
Jiafeng Xu
Centre for Research-based Innovation on

Marine Operations (SFI MOVE),

Department of Ocean Operations and

Civil Engineering,

Norwegian University of Science and

Technology, NTNU,

Aalesund NO-6009, Norway

e-mail: jiafeng.xu@ntnu.no

Zhengru Ren1

Centre for Research-based Innovation on

Marine Operations (SFI MOVE),

Centre for Autonomous Marine Operations and

Systems (AMOS),

Department of Marine Technology,

Norwegian University of Science and

Technology, NTNU,

Trondheim NO-7491, Norway

e-mail: zhengru.ren@ntnu.no

Yue Li
Centre for Research-based Innovation on

Marine Operations (SFI MOVE),

Department of Ocean Operations and

Civil Engineering,

Norwegian University of Science and

Technology, NTNU,

Aalesund NO-6009, Norway

e-mail: yue.li@ntnu.no

Roger Skjetne
Centre for Research-based Innovation on

Marine Operations (SFI MOVE),

Centre for Autonomous Marine Operations and

Systems (AMOS),

Department of Marine Technology,

Norwegian University of Science and

Technology, NTNU,

Trondheim NO-7491, Norway

e-mail: roger.skjetne@ntnu.no

Karl Henning Halse
Centre for Research-based Innovation on

Marine Operations (SFI MOVE),

Department of Ocean Operations and

Civil Engineering,

Norwegian University of Science and

Technology, NTNU,

Aalesund NO-6009, Norway

e-mail: karl.h.halse@ntnu.no

Dynamic Simulation and Control
of an Active Roll Reduction
System Using Free-Flooding
Tanks With Vacuum Pumps
Ship roll motion is critical for offshore operations due to its lack of damping mechanism.
This paper demonstrates a dynamic simulation scheme of an active roll reduction system
using free-flooding tanks controlled by vacuum pumps. A tank is installed on each side of
a catamaran. Both the tank hatches are opened to the sea and the air chambers of both
tanks are connected by an air duct. Vacuum pumps and air valve stabilized the wave-
induced roll motion by controlling the water levels in the tanks through a feedback con-
troller. The catamaran is a dynamic model with single degree-of-freedom (DOF) in roll,
and its hydrodynamic behavior is calculated using potential theory by SHIPX. The air
chambers are modeled as isothermal processes of ideal gas. The behavior of the liquid
flow in a tank is simulated by incompressible Reynolds-averaged Navier–Stokes solver
with the volume of fluid model, then summarized as a response function for the vessel
model. A simplified control plant model for the vacuum pumps is proposed where higher
order behaviors are neglected and the external wave-induced load is unknown. A
parameter-dependent observer and a backstepping controller are adopted to estimate the
external load and to reduce the roll motion. The system stability is proved by Lyapunov’s
direct method. The performance of the entire system is evaluated in terms of roll reduc-
tion capability and power cost. The system is more suitable for roll reduction in low-
speed or resting conditions. [DOI: 10.1115/1.4040235]

1 Introduction

Due to the lack of damping mechanism, ship roll motion is crit-
ical to various offshore operations, e.g., offshore wind turbine
installation and subsea operations [1,2]. Excessive roll motion
could cause both physiological and psychological issues such as
acceleration-induced fatigue and cognitive impairment, as well as
engineering issues such as structural failure and cargo damage.
Passive roll reduction approaches such as bilge keel, fixed fins,

free-surface tank, U-tank, and flopper stoppers have been proven
their own strengths and weaknesses in numerous studies [3–5].
Active roll reduction systems such as active fins and pneumatic/
hydraulic-pump-activated tanks are studied in Refs. [6] and [7].
This paper revisits the concept of free-flooding tanks with a pneu-
matic pump. The dynamic system is modeled with higher nonlin-
ear characteristics and a feedback control law is adopted.

Frahm [8] first introduced the U-tank stabilization system as an
improvement to the many disadvantages of free-surface tank.
Based on Frahm’s work, some modifications have removed the
horizontal water channel on the bottom of the U-tank. As a result,
the bottoms of the tanks are opened to the sea [7]. These so-called
free-flooding tanks were retrofitted to six USN cruisers of Pensa-
cola and Northampton classes during 1931–1932 and later in 1988
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to the aircraft carrier USS Midway. The air chamber on the top of
each tank is connected by an air duct and controlled by a valve
and an air pump. More recently, a Norwegian company Marine
Roll & Pitch Control proposed a design where the air chambers of
two tanks are isolated and controlled by individual pumps sepa-
rately [9]. The design of free-flooding tanks is ideally suitable for
multihulls, such as catamarans or trimarans, which have a longer
leveling arm and subsequently less required volume for tanks. On
the downside, the free-flooding tanks are susceptible to high cruis-
ing speed since the effective inlet flow is reduced due to pressure
drop.

The target system in this paper is a free-flooding tank installed
on each side of a catamaran. The tank hatches are opened down-
ward into the sea. The air duct on the top of the chamber is con-
nected to a vacuum pump. The pump is a part of a larger control
system, which controls the air flow to both tanks. The inlet flow
from one side is not necessarily equal to the outlet flow to the
other side due to the requirement of the pressure levels in both
tanks. The design is similar to the classical “N-tank” proposed by
Bell and Walker [7]. Moaleji [10] modeled the system in a rather
hydrostatic perspective and proposed an adaptive inverse control-
ler. In this paper, more hydrodynamic features are added into the
dynamic model and a more advanced nonlinear feedback control-
ler is proposed.

2 Mathematical Modeling

2.1 Tanks. The tanks are simplified as two symmetric
cuboids with a constant cross section profile and a hatch opening
on the bottom of each tank; see Fig. 1. In the figure, Nair denotes
the amount of air being transferred in/out of the tank, pa is the
atmospheric pressure, p0a is the internal air pressure of the tank,
Atank is the cross section area of the tank, Ahatch refers to the open-
ing area of the hatch, hhatch denotes the water depth of the hatch,
hwater is the water head height inside the tank from the hatch,
Vwater stands for the water volume inside the tank, ytank is the lat-
eral leveling arm of the tank measured from the middle line of the
tank to the middle line plane of the catamaran, and pin and pext are
the pressure on the hatch interior and exterior, respectively. The
hatch is considered to be a sharp-edged orifice. The flow rate
across the hatch can be expressed as a basic turbulent flow model,
i.e.,

_Vwater ¼ sgn Dphatchð ÞCdAhatch

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

q
jDphatchj

s
(1)

where Cd is the discharge coefficient, q denotes water density, and
Dphatch ¼ pext � pin indicates the pressure difference between two
sides of the hatch. The sign function sgnð�Þ is given by

sgnðaÞ ¼
1 if a > 0

0 if a ¼ 0

�1 if a < 0

8<
: (2)

The external pressure pext is derived from Bernoulli’s equation
and consists of four components, i.e., the time-variant dynamic
pressure of waves, hydrostatic pressure, pressure drop due to the
hatch velocity, and atmospheric pressure

pext ¼
@U
@t
þ qghhatch þ

1

2
qV2

hatch þ pa (3)

where U is the fluid potential and Vhatch is the fluid velocity
around the hatch exterior. In the world coordinate frame, Vhatch

does not always equal to the hatch moving velocity, i.e., the
movement of hatch in the water could cause an extra variation on
the local fluid velocity and pressure field. According to Eq. (1), a
downward movement during the inlet process could increase the
external pressure due to the structure drag, which in turn increases
the inlet flow; an upward movement during the outlet process cre-
ates a turbulence zone around the hatch exterior, decreases the
external pressure, and increases the outlet flow, and vice versa. To
sum up, the local fluid flow around the hatch is a complex
fluid–structure interaction for which the combined effects of hatch
movement and viscous structure drag cannot be easily quantified.
Hence, the pressure variation term due to Vhatch is neglected in the
absence of comprehensive in-loop computational fluid dynamics
(CFD) simulations. The internal pressure pin consists of two com-
ponents, i.e., the internal hydrostatic pressure and compressed or
expanded internal air pressure, that is

pin ¼ qðg� ytank
€/Þhwater þ p0a (4)

where U is the roll angle.
The internal hydrostatic pressure contains a variable accelera-

tion term due to the weightlessness caused by the roll acceleration
of the vessel. Hence, ytank in Eq. (4) is used as lateral leveling arm
of the tank. However, it causes the system state equation to be
implicit. The internal air is assumed under the isothermal process
of ideal gas. For a given initial pressure pinit, volume Vinit, and the
air transfer Nair in and out of the tank, the internal air pressure at
any given moment is modeled as

p0a ¼
ðt

t0

_N air

 !.
ðVtank � VwaterÞ (5)

where Vtank denotes the total volume of the tank.
Typically, Cd is found around 0.6–1.0 for nozzles and orifices

in a fluid system depending on the configuration and dimension.
However, when the control system is activated, the fluid volume
of both tanks oscillates around the equilibrium, as the flow across
the hatch switches direction between inlet and outlet within a time
frame similar to the wave periods, see Sec. 3. The waves in the
North Sea are concentrated in a period range of 4–15 s, which is
too short to be simplified as a time-invariant process without more
detailed analysis. Additionally, the inlet flow is a process of filling
up a closed empty space, while the outlet flow discharges the fluid
into open environment. These two scenarios are not exactly oppo-
site. Hence, necessary CFD calculations are carried out using STAR

CCMþ.Fig. 1 Free-flooding tank of a catamaran
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First, a CFD study is carried out in two-dimensional (2D) space
and separated into two distinctive processes, i.e., inlet flow and
outlet flow. The air inside a tank is treated as an ideal gas, and the
water is incompressible with a constant external pressure. The
multiphase flow is modeled using the volume fraction, and the tur-
bulent flow is modeled by the standard K�e model. For the outlet
flow, Fig. 2 is an example of the velocity field with the hatch area
ratio 20% and water head pressure difference 0.9 m, where no
obvious vortex is detected. Figure 3 illustrates the outlet flow dis-
charge coefficient Cd, which holds almost a constant value around
0.84 for a variety of configurations.

In terms of the inlet flow, the internal pressure is calculated
from the tank water head as in Eq. (4). Figures 4 and 5 present

that two apparent vortices are detected in the vicinity of the hatch
which creates extra low pressure areas. The three-dimensional
(3D) CFD simulations are then conducted. A square hatch and a
round hatch with the same characteristic length are studied, i.e.,
the edge of the square equals the diameter of the circle. The
dimension of the cuboid tank is the same as that in the 2D study.
Figure 6 shows the velocity distribution on the water surface dur-
ing the inlet flow process. The comparison between round and
square hatch, inlet and outlet, and 2D and 3D calculation is shown
in Fig. 7. Cd fluctuates during the inlet due to the collapse and re-
emergence of vortices, but 2D and 3D calculations on different

Fig. 2 Velocity field of the outlet flow, hatch area ratio 20%,
and water head 0.9 m

Fig. 3 Outlet discharge coefficients for different hatch areas
and water heads

Fig. 4 Velocity field of inlet flow process, hatch area ratio 20%,
and water head 0.9 m

Fig. 5 Pressure of inlet flow process, hatch area ratio 20%,
and water head 0.9 m
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hatch shapes show a consistent time average value of Cd � 1.3. In
the outlet scenario, 3D calculation is consistent with the result
from 2D calculation that Cd � 0.84.

In conclusion, CFD analysis reveals a time-variant Cd during a
short-term inlet/outlet process. A disparity of Cd between the inlet
and outlet flow processes is also noticed. Because the model is
still under a strong linear approximation if Eq. (1) is used, Cd for
inlet and outlet flows are assumed to be two distinctive time-
invariant average values of the steady-states. The specific dis-
charge coefficients for the inlet and outlet flow may still vary
based on the shapes of the tanks and hulls, as well as other varia-
bles. The chosen Cd � 1.3 for inlet flow and Cd � 0.84 for outlet
flow only serve as a reference for proof of concept in simulations.
More accurate values must be retrieved on a case-by-case basis.

2.2 Pump. The vacuum pump is modeled as a linear system
without time-delay effects and with a maximum power output.
Since the pump does not always pump the air from the low pres-
sure side to the high pressure side, a portion of the air transfers

passively. The passive air transfer is controlled by a valve similar
to Eq. (1) as

_Npassive ¼ sgn Dpvalveð ÞCdAvalve

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

q
jDpvalvej

s
(6)

where Avalve denotes the area of the valve, Dpvalve is the pressure
difference between both sides of the valve, Npassive stands for the
amount of air transferred passively due to Dpvalve, and the dis-
charge coefficient Cd is approximated as 0.6 although more com-
plex models exist [11]. The required extra air transfer is provided
by the pump. The effective power required for the pump Ppump is
calculated from the air transfer rate as

Ppump ¼ ð _N air � _NpassiveÞDpvalve=p0a (7)

2.3 Vessel. The target catamaran is simplified as a single
degree-of-freedom (DOF) roll model. The governing equation is

ðI þ IAð1Þ þ DIÞ€/ðtÞ þ Dð1Þ _/ðtÞ

þ
ðt

0

Kðt� sÞ _/ðtÞdsþ T/ðtÞ ¼ swaveðtÞ þ stankðtÞ (8)

where I, IAð1Þ, and DI are the moment of inertia, added moment
of inertia, and varying moment of inertia due to the loss/gain of
the water in the tanks, respectively, Dð1Þ refers to the linear
damping coefficient, K(t) is the fluid-memory effect [12], which is
formulated by a state-space model [13], T indicates the linear
restoring torque coefficient, and swaveðtÞ and stankðtÞ are the tor-
ques exerted by the wave and the loss/gain of buoyancy
from tanks on both sides. The internal fluid is considered to be
bounded by the tank sides and moving with the catamaran.
Hydrodynamics- related coefficients are generated in SHIPX ves-
sel responses [14] using strip theory. The wave-induced moment
is simulated with force response amplitude operator [13] and
JONSWAP spectrum

swaveðtÞ ¼
X

i

�siðxiÞcosðxitþ uiÞ (9)

where �si, xi, and ui denote the response amplitude operator, wave
frequency, and random phase of a specific wave component,
respectively. The torque provided by the tanks stank is given by

stank ¼
X
i¼1;2

qgVwater;i cos /ytank;i � sin / zhi �
Vwater;i

Ahatch;i

� �� �
(10)

where zh is the height of the hatch.

3 Control Law

3.1 Problem Formulation. The control law is designed
based on a simplified decoupled model where insignificant higher
order behaviors are regarded as biases and noises [13,15]. The
simplified model is summarized in the following equation, i.e.:

_/ ¼ p (11a)

_p ¼ 1

It
�T/� Dpþ stank þ dð Þ (11b)

_Vwater;1 ¼ Cv1sgnðDph1Þ=
ffiffiffiffiffiffiffiffiffiffiffiffi
jDph1j

p
(11c)

_Vwater;2 ¼ Cv2sgnðDph2Þ=
ffiffiffiffiffiffiffiffiffiffiffiffi
jDph2j

p
(11d)

Fig. 6 Water surface under inlet flow process, hatch area ratio
20%, and water head 0.9 m

Fig. 7 Two-dimension and 3D discharge coefficients, hatch
area ratio 20%, and water head 60.9 m
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_N air;1 ¼ u1 (11e)

_N air;2 ¼ u2 (11f )

where the subscripts i 2 f1; 2g are the tank indices, p ¼ _/ denotes
the roll velocity, It stands for the total moment of inertia of the
catamaran, Cvi ¼ Cd;iAhatch;i

ffiffiffiffiffiffiffiffi
2=q

p
indicates the combined dis-

charge coefficient, and ui refers to the air transfer rate.
The slowly varying state d includes the wave-induced roll

moment swave and all sorts of biases, such as weightlessness effect
in Eq. (4), fluid-memory effect, and moment of inertia variation of
the tank in Eq. (8) [12,16].

The block diagram of the closed-loop system is presented in
Fig. 8. The plant can be regarded as a cascade system. The control
objective is to regulate the roll angle caused by the wave loads to
zero by actively controlling the tanks, i.e., /ðtÞ ! 0 as t!1.
The external disturbance d is important to the controller design
because swave is a main source of d. Because there is no existed
wave-induced moment measurement for a vessel, it is difficult to
cancel the term d during the control law design stage. Therefore, a
parameter-dependent observer is applied to estimate the external
disturbance d. Then the external disturbance, i.e., the wave-
induced moment, is compensated in the backstepping process. A
command signal is generated as the output of the backstepping
control law. Then, a PID controller is used to track the command,
i.e., stankðu1ðtÞ; u2ðtÞÞ ! scmd

tankðtÞ. The following assumptions are
made:

(1) The volumes of the tanks are much smaller than the vessel.
Therefore, we consider the total moment of inertia It is a
constant with a rough initial estimate;

(2) An exosystem is assumed to be suitable to approximate the
external disturbance and system uncertainty;

(3) The parameter-dependent observer does not monitor the
frequency nor the amplitude of the wave. Hence, the system
has tolerance to irregular waves.

LEMMA 1. Consider the dynamic system _f ¼ Gfþ bd, where
f 2 Rq is the state, the pair (G, b) is controllable. Then, for any

Hurwitz matrix G 2 Rq�q, there exists a unique constant vector
w 2 R, s.t., the disturbance d can be expressed in the form
d ¼ w>fþ w>dd, and _dd ¼ Gdd (see Ref. [17]).

LEMMA 2. (Rayleigh–Ritz theorem [18]). If the matrix A 2 Rn�n

and vector x 2 Rn are real, then

kðAÞkxk2 � z>Az � �kðAÞkxk2
(12)

where kðAÞ and �kðAÞ are the smallest and largest eigenvalues of
A.

3.2 Parameter-Dependent Observer. Based on the famous
internal model principle, reference signal or external disturbances
can be asymptotically tracked if the external generator model is
suitably reduplicated in the feedback path of the closed-loop con-
trol system [17]. The exosystem is given by

_v ¼ Cv (13a)

d ¼ l>v (13b)

where v 2 Rq is the state of the exosystem and ðC; l>Þ is assumed
to be observable. Assume q is known, C and l are unknown, and v
and d are not measurable.

For the sake of simplification, a second-order exosystem is used
in this paper to estimate the disturbance, i.e., q¼ 2. When d is not
quite complex, second-order exosystem is the best choice because
of its simplification. Higher-order exosystem is needed when
q¼ 2 cannot estimate d well. The parameter-dependent observer
is given by

d ¼ #>n̂ þ w>d (14a)

where # ¼ ½w>; h1w
>�> and n ¼ ½ðg0 þ vÞ>; g>1 �

>
. The updating

laws are given by

_g0 ¼ Gg0 þ GvðxÞ � bu (14b)

_g1 ¼ Gg1 � w1 (14c)

Fig. 8 Block diagram of the four-step backstepping controller
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where b ¼ ½0; 1�> and vðxÞ ¼ ½0; Itp�>. We refer the interested
readers to Ref. [17] for detailed derivation.

3.3 Backstepping Control. Backstepping is a recursive con-
trol design for systems in strict feedback form Refs. [19] and [20].
The design process is illustrated as follows.

Define two new states

z1 :¼ / (15)

z2 :¼ p� a1 (16)

where a1 is a vertical control.
The total control effort scmd

tank is split into two parts

scmd
tank ¼ uy þ ud (17)

where uy responses to the path following, and ud counteracts the
disturbance d.

Step I. Select the control Lyapunov function as V1 ¼ 1=2z2
1, and

let

a1 ¼ �c1z1 (18)

where c1 is a positive gain constant. Substituting Eq. (11a) and
Eq. (18) into V1 yields

_V1 ¼ �c1z2
1 þ z1z2 (19)

Then, substituting Eqs. (16) and (18) into Eq. (11a), yields

_z1 ¼ �c1z1 þ z2 (20)

Step II. Substituting Eq. (11b) into the time derivative of Eq. (16)
yields a new error state equation, which is given by

_z2 ¼
1

It
�T/� Dpþ d þ uy þ ud

� �
� _a1 (21)

Construct a new control Lyapunov function

V2 ¼ V1 þ
1

2
z2

2 (22)

Differentiating Eq. (22) and substituting yield Eq. (21) yields

_V 2 ¼ �c1z2
1 þ z2 z1 þ

1

It
�T/� Dpþ d þ uy þ ud

� �
� _a1

� �
(23)

Choose a virtual control as

uy ¼ T/þ Dpþ Itð�z1 þ _a1 � c2z2Þ (24)

where c2 is a positive gain constant. Substituting Eqs. (14a) and
(24) into Eq. (21) yields

_z2 ¼ �z1 � c2z2 þ
1

It
#>nþ w>dþ ud

� �
(25)

Then, ud is designed as

ud ¼ �#̂
>
n� z2

It
(26)

where the hat operator ð̂�Þ denotes the estimated value. The adap-
tation law is chosen as

_̂
# ¼ k1

It
nz2 (27)

where k1> 0 is the design parameter. Substituting Eq. (26) into
Eq. (25) yields

_z2 ¼ �z1 � c2z2 þ
1

It

~#
>
nþ w>d� z2

It

� �
(28)

THEOREM 3. Consider the closed-loop system consisting of the
plant (11a) and (11b), uncertain exosystem (13), parameter-
dependent observer (14), and adaptive regulator (24), (26), and
(27) can stabilize the system, such that /! 0, as t!1.

Proof. Define an error state, ~# ¼ #� #̂, where # is assumed to

be constant; therefore,
_~# ¼ � _̂

#. Choose the Lyapunov function as

V ¼ 1

2
z2

1 þ
1

2
z2

2 þ
1

2k1

~#
>~# þ kdd

>Pd (29)

where P ¼ P> > 0 satisfying G>Pþ PG ¼ �I, and kd is larger
than the maximum eigenvalue of the matrix ww>. Taking the time
derivative of Eq. (29), using Lemma 1 and Lemma 2 leads to

_V ¼ �c1z2
1 � c2z2

2 þ
z2

It

~#>n� z2

It

� �2

þ z2

It
w>d

� 1

k1

~#
> _̂
# þ kdd

> G>Pþ PGð Þd

¼ �c1z2
1 � c2z2

2 �
z2

It

� �2

þ z2

It
w>d� kdd

>d

� �c1z2
1 � c2z2

2 �
z2

It

� �2

þ z2

It
w>d� dw>

� �2

� �c1z2
1 � c2z2

2 �
3

4
w>d
� �2 � 0

when _V ¼ 0; z1 ¼ _z1 ¼ z2 ¼ _z2 ¼ w>d ¼ 0. From Eq. (28), ~# has
to be zero, if n 6¼ 0. From LaSalle-Yoshizawa theorem [19], every
solution starting in fXj _V ¼ 0g stays at the origin; therefore,
z1 ! 0, as t!1. �

4 Numerical Case Study

To analyze the dynamic behavior of the entire system and the
proposed control law, a numerical case study is set up in this sec-
tion. The main system parameters are tabulated in Table 1. Instead
of having a realistic parameter set, the parameters are chosen to
serve a plausible starting point for the preliminary design. The
system can provide its maximum counter torque when the tank on
one side is completely emptied and the other one is full.

Table 1 System main parameters

Parameter Value

Vessel length 100 m
Vessel breadth 42 m
Vessel depth 11 m
Vessel draft 9 m
Vessel mass 19345 ton
Vessel roll moment of inertia 3� 109 kg/m2

Wave height 2–5 m
Wave period 5–12 s
Tank length, width and height (15–30)� 8� 8 m
Tank torque arm 24 m
Hatch area 15 m2

Valve area 1 m2

Pump max. power 300 kW
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4.1 Controller Performance. After a fine tuning process,
Figs. 9–11 present the time domain simulation results in beam
waves with different significant wave heights (Hs) and tank
lengths (Ltank). The wave period (Tp) is 12 s. The first two subplots
depict the vessel motion and velocity with and without the anti-
roll controller. The third subplot shows the disturbance predicted
by the observer comparing with the actual value. In order to gen-
erate the wave-induced torque swave in the simulations, the corre-
sponding JONSWAP spectral density is sampled at three
frequencies. For a more realistic and detailed analysis of system

performance under irregular sea state, a higher resolution wave
spectrum shall be used.

With insufficient tank volume, the system cannot fully compen-
sate the wave-induced vessel motion; see Fig. 9. The observer
estimates the wave-induced disturbance quite well after the initial-
ization period, but once the system capacity is overloaded, the
observer needs time to reconverge. Figure 10 illustrates an
improved performance after the tank length is increased from 15
m to 20 m. The controller largely reduces the amplitude of the roll
motion. During the simulations, the influence of the changing

Fig. 9 Controller performance, (Hs 5 3.6 m, Ltank 5 15 m, and Tp 5 12 s)

Fig. 10 Controller performance (Hs 5 3.6 m, Ltank 5 20 m, and Tp 5 12 s)
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moment of inertia caused by the tanks is not remarkable. Figure
11 presents the performance in a severe wave condition, an even
larger tank is still theoretically possible. However, an over-sized
anti-roll tank will surely cause other design problems. Note that
the roll reduction is not perfect. Increasing the control gains in the
backstepping and PID controllers are helpful to make the control
more responsive. On the other hand, the control gains are directly
determined by the control cost and physical capability of the
actuators.

4.2 Pump Capacity. Figure 12 shows the pump power output
fluctuation while the catamaran is under control. Such fast,

responsive, and large pump capacity can be composed by several
smaller pumps for both control redundancy and design flexibility,
such as Panther WA 3032-3300D series, WT 0100-0730 series,
and Samos SB 0050-1400 series from Busch Vacuum Pumps and
Systems. Figure 13 shows the results of the vessel roll response in
frequency domain under different pump capacities. The 100% line
is actually conducted with unlimited pump power. The target cata-
maran has a very low natural period of roll due to its large
breadth. Even with unlimited power, the system cannot fully com-
pensate the wave induced roll motion. Also, the smaller the wave
period is, the higher the energy it carries, and less action time is
available for the system. As the wave period increases, the effect
of the proposed anti-roll system improves, resulting in a greater
amplitude reduction from uncontrolled motion.

There are many other parameters that significantly influence the
simulation results and system efficiency. If the hatch area is too
small, greater pressure difference around the hatch is required to
achieve the desired water flow, which can only be achieved by
having a more powerful pump to create greater air pressure
change in a certain time period. If the hatch is too large, the pas-
sive movement of tank waters may be out of phase with the vessel
motion, despite the increasing structural vulnerability. However,
this causes a decreased capability of passive control and increased
the demand for active pump power.

The same principle applies to the design of air duct and valve.
The diameter of the duct and dimension of the valve need to be
carefully designed to maximize the passive capability of the sys-
tem. For severe sea state, bigger tanks are necessary to provide
enough maximum counter torque. Larger lever arms provide
greater torque without occupying extra space onboard. The cata-
maran is designed for offshore wind turbine installations, motivat-
ing the greater breadth and low speed. The studied system is
suitable for similar working conditions such as offshore heavy lift-
ing and anchor handling. In special cases, the existing ballast
water tanks can be modified into the proposed N-tank without sig-
nificant structural modification.

5 Conclusions

This paper demonstrates a dynamic simulation scheme of an
active roll reduction system using free-flooding tanks controlled

Fig. 12 Pump power output (Hs 5 5 m, Ltank 5 30 m, and Tp 5 12 s)

Fig. 11 Controller performance (Hs 5 5 m, Ltank 5 30 m, and Tp 5 12 s)
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by vacuum pumps, with a parameter-dependent observer and a
backstepping controller. Free-flooding tanks at both sides of the
catamaran are open to the sea without air duct in between. Vac-
uum pumps with active stabilization controller provide optimal
filling in these tanks based on input from the ship movement. The
ship is simulated as a dynamic model with a single degree-of-
freedom in roll. A control design model is derived for the vacuum
pumps. The stability is proved by Lyapunov’s direct method and
LaSalle-Yoshizawa theorem. For vessels which operate mostly at
low speed and a relatively calm sea state, the proposed roll reduc-
tion system provides great performance with minor cost. Future
application areas of proposed motion control system can be off-
shore installation vessels and floating wind turbines integrated
with the dynamic positioning system [21–23]. Bigger tank is
required for severe sea state. More detailed study about the design
will be carried out with relevant companies.
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