .
polynomials can well approximate them in a best-fit sense. }@{hereu is proportional to the flow rate and serves as the control
should be noted that if better functional fits fgp’s are available, MPUt N o ,
they can be easily employed in place of the cubic ponnomiaEéDue to space limitations, the fluid weight in the tanks is usually
used in the present study. The discrepancy between the actual &g than S percent of the vessel displacement. This implies that in
approximate righting momertt.e., f15(x;) + f1o(X;)Xa) is repre- Order to shift the CG by 1 unit, the CG of the fluid must be moved
sented by the uncertainty functiaif (x, ,xs). For the other hy- by at least 20 units. Hence; is limited by available space. On
drostatic functions, the differences are contained in the functioHEe_ other hand, the flow ratéhe control effort also has practical
Ag;'s. imitations. These limitations om3 and u will be taken into ac-

On the other hand, the significant model uncertainties arisiffguNt When designing the controller. i
from the hydrodynamics are represented in part by the uncertaint efqre starting the (_:ontroller deS|_gn, a specific statement of the
functionsAg;’s and in part by the unknown positive constaats a>Sociated mathematical problem is given. Bgtbe the unper-
andb in Eq. (5). All these uncertainty functions are assumed to b&/fP€d, unbiased safe region in the, (x,) invariant manifold,
continuously differentiable in their arguments.

As one can see from the state equations, the system is a three
time-scaled, singularly perturbed system in which the heave mo-
tion is the fastest, the roll motion is next, and the sway motion is
the slowest. The small perturbation parameter the order of the
ratio of the unbiased roll natural frequency to the heave natural
frequency. The unperturbed system wétl O corresponds to the
condition in calm water with no damping and no wind. In this
case there exists a two-dimensional invariant manifold containing
roll motions uncoupled from heave and sway, and it possesse;
three equilibrium states—a center at the origin, corresponding td
the upright position, and two saddles representing the angles of .= |
vanishing stability; see Fig. 1. In the unbiased case the two saddl{,= = [~
points are connected by a heteroclinic cycle whose interior is re-

When a ship’s righting arm is an odd function of the roll angle, it is called an
unbiased ship. Physically, this means that its equilibrium state in calm water is the|
upright vertical position. For the present system, an unbiased ship can be interpretek
as one whose CG is located in the symmetry plane of its hull. Otherwise, the ship is
called biased. Fig. 2 The active antiroll tanks
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i.e., the one enclosed by the heteroclinic cycle. Sgtbe some a smooth version of sliding mode control. The idea of sliding
compact set containing, in the same manifold. Then the domainmode control is to design €liding manifold x,=s(x,), such that

of interest is defined by the dynamics on this manifold, given By =s(x,), will be as-
D= ymptotically stable. The sliding mode control thus consists of two
={(x1,%2,X3,¥,21,22)| (X1, X2) parts. One part is used to bring the system onto the sliding mani-

e Sy, Ixsl =L, Y=Ly (21, 2)lI<Ly), (7) fold in finite time—this is called theswitching controland is

) denoted byy. The other part is used to maintain the situation
where||-|| denotes the Euclidean 2-norm, abg, L, andL, are afterwards, which is called thequivalent controand is denoted

positive constants. bY teq.
Our goal is to design a feedback law The equivalent control is designed first. The sliding manifold
. . o - e
U= Xy Xp X3, 1Z1,25) ®) will be taken as the linear forms(x;) BXq, B>0, resulting in

an asymptotically stable reduced systeqy — 8%, on the slid-
such that for any initial condition D, ing manifold. Let o1(X1,X) =Xo—S(X1)=BX;+X, S0 that the
sliding manifold is represented oy, (X, ,X5) =0. Then, maintain-
ing the system onr;=0, once it is there, is equivalent to main-
taining o, =0, which leads to

(i) All state variables are bounded for=0;
(i) (x4(7),x2(7)) asymptotically approaches a small neigh
borhood of the origin ag— .

In other words, for the ship initially in the safe region, the roll Bzt T14(Xe) + F1AX1)%3 =0,

motions are to be reduced as much as possible and, at the sam@e absence of uncertainty. This is to be doneyy, yielding
time, bounded motions of the other degrees of freedom are to be

maintained. It will be shown below that the desired feedback f1a(xq) + X,

function can be chosen to depend onlyxan x,, andxz. That is, Ped X1,%2) = — ) (13)
partial state feedback is sufficient to achieve the goal. This is due ) ]
to the large damping in heave and the essentially inconsequentia/Pon applying Xs= (X1 ,X2) = the(X1,X2) + ths(X1,X) with

nature of sway. ed X1,%2) given by Eq.(13), the &y equation becomes

The full control system given by Eq$l)—(6) is a singularly
perturbed system. Therefore, it is natural to design the controller 61:v+A1(X1,x2,¢eq+ L,yﬁ)' (14)
via the approach of composite contfél11]. The composite con- f1a(X1)

trol is a sum of two components, ttstow controland thefast | . . We=vlf1(x,). The task now is to choose to force o,

control. The former is designed on the slow manifold to satis b P .
the desired requirement. The fast control, on the other h<51ndf,¥0\Nard the manifoldr, =0 in the presence of the uncertainty. To

designed to guarantee that the slow manifold is attractive. In tﬂl]js end, it is assumed that there exist constagts0 and 0<k
. A, h <1 such that
following analysis, it is first assumed that the slowly varying vari-

abley is bounded for al==0 and then this assumption is inves- v

tigated at the final stage of the design. ‘Al(xlvx21¢eq+ f—,y-T)
The design of the slow control is started by restricting the dy- 12X1)

namics to the slow manifold which, to leading order, is simplwithin the domain of interest. The positive constaptrepresents

$p1+k|v|, (15)

2,=2,=0. The slow system is thus given by an upper bound on the uncertainty and is not necessarily small.
%= ©) With inequality (15), a Lyapunov analysis using the candidate
v function V,= %oi suggests that a smooth version of switching
Xo=f12(X1) + F1a(X1) X3+ A1(X1, X2, X3, Y, 7), (10)  control
X3=U, (112) Nit+pq "<0'
v=—-—+————tanh —|, €,;>0, 16
where (1-Kk)tanh(1) € ' (18)

Ay=AF(Xy,x3) + €(g1+Agy) (Xq,X0,X3,y,0,07).  (12) Wheree, is the thickness of the boundary layer near the sliding
) ) ) manifold, will satisfy the requirement. The smoothness require-
The controller for this system will constitute the slow control foknent is due to the backstepping method. While asymptotic stabil-
the full system. o ) ity is guaranteed by the conventional discontinuous feedback law,
Itis clear that the uncertainties in the slow dynamical system gy yltimate boundedness can be achieved by the smooth control
not satisfy thematching conditior{(Khalil [9]). In other words, the equation(16). This can be shown by a Lyapunov analysis.
uncertainties and the control input enter the state equations ajext, consider the 3D system given by E@~(11). With the
different points. As a consequence, most robust control_ methoglsove preliminary analysis, the backstepping method proceeds by
cannot be applied without incorporating the backstepping techpplying sliding mode control again, with the sliding manifold
nique[9,12]. _In what_ fpllows, the slow co_ntrol is designed by anqw given byo(Xq,Xz,X3) =Xz— (X1 ,X5) = 0. In other words,
smooth version of sliding mode control with the help of the backs the sliding manifold, the foregoing desired results will hold.

stepping technique. . The time derivative ofr, with respect to the 3D system takes the
As the first step in the backstepping procedure, assume for ifgm

moment thatx; is a direct control input, i.e., that the CG can be
altered instantaneously. Sindg,(x,) is basically a normalized 0= T13(X1,X5,Xg) F U+ Ay(Xq,X5,X3,Y,7). a7
inertia term, it is always positive within the angles of vanishing
stability. Hence, the uncertain terfny will now satisfy the match-
ing condition by treating; as the control input. The problem then
is to design a smooth feedback layy= ¢, (X4 ,X5) such that the
2D system in Egs(9) and (10) is ultimately bounded. Note that and applying the same design procedure as in the previous 2D
the smoothness requirement is due to the use of backsteppingsystem, the following slow control is obtained,

This 2D control problem appears to be well suited for the

With the assumption that within the domain of interest

[Ax(X1,%2,X3,Y,7)[<p2, p=0, (18)

idi ' I Iy Aot po op)
metho_d of sliding r_node control. Other met_hods Ilke Lyapunov U= Xx2+ —X(fll(X1)+flz(X1)X3)— t 72}
redesign and adaptive control are also possible choices. However,  dx; Xy tanh(1) €
it is easier to obtain a simple smooth feedback law by employing (29)
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Given the slow control, the next step in the design of a com-
posite controller is to obtain a fast control to ensure the attractive-
ness of the slow manifold. However, in light of the asymptotically
stable linear part in the fast dynami@gs.(4) and(5)), feedback
control of the fast dynamics is not necessary. On the other hand,
one can see from the previous analysis that the attractiveness of
the slow manifold is not crucial as long & and z, remain
bounded. This is because the fast variables only show up in the
perturbation terms. Therefore, it is expected that the heave damp-
ing will naturally bound the motions. Indeed, a Lyapunov analysis
using a quadratic Lyapunov function incan confirm this point
provided that within the domain of interest, the following holds:

[(95+A03)(X1,%2,X3,Y,21,22,7)|<I1, 1;=0. (20) Fig. 3 The domain of interest and the ultimate bound

The analysis to this point has been predicated on the bounded-

ness of the sway velocity. The validity of this assumption is perturbations and uncertainties satisfy the inequaliti&s, (18),
now investigated. It should be physically correct since the “tt'?z0), and (21), and the coupling term satisfies inequali®?).
energy fed into the sway direction through coupling from heavenen for\;, N», and B large enough and;, e,, and e suffi-
and roll is easily absorbed by the sway damping. Like the heaygntly small, the partial state feedback controller given by Eq.
damping, the sway damping plays an important role in limiting g will stabilize the vessel system in the sense that for any initial

the sway velocity. _ _ condition inDy,
Assume that the only-dependent term in the uncertainkg, ) _ _
is Ad,y and that the actual sway damping ds,— A 8,,= 5, (i) xq, Xy, andxs are ultimately bounded with bounds de-
>0. This is a reasonable assumption in view of the expression for _ Pending one; ande;, _ )
d,. Now, the sway equation is rewritten as (i) z, andz, are ultimately bounded with bounds depending
on e,
Y= €[ = (822~ A8y + (02t A02)(X1,X2,2,7)], (i) ly(n)|<L,, Y7=0.

wheregs(x.X2,22,7) andAga(xy,Xz,22,7) are self-evident. By Remarks(i) All the bounds on the perturbations, uncertainties,
the continuity ofAd,, there existd >0, independent of, such and coupling terms in the inequalitié$5), (18), (20), (21), and

that (22) can be obtained from the fact that these functions are con-
. N - tinuous on the compact domain of interg@t) The perturbations
|(G2+A82) (X1, %2, 22, 7)[ <L, (21)  and uncertainties depend on the wave amplitude. Hence, the upper
within the domain of interest. A Lyapunov analysis usilig bounds should be chosen to include the worst sea condition ex-
=12 is then used to verify the boundednessyof pected to be encountere@.) There exists a positive constary

The design of a robust stabilizing controller for the full vesseiUch thaSoC{V,=<co}, which can be used to serve @s. This is
system has been decomposed into several simpler control prégPicted in Fig. 3.
lems. In each subsystem, it is easy to verify that the design indeed .. . . .
works. The question thus arises: Will it work for the full system? Simulation Results and Discussion
There are some coupling terms between subsystems, and for thin this section, numerical simulations for a fishing vessel, the
design to be valid for the full system, these terms must be wellice-capsized clam-dredd®atti-B [7,8] are carried out to exam-
behaved in the sense that they do not destroy the establislmel the performance of the controller. A detailed system descrip-
analysis. Generally, they are required to satisfy some smallnefgs and parameter values for tiatti-B can be found irf7,10].
conditions. For the current system, as one can see from the stafanterest here is the comparison of the vessel response in open
equations, the coupling terms are not dominant, indicating that tleop and closed loop configurations under severe sea conditions.
design should work for the full system, as is shown below. IndeeSpme issues regarding the control effort are also addressed.
in addition to the inequalities satisfied by the uncertainties andFor a given vessel, a simple procedure based on the main re-
perturbations, an inequality must be imposed on the coupling tesults can be followed to obtain a robust stabilizing controller. The
between the slow and fast systems. Specifically, within the dprocedure includes the following 6 stegd) Determineg. (2)
main of interest, Choose the domain of intere3t (3) Estimatep,; andk in inequal-
ity (15). (4) Determine\; ande; for i, (x1,X5). (5) Estimatep,

102(x1,%2,X3,Y,21,22, 7| <12, 12>0, (22) i inequality (18). (6) Determine), and e,. Step 1 amounts to
since determining the sliding plane for the 2D roll system and the sta-

~ bility on the sliding plane. It will also affect the level of control

91= (917 A091)(X1,X2,X3,Y,21,22,7) effort required. This step precedes step 2 due to the fact that the

_ choice ofD involvesS;, which depends ofs.
(911 Ag1)(X1,X2,X3,Y,0,0,7) Ideally, the controller should meet the following requirements:
is a continuous function in its arguments. (a) it can stabilize a large set of initial conditiond) it is effec-
The foregoing analysis is now summarized as the main theve under severe sea statés) it does not require large control
rem. The proof is based on Lyapunov analysis and is omitted hestorts. Requirementa) is equivalent to enlargin® as much as
for brevity. Recall that the compact S8C % given by Eq.(7) is  possible, which will increase the estimates for, p,, andk.
Requirementb) also leads to large values fpi, p,, andk. Then

the domain of interest. Also, let a choice of large values for the parametars \,, and B is

Do={(X1,X2,X3,Y,Z1,22)| (X1,X2) € So.|Xa| <Ly, |y| need_ed, as indicated in 'th.e previous analysis. In other words, b_oth
requirements need sufficiently large control effort. However, in
<L, [[(z1,2) <L} reality the control effort cannot be arbitrarily large, as mentioned

in the beginning. Therefore, there is a tradeoff between the ideal

requirements and practical limitations in choosing the domain of
Main Theorem. Consider the vessel control system given bynterestD and the design parametexs, \,, and 8. A feasible

Egs. (1)—(6). Suppose that within the domain of interést the approach is to choosP as small as possible such that it still

be the stabilization region.
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includes most of the safe region. Moreover, the design paramet ' ‘ ' " ' '
can be tuned according to the sea conditions, where larger vali |
are used in bad conditions. x 161
It is also important to point out that the controller design i o4 ©¢2
conservative, typical for a Lyapunov-based design. The main pt
pose of the analysis is to ensure that the controller design w
work. Although it can also provide some estimates on the ultima o2}
bounds of states and lower bounds for design parameters, qig
often the controller works better than predicted. This is why theg
bounds were not explicitly calculated in the analysis. Hence, 08 o}
can be a bit generous when choosing design parameters, as is
below. -0y
For a choseng, take ¢, to minimize the range ofS5;={V,
<cy} that containsS; in its interior. It can be shown that

031

oA

-0.2f ]

B e
Co=m———>= 23 _0al i
073.1441+ B?) (23) o4
is the value needed. In the following numerical results, the dome % %6 s -0z (oléangle) : o 05 08
X1 ¢

of interestD is chosen withS; determined from Eq(23), L,

=2.0, Ly: L/ 67, (where 65, is the bound on the sway damping Fig. 4 Roll dynamics without parameter variations under dif-

andL,= 20 . ) . . ferent controllers: nonlinear feedback  (solid ), linear feedback
Three different configurations for tfeatti-B are considered for (dash—dot ), and open loop (dashed )

comparison. The first is the open-loop system for an unbiased
ship. The second is a closed-loop system with the linear partial

state feedback law,
vessels with IC1 immediately capsize for the nominal model,
u=Kixy +KaXpFKaxs. (24)  while the nonlinear controller demonstrates good stabilization in
The linear controller is designed based on the linearized modeltbis case, as it will for any initial conditions inside the safe region.
the slow system using pole placement method. The third is tAéthough the linear controller can stabilize the initial condition
closed-loop system with the nonlinear partial state feedback cd@2 for the nominal model, it fails when the parameter variation is

troller designed herein. included, as demonstrated in Fig. 5. On the other hand, although
In the following simulations, the linear feedback gains in Eqoll reduction performance is not as good as those without param-
(24) are chosen to be, eters variation, the nonlinear controller still works for both initial
conditions under the parameter variation.
ki=0, k=10, ks=-6, Without parameter variations, the peak control effort using non-

which assign the closed-loop poles of the linearized slow systdifear feedback control isipa,=1.45 for IC1 andup,,=2.24 for
to —1, —2, and—3. These gains were chosen to yield the saml&2, and for the linear feedback control that valuaujs,,=3.40
order of control effort as the nonlinear controller. The design p#r 1C2. With parameter variations under nonlinear contug|gy

rameters for the nonlinear feedback system are taken to be ~ =3.88 for IC1 andu,,=8.05 for IC2. These peak control efforts
usually occur during the initial transient period and settle down to

B=0.1, A;=0.005, A,=0.01, &=0.1, =01 smaller levels soon after. The peak control effort required for the
and the uncertainty bounds are estimated as cases with parameter variations is somewhat larger, as expected. It
can be reduced by tuning down the control parameters, however,
p1=0.6, p,=0.6, k=0.4. at the expense of roll reduction performance.

Throughout this example the position of the C&)(and the flow
rate (u) were tracked over a wide variety of conditions, and the
design parameters for the nonlinear controller were selected stich
that the performance specifications were met while certain limi
on these quantities were not exceeded. o5
The sea condition is set at a wave amplitufi® on and awave | o e
frequency of 0.6 rad/s. These conditions can capsize the unc
trolled vessel even when it is given initial conditions near th o3
calm water stable operating point. In addition to wave excitatiol .
some of the following simulations also include parameter varii_,
tions to demonstrate the robustness of the proposed nonlinear cg o1f
troller. A 5 percent variation of hydrostatic parametéreluding 2
ship geometryand as large as 25 percent variations of hydrodyz. °|
namic parameteréncluding wave amplitude and frequencgre 4L
assumed to be present in the system.
Figure 4 shows the state trajectorigsojected on the X ,x,) -o2r
plang for the nominal system under each of the three configur _,|
tions with the following initial conditions:
IC1: x,=0.55, x,=0, x3=0.1, y=1, z;=1, z,=1, denoted -°4f
by X", -05 . - - - - - L
IC2: x;=0, x,=0.4, x3=0.1, y=1, z;=1, z,=1, denoted -08 -6 -4 02 04 08 08
by “o,”
which are near the boundary of the calm-water safe region. Figutg. 5 Roll dynamics with parameter variations under different
5 depicts the corresponding trajectories with parameter variatioggntrollers: nonlinear feedback  (solid ), linear feedback (dash—
From Fig. 4, itis seen that the uncontrolled and linearly controllatbt), and open loop (dashed)

oll vel

[}
X (roil angle)
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The position of the CG and the corresponding control effotbop system with linear feedback, and the closed-loop system with
have been monitored for several simulation runs. It is observéte designed nonlinear feedback controller. It was shown that only
that during transientgg can reach as large as 0.2 (the worst the nonlinear controller can effectively stabilize the system
case, although it quickly settles down to smaller levels, just likeagainst capsizing using a reasonable amount of control effort over
the control effort. For antiroll tanks using 5 percent of the ship wide range of initial states and ship model uncertainties.
weight, this accounts faa 4 m novement of the CG of the water. Many of the details regarding the model development and de-
The maximum peak flow rate encountered for the pump was abaails of the proof of the main theorem presented here can be found
200 L/s(corresponding tai~ 8, the worst case f this peak con- in [7,10].
trol effort goes beyond practical limitations, it will be necessary to
tune down the design parameters.

Fortunately, the nonlinear controller developed in this study has
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