Chapter 12
A U-Tank Control System for Ships
in Parametric Roll Resonance

Christian Holden and Thor I. Fossen

12.1 Introduction

To control parametric resonance, there are two basic approaches; use control force to
counter-act the unwanted motion, or ensure that the system’s parameters are in such
a state that parametric resonance cannot occur. We can call these methods direct
and indirect, respectively. The difference is perhaps best explained by analyzing a
differential equation.

A simple model for parametric resonance in ships is the Mathieu equation

Masd + daa + [k44 + ks cos( et + ocq,)] 0 = uc

where ¢ is the roll angle, u. an externally applied torque and the parameters are
constant. The system is known to parametrically resonate when @ /= 2+/kaq/ma4.
With indirect control, @, is dynamically changed so that ¢ will not parametrically
resonate. With direct control, u. is used to set up a counter-moment to force the
system to zero. Direct and indirect methods can be combined, as seen in [8,9].

As shown in Chaps. 9 and 10, it is possible to change the encounter frequency @,
(which depends on the ship’s speed) and thus control the system indirectly. However,
in practice, this depends on very early detection and the ability of the ship to rapidly
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Fig. 12.1 U-tank design

perform a speed change. If the ship has high inertia or is at rest with the engines
turned off, it is unlikely that the ship can change its speed fast enough to avoid large
roll angles.

There are also some disadvantages associated with direct control. Ships are often
not equipped with actuation in roll, as such systems are not necessary for propulsion
[5]. Possible actuators include fins, tanks, and gyro stabilizers [21]. In this particular
work, we will focus on the use of u-tanks as actuators. These have the advantage
that they can be used even if the ship is at rest [18]. As they are internal, they do
not increase drag. Unfortunately, they do take up space inside the hull, potentially
decreasing the available space for other machinery, cargo, or passengers.

A u-tank (sometimes referred to as u-tube tank or u-shaped anti-roll tank)
consists of two reservoirs, one on the starboard side and one on the port side,
connected by a duct (see Fig. 12.1a). The basic principle is to use the weight and
motion of the fluid to give a direct moment in roll, which can be used to counteract
parametric resonance or other unwanted motion.

A disadvantage of u-tanks compared to other potential actuators, is that the roll
and tank modes are tightly coupled, and only indirectly give a control moment in
roll. Output stabilization (driving roll to zero) tends to not leave the tank in its
equilibrium position, as seen in [12].

Most models of u-tanks are derived for tanks shaped like three connected
rectangular prisms (see Fig.12.1b) [14, 15, 17-19, 22], while several actually
installed tanks do not match this shape [20-22]. A model for more generic tank
shapes is therefore useful. In addition, most models are linear, and technically only
valid for small roll angles [6, 11, 15, 17-19]. During parametric resonance, the roll
angle can reach 40 to 50° [7,9,12,13].

In this chapter, a novel nonlinear 2-DOF u-tank model is presented for an
arbitrarily-shaped u-tank, and a controller that stabilizes parametric roll resonance
with the aid of such a tank developed. The model is compared to existing models.
The validity of the controller is proved mathematically and tested by simulation.
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12.2 Preliminaries

The model will be derived using a combination of Lagrangian (analytical) and
Newtonian mechanics. Initially, the tank—ship interaction (which is conservative)
will be modeled using Lagrangian mechanics. Forces and moments induced by the
surrounding ocean, in addition to friction and other nonconservative forces, will be
modeled using Newtonian mechanics and incorporated into the conservative model.

Only roll and the motion of the tank fluid will be modeled in this chapter. We
assume that the ship is not translating relative to the inertial frame.

12.2.1 Coordinate Systems

To use the Lagrangian approach, the dynamics have to be derived in an inertial
reference frame [3]. The geometry of the vessel is easier to describe in a reference
frame fixed to the body, but as the body is rotating, a body-fixed frame is not inertial.
Therefore, we define two coordinate systems: an inertial frame fixed to the surface
of the Earth,! and a noninertial frame fixed to the body.

The origin of the inertial reference can be placed arbitrarily. For simplicity, we
let the xy-plane coincide with the mean ocean surface and the z-axis point with
the gravity field. The body frame is placed at the transversal center of gravity at
the calm-water water plane, with the x-axis pointing forwards, the y-axis pointing
starboard and the z-axis pointing downwards, see Fig. 12.2. The ship is assumed
symmetric around the xz-plane.

Fig. 12.2 Reference frames used in this chapter

I As the Earth is not inertial, clearly an Earth-fixed reference frame is not inertial. However, the
effects of the non-inertial nature of the Earth’s motion are small for many applications [5].
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A vector r is denoted r" in the inertial frame and r® in the body-fixed frame.
These are related by r" = Rr® < r® = R"r" where R is a rotation matrix [3].

12.2.2 Modeling Hypothesis

To model the ship—tank system, some assumptions and simplifications have to
be made.

12.2.2.1 The Ship

The ship’s motion is assumed restricted to a single degree of freedom, namely roll.
It can be defined as the number ¢ so that the rotation matrix R can be written

1 0 0
R=|0cos(¢) —sin(¢) | - (12.1)
0 sin(¢) cos(9)

This is equivalent to having the body-fixed frame (and the ship with it) rotated an
angle ¢ about the inertial x-axis [3]. Note that, with the ship restricted to roll, the
inertial and body-fixed x-axes are parallel, and without loss of generality can be
assumed to be coinciding.

We note that the ship’s angular velocity relative to the inertial frame @ is then
given by

0" =w’=1[$,0,0". (12.2)

We also make some assumptions regarding the ship and the ocean:

A12.1. The ship is port—starboard symmetric (i.e., around the body xz-plane) in
mass and geometry.

A12.2. The ship is not translating relative to the inertial reference frame.

A12.3. The waves are sinusoidal, planar, and stationary.

A12.4. The wave length is approximately equal to the ship length.

A12.5. There is either head or stern seas.

By the first assumption, the ship’s center of gravity (excluding the tank fluid) is
given by

.
= [xéb,,O,zg} . (12.3)
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12.2.2.2 The Tank Fluid

A u-tank is simply two reservoirs of water or another liquid, one on the port side
and the other at starboard, with a duct in between to allow the passage of liquid. To
be able to model this intrinsically complicated behavior, some assumptions have to
be made:

A12.6.  The surface of the fluid in the tank is perpendicular to the centerline of
the tank.

A12.7.  The fluid in the tank is incompressible.

A12.8.  The flow of fluid in the tank is one-dimensional.

A12.9.  Tank fluid memory effects are negligible.

A12.10. The u-tank is placed at the transversal geometrical center of the ship.

Al12.11. The tank is symmetrical around the centerline.

A12.12.  There are no air bubbles in the tank.

A12.13. The centerline of the tank is smooth.

Al12.14. The centerline of the tank runs port—starboard.

Assumption A12.6 is clearly false for a ship in motion; the actual fluid surface
in the tank is likely to behave in a complicated and chaotic fashion. Modeling
this accurately without resorting to computational fluid dynamics is unfeasible.
Assuming the fluid surface to be horizontal would not be much more accurate than
Assumption A12.6.

Assumptions A12.6—A12.14 imply that the tank fluid is parameterizable as a tube
of varying cross-sectional area. Defining the centerline of the tube of fluid as ri(c)
with o as parameter, r”(o) can be written as

o)l . (12.4)

The parameter ¢ is defined to have its zero point at the ship centerline and
positive in the port direction. The fluid surfaces are located at ¢ = —¢; < 0
(starboard side) and ¢ = g, > 0 (port side). Thus, ¢ € [—gs,Gp] C R defines the
fluid-filled part of the tank. When the water level is equal in both the starboard and
port side reservoirs, ¢, = ¢ = ¢, and © € [y, Go] C R defines the fluid-filled part
of the tank.

Property 12.1. r? satisfies the following properties:

+ x?is a constant, per Assumption A12.14.

* The functions y’ and z” are smooth (specifically, C! or greater), per Assump-
tion A12.13.

* y” is odd and lies in the second and fourth quadrants (i.e., y’(—0) = —y?(0),
y?(0) =0 and y’(0) < 0V ¢ > 0), per Assumptions A12.10 and A12.11.

+ iseven (ie., 7’(—0) = /(0)), per Assumption A12.11.

+ maxz” = z2(0), per Assumptions A12.10 and A12.11.
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Fig. 12.3 U-tank parameters

To fully describe the tank fluid, the cross-sectional area A(o) is also needed.

Property 12.2. By Assumption A12.12, the fluid fills the entire area A(0)V o €
[—Gs, Gp)- Assumption A12.11 implies that A(—o) = A(c) > 0.

See Fig. 12.3 for an illustration of the u-tank and its parameters.
The chief physically measurable states of the system are ¢, ¢; and the volumetric
flow of the tank fluid Q (positive to port). g, and ¢; are related to the flow rate by

. 0 . Q
S = y G = '
Al T Alg)
We define the generalized tank coordinate g; as

1 G
G2 —/ " A(o) do, (12.5)
Ao S0

where A is an arbitrary constant with unit m?.
We note that the total fluid volume in the tank, V;, is constant. Thus,

A [0 Sp 0 S0 Sp
= A(o)do= | A(o)do= A(o)do+ A(o)do+ | A(o)do

—<0 —Gs —Gs —<0 S0
—%0
:/ A(0) do + Vi +Aogr.
—Gs
This gives
1 —%
gi=—— / A(0) do . (12.6)
AO —Gs

The time derivative of g is given by

o9 2
G = —A(%) &t Ay’

m (12.7)



12 A U-Tank Control System for Ships in Parametric Roll Resonance 245

By differentiating both sides of (12.5) and (12.6) with respect to ¢, it follows
that

dg Ay dg A
dg  A(g) dgt A(gs)

The speed of the tank fluid relative to the tank walls (i.e., the ship), at any point
o in the tank, is given by

. (12.8)

(o0 = 755 = 50

From calculus, we know that velocity is tangential to the path, giving

Apgy dr,
V(0,40 = /%d—(;(o) , (12.9)
where
df, , 5o
— = . 12.10
do dr; ( )
do
Noting that dx” /do = 0, we define
b
dy? de? &
—L £10,1,0]—- = do : (12.11)
do do al 2 a 2
(da) + (da)
dzb di? ik
—L £100,0,1]— = do 12.12
io [0,0,1] : ( )

do o 2 N 2
dy? dz?
(#) +(%)

do do
Of course, the ship (and the tank with it) is rotating relative to the inertial frame.

Thus, the velocity of the tank fluid relative to the inertial frame, at any point ¢ in
the tank, is given by

such that

1.

AOQt df't
(o) 10 (12.13)

vi(0,q) =0 xr, (o) +
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12.3 U-Tank Modeling

According to Lagrangian mechanics, it is necessary to derive the system’s kinetic
and potential energies.
Define the generalized coordinates q as

q2[¢,q]" €R. (12.14)

Proposition 12.1 (Potential energy). The potential energy of the roll-tank system
is given by

b "S0 b Splqr) b .
U(q):mgzg—i-ngt/O 7 (0)A(o) do — gpy /g( )yt (0)A(o) do| sin(¢)
. —Gs(qt
b sp(qt) b
[mgzg+gpt / . d(0(o) do} cos(9), (12.15)
—Gs(qt

where m is the mass of the ship (excluding tank fluid), g is the acceleration of gravity
and py is the density of the tank fluid. Note that the first integral is a constant, and
that U(0) = 0.

Proof. See Appendix 1. O
Proposition 12.2 (Kinetic energy). The kinetic energy of the roll-tank system is
given by
. I, .
T(g14) = 56 Mi(4)4, (12.16)
where

_ I+ Jge) ma(qr) 2%2
Mgy = | o ) e

p(q0)
nay=p " A@IDE) + (o)) do
p(1) zb 7
mula) =pto |7 L0) G (0) - S0 (@) do

"Gp(qr)
1y (qr) :PtA%)/ R do
J—Gs(qr) A(G)

and Jy1 is the ship’s moment of inertia around the (body) x-axis (excluding the
moment of inertia of the tank fluid).

Proof. See Appendix 2. O
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Proposition 12.3 (Lagrangian dynamics). The (lossless) roll-tank dynamics are
given by

Mi(q0)4+ C(g,4)d +ki(q) =0,

(12.17)
where
; . a
Clgng) =2 0 g Lt 9 (q0) 2% (q0)
9 - ) _
2| —5Ha) O 2| 0 Fq)
aJi

5. (40 = Pedo (DY (@) = D& (@) + [ (G (@) - [ (6 (40P

sb b

St 00 = Pt P (6la) o 50— o a0 )|

A2 dz dy?
- ptA(gs—(Oqt)) [Y?(Qs (%))E(Qs(qt)) - E(Qs(%))z?(gs(%))}
amy

B 3 1 B 1
3q, 1) = Po {Az@p(%» A2<gs<qt>>}

k(q) = l (mgzg + gpt ff"s A dG) sin(¢) — gpy _ffpsyf’A docos(¢) ]
—gpiAo [37(6p) + 37 ()] sin(9) — gpido [27(6p) — 27 (G )] cos(9)

Proof. The Lagrangian .Z of the roll-tank system is given by

£(q,9) =T(q,9) —U(q)

Splqr) b . b 0,
=gn [ (00 dosing) ~mez; ~2ep, [ (0)A(0) do
s gt

, Sl 1. ,
+ mgzg+gpt/ ' (0)A(0) do| cos(9) + 54 Mi(q)q -
—Gs(qt

(12.18)

The dynamics of the system are then given by the Euler-Lagrange Equation [10]

dod¥ 0%
el (12.19)
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It can be shown that

0.¥¢
94 Mi(q1)a

do¥ . oM

@0y M, (q0)q +Mi(q)d = q'tafq:quMt(Qt)q = C(q1,4)q +Mi(q)d
0.¥¢
— =-k .
940 «(q)

Inserting this into (12.19) gives (12.17). O

Proposition 12.4 (Two-DOF u-tank model). The dynamics of the tank—roll sys-
tem are given by

M(q1)d + C(qr,q)a+D(q)q+k(z,q) = bu, (12.20)
where
M(q) = [’"g““ 8] +Mi(q), D(d) =Do+Dy(q),

dys 0 ] . [O 0 } {0}
Dy = , Du(q)= s b= ;
0 { 0 dy n(‘l) Odtt,n|Qt| 1

7 3
K(r,q) = [k44¢+k¢tcos(a)8t+06¢)¢+k3¢ } +k(q)

the other matrices are as in Proposition 12.3 and u € R is the control force on the
tank fluid. All the parameters are positive. D satisfies y Dy > 0V y # 0.

Proof. The forces and moments acting on the roll-tank system that are not captured
by the Lagrangian modeling are friction and other dissipative forces, added mass,
control forces, and pressure torques in roll.

Since nonviscous damping in roll is quite small [4], we model roll damping
linearly. Experiments conducted in [14] indicate that quadratic damping is extremely
important for the motion of the tank fluid, so this is included. The generalized
damping forces are collected in the term D(q)q. [14] experimentally investigated
the presence of off-diagonal elements in D, but the influence of such terms was
found to be negligible. Such terms have therefore been excluded here.

Added mass is a moment proportional to the acceleration of the ship [5], and is
caused by interaction with the surrounding ocean. As the tank fluid is not directly in
contact with the ocean, the added mass moment 1, 44¢ only (directly) affects roll.
In general, m, 44 is nonconstant [5], but for simplicity we assume it to be constant
in this chapter.

The control force u only affects the tank fluid, which implies that b = [0,1] .
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As done in [13], the calm-water pressure moment in roll (hydrostatic and -
dynamic buoyancy) is modeled as ky4¢ + k3¢>. The parametric excitation is, as in
[9, 12] assumed to take place in the linear roll spring term, giving an additional
moment of kg, cos(@et + 04y ) §.

Combining all these forces with the Lagrangian-based dynamics of Proposition
12.3 gives (12.20). O

12.3.1 Analysis

It is prudent to ask how the new model (12.20) compares to existing ones. As pointed
out in the introduction, most existing models are made for rectangular-prism u-
tanks (Fig. 12.1b) [14, 15, 17-19, 22]. Technically, such models cannot fit into the
framework developed here, as the tank centerline functions are only C° rather than
C! as required. The integrals that go into the model can still be computed, but the
model will technically be invalid.

However, if we ignore this fact, we can explicitly compute the integrals in
(12.20). This renders the model identical to the experimentally validated one of
[14]. However, that model requires that the duct is always full of water, a constraint
not found in the new model.

The linearization of the model is identical to that of [4] and [17, 18],> other than
that in these works the models take into account sway and yaw in addition to roll
and the tank state, and that in [17,18] J; = 0.

Excluding the tank moment of inertia J; is likely to have only a small effect,
as it is significantly smaller than the moment of inertia of the ship itself, Jy;. The
coupling to the other degrees of freedom might be significant in general, but in this
work the ship is assumed not to be maneuvering.

12.4 Control Design

In [14], experiments with a rectangular-prism tank showed that a linearized model
was unsuitable to capture the full dynamics of the roll-tank system. However, the
experiments also indicated that the full nonlinear model was needlessly complicated,
and suggested an alternative model where the dynamics were linearized, with the
exception of the damping. This model was an adequate approximation even for
relatively high roll and tank state amplitudes. While the results in [14] were for

2Note that in [17, 18] the signage is wrong for the tank-induced moment in roll in [17, 18].
[18, (12.54b) p. 266)] reads (neglecting sway and yaw motions) (Iug + ass)Xs + baaxs + casxs —
[a47T 4 carT) = Fua0 sin( et + 1), but should read (lya + asq)Xs + bagxa + caaxs + [asr T+ carT) =
Fya08in(@ct + 7). This error is propagated throughout [17, 18].
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a rectangular-prism tank, and not in parametric roll, it seems reasonable that the
suggested simplifications would also be applicable in this case. This suggests the
model

My +D(q)q + Ko()q = bu, (12.21)
where

M, = M(0)

L, Ok

Ko(?) 7

q=0
ko + mgzz + kg cos(et 4 0ty) +2gpy fogo PAdo —2gpAny’ (o)

A2 d .b .
—2gpiAoyy () ~28puicsy ae (%)

We note that y?(gp) < 0 and % (co) < 0. We refer to (12.21) as the nominal model.
We define

x2[q'.q'] er? (12.22)
and rewrite the dynamics as
x=Ax+Bu+G(r)x+g(q), (12.23)
where
[ 0200 I, 4xd
A= R
My 'K, —MOIDJ :
K [ Kga+ mgzh+2gp L 2Ado *ngtAZOY? (bQO) A {kzm kg ] c R2%2
1= Af dz =
—2gpAoy? (o) —28pi775y s (%0) kar K

B_ [ 05 } c 41

M, 'b
[ 0252 0252 s
_ X
G(t) = M, kg cos(wet + 0ty) 0 0r.s eR
I 0 0
. [ 0551 4x1
g(q) = i } e R¥
_*Moan(Q)q
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Theorem 12.1 (U-tank control). The origin of the system (12.23) is globally
(uniformly) exponentially stabilized (following [16, Definition 4.5]°) by the
controller

u = dy nlqi| g — KpX, (12.24)

where K, = [K), 1,Kp2,Kp3,Kp 4] € RY™% is a matrix such that A — BK,, is Hurwitz
and the eigenvalues of A —BK, chosen such that

1

Amax (P) < ————,
T 2k M

(12.25)

where P is the solution to the Lyapunov equation
P(A-BK,)+(A-BK,)'P=-1,

and Amax (P) is the maximum eigenvalue of P. Moreover, a K, such that (12.25) is
satisfied can always be found.

Proof. See Appendix 3. a

If we take a closer look at the controller (12.24), it cancels the nonlinear tank
damping. This damping is “good” damping; in the absence of the time-varying
disturbance (setting ky, = 0) it is fairly straight-forward to show that the origin
of the system (12.23) is GAS by using the energy-like Lyapunov function V =
q'Moq + q ' K;q (via the Krasowskii—LaSalle theorem [16, Theorem 4.4]; this
theorem cannot be used for time-varying systems).

It is therefore reasonable to believe that this damping term is also beneficial
in the presence of the time-varying disturbance (ky; # 0). However, proving this
has shown itself to be difficult, and the controller is therefore canceling this
term.

12.5 Simulation Study

We simulated the full system (12.20) both with and without the controller (12.24)
to test the validity and the robustness of the controller. For comparison, we also
simulated the controlled nominal system (12.23).

3By this definition, exponential stability is stronger than uniform asymptotic stability, and thus the
uniformity is implied.
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The tank functions yf’, zf’ , and A were given by

2 V o€ (—o0,—w/2—¢]
—ag—a;0—ay06> ¥V o €[-w/2—¢&,—w/2+¢]
(o) = —c Voec|-w/2+ew/2—g |, (12.26)
ap—ay0+ao6*V o € [w/2—e,w/2+¢]
—% Vo€ [w/2+e)

ra+5+0 Vo (—oo,—w/2—¢]
—by—b10—by6>V 0 E[-Ww/2—¢€,—w/2+¢]
2(0) = ra Voel[-w2tew/2—¢ |, (12.27)
—by+b10—br62 Y 0 € [w/2—e,w/2+¢]

rgt+5—06 Vo€ [w/24¢g )

Ay Vo€ (—oo,—w/2+¢|
co+cioVoe|-w/2—e,—w/2+¢]
A(o) = Ay Yoe[-w/2+ew/2—¢] (12.28)
co—cioVoew?2—¢ew/2+e|

A VoEw/2+e,)

with € < w/2 and

2 2
ao:(e—v—z") al:w+2€ - 2:i bo_(g—ﬁ) .
4e 4 4¢”’ 4¢ ’
w—2€ 2(Aq+Ar)e+w(Ag—Ar) Aq—A;
b= ) co= , 1= —.
4e 4e 2¢e

Note that this choice of a;, b;,c; ensures that yt ,zt € C! and that A € CY. A tank
described by these functions has a centerline function describing half a rounded
rectangle. The tank state g; was limited so that |g| < grmax = Vi/(2A0) so that there
always is tank fluid at the tank center point ¢ = 0.

Simulation parameters can be found in Table 12.1. The ship parameters Jiy,
Mg 44, das, kua, k¢r, and k3 were taken from [13, Experiment 1174]. The tank
damping parameters are based on experimental values from [ 14] and formulas found
in [12] and [18]. The encounter frequency @, was chosen to be twice the natural roll
frequency, when the system is known to parametrically oscillate.

The uncontrolled nominal system (12.23) had eigenvalues

A(A) ~ [—0.0049 +0.3327i,—0.0051 £ 0.2558i]
while the controlled system had eigenvalues
A(A—BK,) ~ [-0.0196 £0.3327i,—0.0206 4 0.2558i] .

With the parameters of Table 12.1, V; was computed to be V; = 337.8 m>. As per
the standard rules of u-tank design [18], the tank is dimensioned so that the natural
frequency of the tank (here, 0.2978 rad/s) is chosen to be approximately equal to
the natural roll frequency (here, 0.2972 rad/s).
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Table 12.1 Simulation parameters

Parameter Value Unit Parameter Value Unit

Jin 1.4014E10 kgm? A; 30 m?

m 2.17E9 kgm? Aq 3.6145 m?

duy 3.1951E8 kgm?/s w 27m

dy; 2.4618E3 kgm/s £ 1m

din 2.2742E5kgm ra 2m

kyy 2.2742E9 kgm? /s> % 17.5m

kot 5.0578E8 kgm?/s? Ao 30m?

ks 2.974E9 kgm?/s? o(10) 5°

m 7.64688E7 kg é(t0) 0°/s

A —1.12m q(to) 0Om

g 9.81 m/s? G (to) Om/s

Pt 1,000 kg/m? Ky 3.9935E5 kgm/s?
W, 0.594rad/s K2 7.2833E3kg/s?
O Orad K,3 —4.1664E5kgm/s
Gt.max 5.6307m K4 3.9916E5kg/s

The results of the simulation study can be seen in Figs. 12.4 and 12.5. We can
clearly see that the system trajectory converges to the origin. Note also that the
trajectory of the nominal system is almost identical to that of the true system.

From Fig. 12.4, we can also see that a passive (uncontrolled) tank is capable
of reducing the roll angle compared to not having a tank at all* (a reduction in
maximum roll angle of approximately 21° to 7°). However, both roll and the tank
fluid will end up in steady-state oscillations.

The issue of correctly tuning the natural frequency of the tank fluid bears some
consideration. For a rectangular-prism tank (and a tank like the one used in the
simulations), the natural frequency can be changed by adjusting the fluid level
Go or the ratio of A; and Ay (cross-sectional area of the reservoirs and the duct,
respectively). The latter can of course only be done when the tank is constructed.

Unfortunately, the natural frequency is quite insensitive to changes in ¢y [18].
It is therefore almost impossible to change the natural frequency of the tank after
it has been built. However, there can be quite some uncertainty in the natural roll
frequency, which can also depend on loading conditions [4, 18].

If the natural frequency of the tank is not properly tuned, the effect of a passive
tank can be drastically reduced. The more badly tuned it is, the less effective the
tank is. However, as proven in Theorem 12.1, an active (controlled) tank will still be
able to stabilize the origin of the system.

“In [12] it was concluded that using a passive tank did not noticeably reduce the roll angle in
parametric resonance, but this tank had a badly tuned natural frequency.
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Fig. 12.4 Simulation of the closed- and open-loop system. True and nominal graphs are closed-
loop simulations of (12.20) and (12.21), respectively. Uncontrolled is open-loop simulation
of (12.20)
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The power and energy consumptions of the control system is also worth noting.
As can be seen from Fig. 12.5, at peak the controller requires a force of about 250 kN
and 210kW. By integrating the power consumption (over 1,0005s), the total energy
use can be found to be approximately 8§ MJ.

These numbers require some context. If force on the tank fluid is applied by using
high-pressure air in the reservoirs, the pressure difference in the two reservoirs has to
be about 8.5 kPa, or 0.085 bar. When considering the maximum power consumption
21 kW, bear in mind that the actuator is moving 337.8 metric tons of fluid, and that
the ship itself has a mass of 76,500 metric tons and is likely to have a fairly large
power system. The total energy consumption equals about 0.23 liters of gasoline
burned in a combustion engine (using 34.8 MJ/liter of gasoline [2]). All in all, the
control system if fairly modest in scale.

12.6 Conclusions

This work presents two important contributions: A novel model of u-tanks, suitable
for u-tanks of any shape and system response of any magnitude; and a u-tank control
system capable of exponentially driving the roll angle to zero and the tank fluid to
its equilibrium state during parametric roll resonance.

The proposed model has two degrees of freedom; roll, and one for the motion of
the tank fluid. To derive the model, the inherently complex motion of a fluid in a
tank was modeled as a one-dimensional flow. While technically not true, the model
is only designed to capture the tank fluid’s and the ship’s mutual effect on each other.
Only the macroscopic fluid effects are likely to be relevant in this case.

Unlike most existing u-tank models, which can only be used for tanks of a very
specific shape, the new model can describe u-tanks of arbitrary shape. The new
model also captures the inherently nonlinear behavior of the system, and is valid for
large system motions. Existing models are largely linear and assume small motions.

The control system was developed and its stability properties proven for a
simplification of the 2-DOF model. Under the assumption of no constraints on
the states or the input, the controller renders the origin of the closed-loop system
globally (uniformly) exponentially stable.’

The controller was tested in simulation on both the nominal (simplified) system
and the full nonlinear system. The responses of these two systems was virtually
indistinguishable in simulation, and the origin was stabilized, as shown theoretically.
The power and energy consumptions are quite reasonable; total energy required to
stabilize parametric roll is equivalent to a quarter of a liter of gasoline, and peak
power requirements are quite modest given the size of the ship.

SIn the presence of limitations on the tank state or the input, the origin of the controlled system
might only be locally (uniformly) exponentially stable.
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Simulations also showed that a passive (uncontrolled) tank would be able to
reduce the roll angle significantly (21° to 7°) in the presence of parametric roll,
but not to drive the roll angle to zero. It can also be shown that a passive tank
only works if it is correctly tuned (i.e., the natural tank frequency is identical to
the natural roll frequency). Changing the natural tank frequency without rebuilding
the tank is almost impossible. The natural roll frequency can change depending on
loading conditions, sailing conditions, and simple discrepancies between theoretical
design and practical implementation makes it, to a certain degree, unknown. This
makes correctly tuning the tank difficult.

However, the controlled tank would still be able to drive roll to zero, even with a
poorly tuned tank.

Acknowledgements This work was funded by the Centre for Ships and Ocean Structures
(CeSOS), Norwegian University of Science and Technology, Norway, and the Norwegian Research
Council.

Appendix 1

In this appendix, the potential energy of the ship—tank system is derived, proving
Proposition 12.1.
An infinitesimal volume block dV of the tank or ship at a position r has density

p(r) given by

pt  in the tank
= 12.2
p(r) { ps(r) in the ship (12.29)

and is at a height A(r) above some arbitrary zero point. We note that / is the zero
level minus the inertial z-component of r, that is,

h(r) = ho—[0,0,1]r" = hg — [0,0, 1]Rr®. (12.30)

The negative signage is because the z-axis has the same direction as the gravity field.
The potential energy dU of the volume block is then given by

dU = gp(r)h(r)dv, (12.31)
which, in the body frame, can be written

dU = gp(®)A(r°) dV = gp (r*) (ho 0,0, l]Rrb) av. (12.32)
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The total potential energy U of the ship and the tank fluid is then given by

U= dU = gmohy — g[0,0,1]R [ ps(r®)r® av + p, / r’ dv]
ship and tank Jship Jtank
b S (q0) b
= gmohp — g[0,0,1]R mrg—i—pt/ A(o)r}(o) do (12.33)
—Gs(qu)

by the definition of the center of gravity, where my is the combined mass of the
ship and tank fluid. From (12.1), [0,0, 1]R = [0,sin(¢),cos(¢)] and, by assumption,
b= [xg,O,zz]T. This gives

8
b (g b .
U = gmohy — mgzl cos(9) — gpi / o AN (0) dosin(o)
—Gs(qt
S(a) b
—gpt/ ( )A(G)Z, (o) docos(9). (12.34)
—Gs(qt

A priori, we know that q = 0 is an equilibrium point for the system, so we choose
U(q=0) = 0. This gives

G0
U(q=0) = gmohy— mgzg —2gpy /0 A(0)Z (o) do =0,

since ¢;(0) = ¢,(0) = ¢y and A(0)z?(0) is an even function. We therefore choose

S0
gmohy = mgzg + 2gpt/ A(0)Z(6)do =0
0

giving
b 0 b S(a) b .
U(q) zngg+2gPt/0 7/ (0)A(0) dG—gpt/g( )y, (0)A(o) dosin(¢)
—Gs(qt
b Sp(qt) b
_ [mgzg+gpt / . d(0)A(o) do] cos(®), (12.35)
—Gs(qt

which we recognize as (12.15).

Appendix 2

In this appendix, the kinetic energy of the ship—tank system is derived, proving
Proposition 12.2.



12 A U-Tank Control System for Ships in Parametric Roll Resonance 259

An infinitesimal volume block dV of the tank or ship at a position r in the body
frame has density p(r) given by (12.29) and velocity v(r) given by

A(o) do

Agqe dry 1

(0] S (o) in the tank

vir) =4 21T (0) in the tank (12.36)
D Xr in the ship

where @ is the angular velocity of the ship. The velocity of the tank fluid comes
from (12.13).
The volume block has kinetic energy d7° given by

1
d7 = Zp(r)[[v(r) 24V, (12.37)

which, in the body frame, can be written
1
dT = Ep(rb)||v”(rb)||§dv. (12.38)

The total kinetic energy T of the ship and the tank fluid is then given by

1

T=-
2 ship and tank

p (%) |IV*(x*) 7 av

b2
AOCItd_l}b

A(o) do

1 "
:-/ ps(rb)||mbxrb|\§dV+&/ o x 1+
2 ship 2 Jtank

2
1 .

— Lo { pu(*)S2 () dV] o’

2 ship

2

do.
2

Aog di?

’)t gp(q
+ —_ '

2 —Gs(at

) .
A) Hwo,z?(o),y?(o)ﬁ ()

We note that, by definition,
J= —/ ps(r*)$%(r®) dv e R332
ship

is the moment of inertia of the ship and assumed a priori known. Furthermore,

mbTme = ¢2[11010]J[15050]T = ¢2‘,113
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where J1; > 0 € R is the top left element of J, that is, the moment of inertia about
the (body) x-axis. Thus,

1 p [ola) H o p ot AcdedEr |1
T=-J¢*+= A(0)||6[0, -z (0),y2 (o))" + —(0)|| do
1 (gt R q'2 (gt PtA%
5 Pua [T a0 bt + 2(oR] do] 62+ & do
2[ st [ ' t } 2 J-a(a Al0)
+0gipiA /gp(qt) /)4 (0) - Y (6)2(0)| do (12.39)
qiPtAo el Vi do do <y .

since ||df'f’/d0'H§ =1
Defining

Splqn)

A :Pt/igv(q)A(G)[[yf’(G)]er[Zf’(G)V] do

ma (qr) = Ao/ Y
(4 =P g I do

o(qr)
1y (qt) :PtA%/ R do
~a(q) A(0)

i+ Jqe) ma(qo) 2%2
Mgy = | o) i) | e,

"6p(qt) |: b(c)d—zf(c)— dy‘ﬁ’

we can rewrite (12.39) as

1
T(q,q) = EqTMt(Qt)(Ia (12.40)

which we recognize as (12.16).

Appendix 3

This section contains the proof of Theorem 12.1.
We immediately note that by choosing u = dy; »|Gt|¢: + v, we can transform the
dynamics of the system (12.23) into the linear system

x = Ax+Bv+G(r)x. (12.41)
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The term G(7)x can be viewed as a time-varying disturbance to the system. We
cannot directly cancel it, both because the parameters are unlikely to be known and
because roll is not directly actuated.

The unperturbed system has the dynamics

% = Ax +Bv. (12.42)

This system is controllable if its controllability matrix ¢ = [B AB A’B A3B] has
full rank (i.e., is nonsingular) [1].
The controllability matrix is given by

00 a; by
M;'o > s |01l axbd
@ = 0 2x2 <& %pé 2 02
|:02><2 Mal ' 0a; by c;
1ay by ¢
9 = _DpeM;'B
Laz |
(6] ~1 ~1
by = (DM, ' Do — K;)M; 'B
_C T — — — — —
C; = (K;M, 'Dg +DoM, 'K; — DoM; ' DoM;, ' Do)M; 'B .

From [1], we have that rank(%’) = rank(%) since the matrix diag(M, ', M, ") €
R“X‘_* is nonsingular.
% has full rank if its determinant is nonzero [1]. Since

= 1
%) = ~ i ([k44m12 — ka2 + d12k4,m12) , (12.43)
this gives the condition
[kaqmiy — kggmi1 ] + dPkgmiy #0 . (12.44)

As long as this condition is satisfied, (12.42) is controllable. Since all the parameters
in (12.44) are strictly positive, this condition is always satisfied.

As (12.42) is controllable, we can select a v = —K,x, K, € R"*4, such that
A —BK,, is Hurwitz, and can place the poles arbitrarily far into the left half-plane
[1]. The closed-loop system is then given by

x = (A—BK,)x+G(1)x . (12.45)

From [16], we know that for any positive definite symmetric matrix N, there
exists a positive definite symmetric matrix P such that

P(A-BK,)+(A-BK,)'P=-N. (12.46)
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We choose Lyapunov function candidate
V(x)=x'Px (12.47)

with P as the solution to (12.46). We note that it is positive definite and decrescent.
Specifically,

Amin (P) 1[5 < V(%) < Amax (P)x]3, (12.48)

where Apin (P) and Amax (P) are the minimum and maximum eigenvalues of P.
The time derivative of V along the trajectories of the closed-loop system (12.45)
is given by

V(x)=x" [P(A —BK,)+(A— BK,,)TP} X+x" [PG(I) +GT(1)P|x
— x'Nx+x' [Pc(t) +GT (t)P} x
< */’\min(N)”X”%+2/’Lmax(P)mtaXHG(I)”ZHX”%
< — Aanin (N) [1X[13 + 2keg Anax (P) | M 121 x13
= — [min(N) = 2k1 Amax (P) Mg [|2] [[]13, (12.49)
where we have used that

0252 0252 1
max ||G(t)||> = 1 [k O < kgi|[Mg l2 - (12.50)
! -M;' gt 0 05,2 i #11™%0

By [16, Theorem 4.10], the origin of the controlled system (12.45) is globally
(uniformly) exponentially stable, as long as Amin(N) > 2kgr Amax (P) Mg '|]2 or

Amin(N)
ko < ——M——————.
7 2 (P) M 2

The ratio Amin(N)/Amax(P) is maximized by choosing N = I [16]. Since we
can choose the eigenvalues of A — BK,, arbitrarily far into the left half-plane,
we can choose Amax(P) arbitrarily, as this value depends on the eigenvalues of
A —-BK, [1].

Thus, for any k¢,, we can find a controller such that the origin of the controlled
system (12.45) is globally (uniformly) exponentially stable. O
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