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Pitch Control Design for Tandem Lifting Body Catamaran
by Aft Lifting Body Actuation

Halil 1. Basturk, Ben Rosenthal, and Miroslav Krstic

Abstract— We design an adaptive controller to stabilize the
pitch of the tandem lifting body catamaran with actuation of the
aft lifting body for the case where the hydrodynamic and other
parameters are not known a priori. We consider two scenarios:
1) we assume the pitch and the pitch rate to be available
for feedback and 2) we use only the pitch rate and the pitch
acceleration in the adaptive control design. Our designs are based
on three steps: 1) parametrization of the unknown sinusoidal
wave disturbance as the output of a known feedback system with
an unknown output vector that depends on unknown disturbance
parameters; 2) design of an adaptive disturbance observer for
the wave disturbance; and 3) design of an adaptive controller.
We demonstrate the effect of our control designs in simulations,
using a time-domain seakeeping code, named AEGIR.

Index Terms— Adaptive control, disturbance cancelation,
marine vehicles, state derivative feedback.

I. INTRODUCTION

N AFT lifting body (ALB) system which is an active

aft hydrofoil, can significantly enhance motion control
across a wide speed range, and is applicable to vessels ranging
from small craft to large ships up to 150-feet long. An ALB
can be used on conventional monohulls or multihulls. Installed
on small craft, an ALB can reduce vertical accelerations by
50% and slamming to an even greater extent [1].

There is an ongoing effort on the improvement of mod-
eling of such ships, with a number of highly complex and
coupled interactions that increase the difficulty. Faltinsen [2]
and Fossen [3] present mathematical models of various marine
vehicles and their applications. In addition to the synthesis of
equations of motion, there is also an effort to analyze and
simulate these ships [4]-[7].

There are control approaches to increase the ride quality of a
marine vessel. In [8], the wave equation is considered to yield
a more general equation for spatial change of the pressure of
air cushion in time and design a ride control system using
dissipative control for surface effect ships. Bertin er al. [9]
proposes a decoupled cushion control to reduce the effect
of the two main resonant modes for air cushion catamarans.
In [10], an adaptive backstepping controller is designed to
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compensate the heave of ramp-connected surface effect ships
despite the uncertain parameters in the model and the unknown
wave disturbance by acceleration feedback.

The dynamic model and control scheme for under-actuated
and fully actuated marine surface vessels are given in [11]
and [12], respectively. Perez and Goodwin [13] proposes
a model predictive control design to prevent dynamic stall
and increase the effectiveness of fin stabilizers. The various
control approaches for roll motions of ships are summa-
rized in [14]. In addition, in [15], an adaptive controller
based on external models for the offshore crane control is
presented with the results of the experiments on a scale
model.

Our main aim is to reduce the effect of the quasi-periodic
wave disturbances on the pitch motions of the tandem lifting
body catamaran (TLB-Cat) craft by ALB actuation. Designing
a controller for a marine vehicle presents significant chal-
lenges. Difficulties arise from unmeasured sinusoidal wave
disturbances, inaccurate system parameters, such as mass
and hydrodynamic terms, and the difficulty of measuring the
position of vessel precisely.

The common method to approach a disturbance cance-
lation problem is the internal model principle for which
a general solution is given in [16] and [17]. The designs
for various nonlinear systems are proposed in [18]-[23].
The regulation of a linear time-varying system for unknown
exosystem is considered in [24]. The disturbance cancelation
and output regulation designs for LTI systems are given in
[25]1430]. In all of these references, the controllers are designed
using the measurement of state or an output. Furthermore,
Basturk and Krstic [31]-[34] propose an adaptive control
design to estimate and cancel an unknown sinusoidal dis-
turbance for known and unknown LTI systems using the
measurement of state-derivative.

By employing the results in [29] and [33], two adaptive
controllers are formulated that includes estimators of the
uncertain parameters of the wave model, as well as of the
boat pitch moment of inertia and the actuator coefficient for
two different cases. In Case 1, we assume the pitch and the
pitch rate to be available for control design, whereas only the
pitch rate and acceleration measurements are used for feedback
in Case 2. We use the existing software, named AEGIR, to
model the system and simulate it with and without control.
The AEGIR is a time-domain seakeeping code that uses an
advanced, high-order boundary element method (BEM) to
solve 3-D potential flow, and the wave flow problems. The
AEGIR automatically calculates the water line intersection
to determine the wetted and dry surface areas as the vessel
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moves through waves [4]. The simulation results demonstrate
significant reduction in the pitch of TLB-Cat.

The design approaches given in [10] and employed for
Case 2 in this note are similar in terms of representation of the
unknown wave disturbance. However, the marine vehicle given
in [10] has different properties than the vehicle considered
in this note. In [10], the main actuator of the system is the
louver area that regulates the pressure in the air cushion
by manipulating the overall leakage area and the pressure
is used to stabilize the heave of the surface effect ship.
Due to the nature of the system, the main actuator and the
some uncertain parameters including the wave disturbance are
unmatched. Furthermore, the model contains additional dis-
turbance and nonlinearly parameterized terms in the pressure
dynamics. Therefore, a backstepping procedure and over-
parametrization are employed to design a controller in [10].

In Section II, we introduce the mathematical model of the
pitch dynamics of a TLB-Cat. The design of the controllers
and the stability proof of the closed-loop system are given in
Section III. In Section IV, we present the parameters of the
ship and the simulation platform. The simulation results and
implementation of the controller are discussed in Section V.

II. MATHEMATICAL MODEL OF VEHICLE

Following [3], we consider the linear model of the pitch
dynamics (decoupled from heave) for control design purpose.
The model is given by

(Iss + Ass)s(t) 4+ Bssés(t) + Cssos (1) — bu(r) = FE(t) (1)

where 5 and Iss represent the pitch and the moment of iner-
tia around y-axis, respectively. Hydrodynamic (added-mass),
radiation damping coefficients and the hydrostatic (restoring)
term for the heave are represented as Ass, Bs;, and Css,
respectively. The control input u(¢) is the pitch of the aft
hydrofoil. The symbol b represents the coefficient of the
hydrofoil which depends on the complex geometry of the
system. The hydrodynamic excitation force is represented
as Fs. For single frequency wave, it is given by

F5 (1) = K5 cos(wet + ¢) 2)
with
1 kL 2 kL
K§ = 2gekd((; cos —- — 2L sin 7)

sin %L
X(C33 — 0w Ass + ¢) — Uo—7—A33 ) (3)
2

where d is the draft of the side hulls. The terms g, w, ¢, k
are the amplitude, frequency, phase, and number of the wave,
respectively. The term w, is the encounter frequency, which
is represented by w, = w — kU cos(y), where U and y are
the craft speed and heading angle, respectively. In the adaptive
control design, the draft of the side hulls d is assumed to be
constant.

The decoupled pitch dynamics can be represented in the
state-space form as follows:

. — 1
xp:onp—f—B(ypTxp—i—Fg—i—zu) 4)
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where
xp =165, 5517 (5)
01
B=[0 171" @)
_ F¢
Fo=—3 8)
57 Iss + Ass
75— (Is5 + Ass) ©)
b
7p =@ @] (10)
_ Css
= - 11
“r! Iss + Ass (b
_ Bss
= - 12
“p2 Iss 4 Ass (12)

The main objective is to design an adaptive controller to
stabilize the pitch of the TLB-Cat, (5(f) with the actuation of
the pitch of the aft hydrofoil, u(¢) despite unknown system
parameters Ass, Bss, Css, Iss, b, and unknown wave distur-
bance F5. We design two controllers for two different cases in
terms of measured signals. In Case 1, the pitch and the pitch
rate (i.e., xp) are assumed to be available for feedback. Case
1 is also considered as a full state feedback control design.
In Case 2, we assume that only the pitch rate and the pitch
acceleration (i.e., X,) are measured, but the pitch itself is not
available for feedback. In literature, Case 2 is considered as
an example of a state-derivative feedback control design.

III. CONTROL DESIGN

By assuming the draft of the side hulls, d, given in (3) to be
constant, the wave excitation force F z (t) can be represented
as the output of a linear exosystem

w(t) = Sw(r)
Fo(t) = hTw(r)

13)
(14)

where w € R? The matrix S depends on the unknown
frequency w,, while the uncertainty of amplitude K§ and phase
¢ is related to the unknown initial condition of (13). Since Fg
is unknown, § is also unknown but without loss of generality,
the output vector 27 can be chosen (and is thus known) with
the property that the pair (h7, S) is observable.

The following are the properties of the plant, which are used
in the control designs.

Property 1: The coefficient of the hydrofoil is positive, i.e.,
b> 0.

Property 2: The coefficients Ass, Css, Is5 are all positive,
therefore a,; < 0.

The following are the assumptions for the plant (4) and the
exosystem (13) and (14).

Assumption 1: The parameters of the system (4) are
unknown.

Assumption 2: The spectrum of the matrix S is {£jwe},
where w, is the frequency of Fg and the pair (h7,S) is
observable.
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Case 1 [Pitch and Pitch Rate (State) Feedback]: First, we
design a controller for Case 1. In this case, we assume only
the pitch and the pitch rate to be available for feedback. The
following assumption states this condition.

Assumption 3: For Case 1, only x, is available to the
control design.

Following [29], let G € R?*? be a Hurwitz matrix and let
(G, 1) be a controllable pair. Since (h”, S) is observable and
the spectra of S and G are disjoint the unique solution M €

R2*2 of the Sylvester equation
MS —GM =IhT (15)

is invertible [35]. The change of coordinates z(t) = Mw(t)
transform the exosystem (13) and (14) into the form

2(1) = Gz(r) + [Fs(0)
F5(t) = 0] 2(t)

(16)
a7

where 87 = h" M~'. Since F is not measured, z(r) is not
measured and can not be used in the control design. A linearly
parameterized conceptual observer is employed to overcome
this problem. The following lemma establishes the properties
of the observer.

Lemma I: The disturbance f§ can be represented in the
form

F5s=0[& +06]0; (18)
where
1 T
0, = [ef, an6l, anol, Zej} (19)
T
& =[O0+ Nap)'s nle mhe m] Q0)
with
nis = Gnis — lxpi, fori=1,2 2D
ios = G(nos + Nxp) (22)
fMus = Gius — lu (23)
where N is a 2 x 2 matrix, which is given by
1
N = IBT 24
BTH (24)

where the given N is one of the many solutions of the
following:

NB =1 (25)

and J; obeys, 3y = GJ.
Proof: The proof of Lemma 1 is given in [29]. |
Substituting (18) into (4), the adaptive controller for input
u(t) is given by

u(t) = bKoxp(t) — 9 xp — O] & (1) (26)
and the update laws are given by
O,(t) = x@sgn(E)fs(t)BTPSxp(t), k@ > 0 27

7p(0) = 1y, 5e0(B)x, (BT Pxp(1), Ky, >0 (28)

i: —K;sgn(E)KSxp(t)BTPSxp(t), ke > 0 (29)

with the positive definite matrix Pg, which is a solution of the
matrix equation

(Ao + BK)T Py + Py(Ao + BK,) = —21I. (30)

Following Properties 1 and 2 and (9), it is noted that sgn(b) =
1.

The stability of the equilibrium of the closed-loop system
and the convergence properties are stated with the following
theorem.

Theorem 1: Consider the closed-loop system consisting
of the plant (4) forced by the unknown sinusoidal wave
disturbance (13) and (14), the disturbance observer (21)—
(23) and the adaptive controller (26)-(29). Under Assump-
tions 2 and 3, the equilibrium x, = 0,80, = O, —
O =09, = yp—7p = 0b =5 —b = 0,
0s = 0 of the closed-loop system is stable and x,(f) and
Js(t) converge to zero as t — 00.

Proof: Consider the following Lyapunov function:
CHCR

_ L
Vi(t) = 2x” (I)Ps(t)xp(t) + 2|ZP|K@S s

T2 5
— Yp Vp
2lbplrey,

=2
b 45557 pes, (31)

21bplx; 27

where the positive definite matrix Pg is a solution of the
matrix equation

GTPg + PG = =21 (32)
€5, = Amax0s BT PG PG BO! . (33)
Taking the time derivative of V, we obtain
. 1
Veerrg(t) < —x; (03 (1) = 507 05 (34)

It is concluded that the equilibrium of the closed loop system is
stable. Furthermore, by the LaSalle—Yoshizawa theorem, (34)
ensures that x,, d; converge to zero as t — 00. ]

Case 2 [Pitch Rate and Acceleration (State Derivative)
Feedback]: In this case, we assume only the pitch rate and the
pitch acceleration to be available for feedback. The following
assumption states this condition.

Assumption 4: For Case 2, only X, is available to the
controller design.

Since x, is not available for measurement, it is not possible
to employ the result given in Lemma 1. Therefore, different
observer filters are presented to design an adaptive controller
for this case. Using the state transformation z = Mw and (13),
the state z is represented as z = M S~ M~!Z. Substitution of
this representation into (17) yields Fg = gssz', where 5STd =
hT (M S)~!. 1t is possible to design a linearly parameterized
conceptual observer for z using only X, and the control input
u(t). The following lemma establishes the properties of the
observer.

Lemma 2: The disturbance f§ can be represented in the
form

—¢ =T T . 11 =T
F; = G')sdfsd + esdlxpz - Zesdlu + esdésd (35)
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where
— r _ o _ — 171"
Osa = | Og4» aplesd’ apzesd’ Z‘gsd (36)
T
& = [M0sas Msas Masas Mus] (37)
with
Nisd = GMisd — l).cpia fori =1,2 (38)
fosd = G (nosa + Nxp) (39)
fusd = G (Nusd — lu) (40)

where G is a 2 x 2 Hurwitz matrix and constitutes a control-
lable pair with a chosen vector / € R, N is given in (24) and
Jsd obeys, Ssd = G.
Proof: The proof of Lemma 2 is given in [33]. ]
Substituting (35) into (4) and representing the system in the
reciprocal state space form, we get

. R .
Xp = Agxp + BE(prz —apmipl — ®sTd§sd —u— 957;15511) 41

where
B=10 0 (42)
apb
0= —"— 43)
(1 - esdl)
a 25
apy = —r—— (44)
(1 - esdl)
b
sa = ————0sd (45)
(1 - esdl)
b
By = 7_T®sd- (46)
(1 - esdl)

The adaptive controller for u(z) by state derivative feedback
is given by

u(t) = Z).Cp2 - apZ).Cpl - @;fsd - ést).Cp (47)

where the control gain Ky € RIXZ = [k1, k2] is chosen so
that (Ag + BK) is Hurwitz and the positive definite matrix
Pyq is a solution of the matrix equation

(Aj + BKsa)" Psa + Psa(A) + BKsa) = —41. (48
The update laws are given by
I3 . =T .
apy = —Kapzsgn(g)xplB PsaXp, Ka,, > 0 49)
A —T _ .
Osd = —Kke3gn(@)ésdB™ PsXp, Koy > 0 (50)

500 —@—@k2)>00r

A T __
bl _ P, =0 (51)
Al T ppT 5 A
5 (1 =T 5R5) 5, — (b— k) <0 and

PTTEQ >0
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where

b0 = *b,0 [

P = [—sgn(p) kasgn(p)]’, T' > 0. Considering the fact
that G has two poles on the left half plane and S has two
poles on the imaginary axis, and using (15) with the Sylvester

determinant theorem [36], it is shown that 1 — 604/ > 0. From

. =T .
Sgn(Q)xp2B Psqx )

7 | K, > 0 (52)
—sgn(e)Ksaxp B Psdxpj| ¢

Properties 1 and 2 and noting that 1 — 5sle > 0, it is shown
that sgn(p) = —1.

The stability of the equilibrium of the closed-loop system
and the convergence properties are stated with the following
theorem.

Theorem 2: Consider the closed-loop system consisting of
the plant (4) forced by the unknown sinusoidal wave distur-
bance (13) and (14), the disturbance observer (38)—(40) and
the adaptive controller (47)-(51). Under Assumptions 2 and
4, the following holds:

1) the equilibrium x, = 0,0 = O — Osa = 0,32 =
ap—app=0,b=b—-b=0,0=0-0=0,0a=0
is stable and xp, 70sd, #1sd, #2sd> Osd CONverge to zero as
t — 00;
for the case where Kse # 0, the state x, and the
estimation error (:)Tésd — ﬁg converge to zero as t —
0.

Proof: Consider the following Lyapunov function:

2)

1 1 — ~
Vad(t) = =xT (t) Peaxp (1) + =——— 0L 0 + a2
’ 27  Dalkey T 2lalka,, PP
1 = 1 &8y T
+ b + 0% + 2261 P
2ol 2lelk, 3 MTE
1 2
T
o Z nha PG Misd (53)
i=0
where
1 —T —T
€5, = ?Amax{esdB PyPuB 0 (54)
ey =17 PG Pgl. (55)

Taking the time derivative of Vg4, we obtain

2
. ) . €5 1
Vilt) < =iy (03 (0) = 00 = 5= D isatiisa- (56)
=0

By the continuity of the closed-loop system in time and
states and LaSalle—Yoshizawa theorem, (56) ensures that
X, Mosd» N1sd> §2sd, and dsg converge to zero as ¢t — oo. This
proves the part 1 of Theorem 2.

The proof of part 2 relies on the condition of the persistent
of excitation. The details of the proof of convergence of the
signals x,, bFs — O &4 to zero as t — oo are shown in [34]
by representing the closed-loop system in a linear time varying
state space form whose states are

X, [0a(7), Oua(®)] =1/1 - Goylley—[0a(7), Oa(®)1,
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()

(d)

Different views of Rhino CAD model of TLB-Cat. (a) Front view of Rhino CAD model of TLB-Cat. (b) Side view of Rhino CAD model of TLB-Cat.

(c) Top view of Rhino CAD model of TLB-Cat. (d) Perspective view of Rhino CAD model of TLB-Cat from reverse angle.

TABLE I
VESSEL PARAMETERS
Length overall(ft) 44.25
Length waterline(ft) 43.66
Beam overall(ft) 20.8
Beam waterline - per hull( ft) 3.77
Static draft (ft) 5.2
Static wetted area (ft2) 5.2
Weight(kg) 1113

where @sd(7),®sd(7) and @(8), ©(8) denote seventh and
eighth elements of the vectors ®@gq, @y, respectively and
whose input are Xp, %osd, #1sd> #2sd> Osd» Which converge
to zero. [ |

IV. SIMULATION
A. High-Fidelity Hydrodynamic Simulation Model

We use time-domain sea-keeping code AEGIR, which is
a 3-D BEM that solves for potential flow around multiple
bodies, to solve hydrodynamic forcing imparted to vessels [4].
The AEGIR solves both the steady-state problem, for wave
resistance, sinkage, and trim, and the unsteady problem for
ship motions, loads, and added resistance in multidirec-
tional, irregular seas. The wave resistance problem is solved
through an efficient, fully-nonlinear solution for the steady-
state limit. The simulation for seakeeping motions uses a time-
domain approach. In both cases, the waterline and wetted
surface for the hulls can be computed automatically. The
general inputs of AEGIR for the simulation are 3-D CAD

models and parameters of the vessels, and configuration of
the ship and finally wave model with heading angle. The
Rhino CAD program is used to model the TLB-Cat with
ALB. The CAD models are given in Fig. 1. The controller
is implemented using MATLAB-based simulation tool, named
NavaSim, which uses external software modules to compute
the mechanical forces required for a specific simulation [37].
The connection between two software is established by TCP/IP
connection. The vessel parameters are shown in Table I.

B. Sea States and Wave Modeling for Simulation

The AEGIR uses a series of sine inputs provided by the user
to represent a typical wave pattern, which requires heading
angle for each sine wave and wave height, Hy,ye, Which is
given by

N
Hyave(x, 1) = Y Aisin(wit + ki (Ut —x) + ¢i).  (57)

i=1
While many models exist to produce these sine waves, we
use the Pierson—-Moskowitz spectrum for fully developed wave
conditions. The power for a given wave frequency is given by

g%8.1 x 1073 exp [—ﬂwind (%)]

S =

p(w) P

in [38] where g is gravity, wg = g/Uj9.5 with Ujg 5 being the
wind speed 19.5 m above sea level and fying is function of the
wind speed generating the waves. The peak frequency is the

(58)
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Simulation results for pitch of TLB-Cat with and without controllers. (a) Pitch of TLB-Cat when the controller is off. (b) Pitch of TLB-Cat, pitch

and pitch rate feedback controller (Case 1: state feedback) is implemented. (c) Pitch of TLB-Cat, pitch rate and acceleration feedback controller (Case 2: state

derivative feedback) is implemented.
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implemented. (b) Pitch of aft lifting body, pitch rate and acceleration feedback controller (Case 2: state derivative feedback) is implemented.

dominant frequency over a range of frequencies comprising the

Pitch of aft lifting body-cat for different controllers. (a) Pitch of aft lifting body, pitch and pitch rate feedback controller (Case 1: state feedback) is

frequencies equal to zero. This approach gives us w, =

wave front. The peak frequency, w,, can be easily determined o (4fwind /5)1/4. The frequency ey is solved from wp Speci-

by setting the derivative of the spectrum with respect to the

fied by the profile used. The wind dependent value of fyind
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can be calculated from its dependence on significant wave
height, H,. Since the problem specifies the fully developed
wave characteristics, it allows us to use the given formula,
Pwind = 3.11/HS2a)0, to calculate its value [38]. Finally,
the spectrum is broken down into a series of sine waves to
calculate the corresponding amplitude for each frequency. This
is done by relating the area under a portion of the power
spectrum to an amplitude related to the frequency at that
portion of the spectrum. For the simulation, we break the
spectrum down into 51 components and representing the area
between each frequency from 0.8 to 5 rad/s, in steps of 0.1
with a single sine wave and using the rectangular method to
solve for integral area gives

A; :2\/Sp(a)o+0.1i)0.03 i=1,...,51. (59)

Adding a random phase and using the average wavelength
to calculate wave number completes the requirements for the
wave decomposition into sine waves. The corresponding val-
ues are added to a table and imported into AEGIR. The wave
output and further wave—wave interactions are all handled
internally within AEGIR.

V. RESULTS AND DISCUSSION
A. Simulation Results

The results with and without controllers are given in
Figs. 2 and 3. As it can be observed from Fig. 2(a)—(c),
the designed controllers achieve good reduction in the pitch
oscillation for the case where the system parameters are
unknown in both Cases 1 and 2. The results for the pitch
of the aft lifting body in Cases 1 and 2 are given in Fig. 3.
As it is seen by comparing Fig. 3(a) and (b), the amplitude
of the aft lifting body in Case 2 is much smaller than the
one in Case 1. This is an important advantage of acceleration
feedback. In addition to this, in Case 2 the control algorithm
does not require measurement of pitch itself. Only the pitch
rate and the pitch acceleration measurements are enough to
achieve good reduction in the pitch with less control effort.

B. Discussion on Implementation

The proposed controller is designed based on the system
dynamics (1) with the disturbance model (2) by assuming
that the measurements are accurate and precise. Although the
simulation platform on which we implement our controller,
provides a reliable environment to test the robustness of
the controller with respect to some unmodeled system and
disturbance dynamics, such as coupling with other modes,
irregular waves, there are still various other effects, such as
measurement/actuation noise, wind disturbance, computation
inaccuracies, and delays which are not considered in the
design and simulation, but may be encountered in practice.
For instance, in the simulation platform, it is assumed that
the controller can move the aft lifting body directly and
instantaneously, however, this is not the case in practice. The
vessel as built controls the ALB through a hydraulic piston
via a custom control board. This condition may cause varying
amounts of delay and some levels of inaccuracy. In addition,

the data received from the sensors are inherently noisy due
to structural vibrations and electromagnetic interference. The
implementation of an appropriate band-pass filter helps to
obtain more reliable measurement. On the other hand, the
unmodeled uncertainties and measurement noise may cause
drift in parameter estimations, which may harm stability of
the equilibrium of the closed-loop system. The destabilizing
effects of bounded disturbances and of a class of dynamic
uncertainties may be counteracted using simple modifications
that involve leakage, dead-zone, projection, and dynamic nor-
malization as given in [39]. We do not add these modifications
to our design and analysis. However, one can choose an
appropriate modification for certain application conditions and
implement it to the proposed controller.

In the built TLB-Cat, the hydraulic power is drawn directly
from the starboard propulsive engine. The pump can pro-
duce an instantaneous hydraulic power of 16.4 kW. Based
on the calculations considering the dimensions of the ALB
and the simulation results, the maximum power requirement
of the proposed controller is around 15 kW. The electri-
cal load of the control hardware is 0.2 kW. The control
board is a custom made board operating at 200 Hz on
the inner loop control and 100 Hz on the outer loop. The
motion of the boat is measured using a Kongsberg motion
reference unit (MRU-Z). This unit operates at 100 Hz with an
accuracy of 0.05° in pitch position.

VI. CONCLUSION

We design an adaptive controller to stabilize the pitch of
the TLB-Cat by ALB actuation for the case where the system
parameters are unknown. We consider two cases; in Case 1
we assume the pitch and the pitch rate to be available for
the control design and in Case 2 only the pitch rate and
the pitch acceleration measurements are used for feedback.
The developed controllers achieve significant reduction in the
pitch oscillation of the TLB-Cat. We demonstrate the effect
of our control designs in the simulations, using a time-domain
seakeeping code, named AEGIR.
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