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a b s t r a c t

We solve the problem of cargo transfer in high sea states over a ramp from a large, medium-speed, roll-
on/roll-off (LMSR) vessel to a smaller connector vessel of a surface effect ship (SES) type. Our aim is to
reduce rampmotion between the LMSR and SES in order to provide a safer environment for cargo transfer.
We design an air cushion actuated controller to estimate and cancel the wave disturbance and stabilize
the heave of the SES via heave acceleration feedback with actuation of the louver area for the case where
the hydrodynamic and other parameters of the SES are not known a priori and the pressure dynamics
of the air cushion contains nonlinearly parameterized unknown terms. We demonstrate the effect of our
control design in simulations in a time-domain seakeeping code, named AEGIR.

© 2013 Elsevier Ltd. All rights reserved.
1. Introduction

A surface effect ship (SES) has an air cushion underneath the
deck. It also has twin hulls, like a catamaran. It offers a high qual-
ity and more efficient ride in heavy sea states compared to con-
ventional catamarans. One of its main operational requirements
is the transfer of cargo from a large, medium-speed, roll-on/roll-
off (LMSR), to nearby land targets (Silver & Hughes, 2010). An SES
has twomodes of operation: It is either supported entirely by twin
hulls resembling a catamaran, or by an air cushion that uses a bag
system and fans to fill a pocket of air to lift the craft towards the
surface of the water.

There is an ongoing effort on the improvement of modeling of
such ships, with a number of highly complex and coupled inter-
actions that increase the difficulty. Refs. (Faltinsen, 2005; Fossen,
1994) presentmathematicalmodels of variousmarine vehicles and
their applications. In addition to the synthesis of equations of mo-
tion, there is also an effort to analyze and simulate these ships
(Connell, Milewski, Goldman, & Kring, 2011; Fang, Chan, & Incecik,
1996).
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There are control approaches to increase the ride quality of a
marine vessel. In Sorensen and Egeland (1995), 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. Ref. (Bertin, Bittani, & Savaresi,
2000) proposes a decoupled cushion control to reduce the effect of
the twomain resonantmodes for air cushion catamarans. Themain
objective of the proposed controllers in the given references is to
keep the pressure of the air cushion stable and avoid cobble stone
effect. The dynamic model and control scheme for under-actuated
and fully actuated marine surface vessels are given in Khaled and
Chalhoub (2009) and Khaled and Chalhoub (2010) respectively.
Ref. (Perez & Goodwin, 2008) proposes a model predictive control
design to prevent dynamic stall and increase the effectiveness
of ship fin stabilizers. The various techniques to control of roll
motions of ships are summarized in Perez and Blanke (2012).

Our aim is to reduce ramp motion between an LMSR and SES
operating in moderate sea states in order to provide a safer envi-
ronment for cargo transfer. The oscillation of an LMSR is relatively
low with respect to an SES, due to its heavy structure. Therefore,
we focus on the stabilization of the heave mode of SES.

Designing a controller for an SESpresents significant challenges.
Difficulties arise from unmeasured sinusoidal wave disturbances,
inaccurate system parameters such as mass and hydrodynamic
terms, indirect actuation of the air cushion pressure, nonlinearly
parameterizedmodel of the air cushion pressure dynamics and the
difficulty of measuring the position of each vessel precisely.

The common method to approach a disturbance cancelation
problem is the internal model principle for which a general solu-
tion is given in Johnson (1971) and Francis and Wonham (1975).

http://dx.doi.org/10.1016/j.automatica.2013.05.017
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Fig. 1. Side by side configuration for cargo transfer.

The designs for various nonlinear systems are proposed in Serrani
and Isidori (2000), Serrani, Isidori, and Marconi (2001), Marconi,
Isidori, and Serrani (2002), Marconi, Isidori, and Serrani (2004),
Marino and Tomei (2005) andMarino and Santosuosso (2005). The
regulation of a linear time-varying system for an unknown exosys-
tem is considered in Marino and Tomei (2000). Disturbance can-
celation and output regulation designs for LTI systems are given
in Bobtsov and Pyrkin (2009), Serrani (2006), Bodson and Douglas
(1997), Marino, Santosuosso, and Tomei (2003), Nikiforov (2004)
and Zhang and Serrani (2006). In all of these references, the con-
trollers are designed by using measurement of state or an output.
Furthermore, Refs. (Basturk & Krstic, 2012a,b,c, 2013) propose an
adaptive control design to estimate and cancel an unknown sinu-
soidal disturbance for known and unknown LTI systems by using
measurement of state-derivative.

We develop an adaptive backstepping wave cancelation algo-
rithm by using themeasurement of pressure, heave rate and accel-
eration with actuation of the louver area to tackle all combinations
of the mentioned challenges. A side by side configuration is con-
sidered for the connection of the two ships, as illustrated in Fig. 1.
We use existing software, named AEGIR, to model the system and
simulate it with and without control. AEGIR is a time-domain sea-
keeping code that uses an advanced, high-order boundary element
method (BEM) to solve the three-dimensional, potential and-flow,
and wave flow problems and automatically calculates the water
line intersection to determine the wetted and dry surface areas as
the vessel moves through waves (Connell et al., 2011). With the
proposed controller, we estimate the unknown wave disturbance
and cancel its effect to the system. Simulation results demonstrate
significant reduction in heave of SES for the side by side configura-
tion. Thus, we achieve to reduce ramp oscillation and provide safer
environment for cargo transfer over the ramp.

In Section 2, we introduce themathematical model of the heave
and air cushion dynamics of an SES. Design of the controller and
stability proof of the closed loop system are given in Section 3. In
Section 4, we present the parameters of the ships and simulation
platform. The results are discussed in Section 5.

2. Mathematical model of vehicle and air cushion dynamics

In this section, we model heave and air cushion dynamics of an
SES.

2.1. SES heave model

Following Fossen (1994), we consider the linear model of the
heave dynamics (decoupled frompitch) for control design purpose.
The model is given by

(m + A33) ζ̈3(t) + B33ζ̇3(t) + C33ζ3(t) − AcPc = F e
3(t), (1)

where ζ3 represents the heave, Pc is the air cushion pressure. Ac
is area of the air cushion and m is the mass of the ship. Hydrody-
namic (added-mass), radiation damping coefficients and the hy-
drostatic (restoring) term for heave are represented as A33, B33, C33
respectively. F e
3 is the hydrodynamic excitation force. For a single

frequency wave, it is given by

F e
3(t) = K e

3 sin(ωet + φ), (2)

with K e
3 = 2gekd sin kL

2
kL
2

(C33 − ωωeA33 + φ), where d and L are the

draft and length of the side hulls. g, ω, φ, k are the amplitude, fre-
quency, phase and number of the wave respectively. ωe is the en-
counter frequency which is represented by ωe = ω − kU cos(χ)
where U and χ are the craft speed and heading angle, respectively.
In the adaptive control design, the draft of the side hulls, d, is as-
sumed to be constant.

2.2. Air cushion pressure dynamics model

Assuming the uniform pressure distribution in the air cushion,
the global continuity equation for mass flow into and out of the
cushion can be written as

qin(t) − qout(t) =
d
dt

(ρc(t)Vc(t)) (3)

where qin(t) is the air flow into the air cushion from the lift fan sys-
tem, qout(t) is the air flow out of the air cushion due to the louver
system, Vc(t) is the cushion volume, ρc(t) is the density of the air
at the pressure Pc(t).

Assuming the basic thermodynamic variation in the air cushion
is adiabatic, we represent pressure–density relationship as

ρc(t) =
ρc0

P1/γ
c0

(Pc(t))1/γ , (4)

where γ is the ratio of specific heat of air, and ρc0 is the density
of the air at the equilibrium pressure Pc0. Differentiating (4) with
respect to time t , we reach the expression for the time derivative
of air density as

ρ̇c(t) =
ρc0

γ P1/γ
c0

(Pc(t))1/γ−1 Ṗc(t). (5)

The volume of the air cushion is given by

Vc(t) = Ac(h0 + ζ3(t)) − V0(t), (6)

where h0 is the air cushion height at equilibrium and V0(t) is the
wave volume pumping disturbance. For single frequency wave, it
is given by

V0(t) = K0 sin(ωe(t) + φ), (7)

where K0 = Acg
sin( kL

2 )

kL
2

, for regular head sea waves in Sorensen and

Egeland (1995) and Faltinsen (2005).
Assuming no dynamic response, the fan characteristic curve can

be represented by

qin(t) = ρc(t)

Q0 +
∂Q
∂P


Pc0

(Pc(t) − Pc0)

 , (8)

where Q0 is the equilibrium air flow rate of fan when Pc(t) = Pc0
and ∂Q

∂P |Pc0 is the corresponding linear fan slope about the ship
equilibriumoperating pointQ0 and Pc0 (Sorensen& Egeland, 1995).
The air flow out of the air cushion by louver system is given by

qout = ρc(t)cn


2(Pc(t) − Pa)

ρc0
Al, (9)

where Pa is the atmospheric pressure, cn is the orifice coefficient
varying between 0.61 and 1 and Al is the leakage area of the louver
system (Sorensen & Egeland, 1995).
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Fig. 2. Illustration of the chamber of the air cushion.

Fig. 3. The structure of the control problem.

Using (3)–(9), we get

Ṗc(t) =
Pc(t)
Vc(t)

, (10)

where

Pc = γ Pc

Q0 +
∂Q
∂P


Pc0

(Pc(t) − Pc0) − Ac ζ̇3(t) + V̇0(t)

− cn


2(Pc(t) − Pa)

ρc0
Al

 . (11)

The louver area, Al, is considered as the control input of the system.
The chamber of the air cushion is illustrated in Fig. 2. It is hard to
design an adaptive controller for the given pressure model, since it
contains nonlinearly parameterizedunknown termVc(t). However
we achieve to handle this significant challenge, without linearizing
the model, by using the physical property of the volume, Vc(t)
which is always positive, Vc(t) > 0.

3. Control design

In this section, we design an adaptive backstepping controller
by using the measurement of heave rate and acceleration of the
ship and air cushion pressure for the casewhere the systemparam-
eters are not known. The objective of the controller is to stabilize
the heave of the craft in the presence of sea wave disturbances by
the actuation of louver area. The structure of the control problem
is given in Fig. 3.

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

ẋ = A0x + B

a1x1 + a2x2 + F

e
3 + bpPc


, (12)

where A0 =


0 1
0 0


, B =


0 1

T
, x =


ζ3, ζ̇3

T
, a1 = −

C33
m+A33

,

a2 = −
B33

m+A33
, F

e
3 =

Fe3
m+A33

, bp =
Ac

m+A33
.

3.1. Disturbance representation

The sinusoidal disturbances V0(t) and F
e
3(t) can be represented

as the output of a linear exosystem,

ẇ = Sw (13)

F
e
3 = hTw, (14)

V0 = K0
m + A33

K e
3

hTw, (15)

wherew ∈ R2 and the choice of S ∈ R2×2 and h ∈ R2 is not unique.
However, the pairs (S, h) is assumed to be observable. Since F

e
3 and

V0 are unknown, h and S are also unknown.
The following lemma enables us to represent the unknown si-

nusoidal wave and volume pumping disturbances as the output of
a linear systemwhose input is the disturbance F

e
3, whose state and

input matrices are known, and whose output matrix is unknown.

Lemma 1. Let G ∈ R2×2 be a Hurwitz matrix with distinct eigen-
values and let (G, l) be a controllable pair. Then, F

e
3 and V0 can be

represented as the output of the model

ż = Gz + lF
e
3 (16)

F
e
3 = θ

T
e ż (17)

V0 = θ
T
0 ż, (18)

where

θ
T
e = hT (MS)−1, (19)

θ
T
0 = K0

m + A33

K e
3

θ
T
e , (20)

M is a solution of the Sylvester equation

MS − GM = lhT . (21)

Proof. The proof of the lemma is given in Basturk and Krstic
(2012c). �

The previous lemma enables us towrite the unknownwave distur-
bances F

e
3 andV0 as the product of an unknown constants θ e, θ0 and

the vector ż. However, ż is not accessible, since the signal F
e
3 cannot

be measured. To overcome this problem, we design an observer.
The following lemma establishes the properties of the observer.

Lemma 2. The inaccessible disturbances F e
3, V0 and their time deriva-

tives ˙F
e

3, V̇0 can be represented in the form

F
e
3 = θ

T
e (η0 + Nẋ)

+

2
i=1

aiθ
T
eηi + bpθ

T
e


ηp − lPc


+ θ

T
e δ, (22)

V0 = θ
T
0 (η0 + Nẋ)

+

2
i=1

aiθ
T
0ηi + bpθ

T
0


ηp − lPc


+ θ

T
0δ, (23)

˙F
e

3 =
1

1 − θ
T
e l


θ
T
eG (η0 + Nẋ) +

2
i=1

aiθ
T
eGηi

+ bpθ
T
eG

ηp − lPc


+ θ

T
eGδ


, (24)
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V̇0 =
1

1 − θ
T
e l


θ
T
0G (η0 + Nẋ) +

2
i=1

aiθ
T
0Gηi

+ bpθ
T
0G

ηp − lPc


+ θ

T
0Gδ


, (25)

where

η̇i = Gηi − lẋi, for i = 1, 2, (26)
η̇0 = G (η0 + Nẋ) , (27)

η̇p = G

ηp − lPc


, (28)

1 − θ
T
e l > 0. (29)

The matrix N ∈ R2×2 is given by N =
1

BT B
lBT . The given N is one of

the many solutions of the equation NB = l. The error term, δ ∈ R2,
obeys the equation

δ̇ = Gδ. (30)

Proof. Post-multiplying (21) by (MS)−1, using (19), we get I − lθ
T
e

= GMS−1M−1. Using Sylvester’s determinant theorem, the fact
that detM−1

=
1

detM and noting that G and S have 2 poles on left
half plane and imaginary axis respectively, we obtain (29).

We define estimation error δ as follows,

δ = ż −


η0 + Nẋ +

2
i=1

aiηi + bp

ηp − lp


. (31)

Differentiating δ with respect to time and in view of (12), (16),
(26)–(28) and using (31) and the fact thatNA0 = 0, we get (30). Us-
ing (17) and (31),weobtain (22). Using (2), (7), (20) and (22),we get
(23). Differentiating (16), (17) and substituting z̈(t), we get ˙F

e

3 =
1

1−θ
T
e l

θ T
e Gż. Using (31), we obtain (24). Using (2), (7), (20) and (24),

we get (25). �

3.2. Reciprocal state space representation

The reciprocal state space (RSS) representation depends on
switching the state vector with its derivative (Kwak, Washington,
& Yedavalli, 2002). Thus, one can design a controller by utilizing
the state derivatives instead of states. Substituting the developed
representation of F

e
3, (22), into (12), we get

x = AT
0 ẋ + B

1
ϱ

×


bpẋ2 − a2ẋ1 − θ T

t ηt − βT
1pηp − Pc − θ T

e δ


(32)

where B = [1, 0]T , a2 =
a2

bp

1−θ

T
e l
 , ηt =


ηT
0 , η

T
1 , η

T
2

T , θe =

1
bp

1−θ

T
e l
θ e, θt =


θ T
e , a1θ T

e , a1θ T
e

T
, ϱ =

a1
bp

1−θ

T
e l
 , bp =

1
bp

, β1p

= bpθ T
e .

Using (29) and the definition of a1 and bp and noting that area of
the air cushion Ac , hydrodynamic, A33, and hydrostatic, C33 terms
are positive, we obtain sgn(ϱ) = −1 and sgn(bp) = 1. For the
adaptive control design, we assume that the high frequency gain bp
> ς > 0. From a physical point of view, ς can be determined with
roughknowledge of the dimensions and themass of the catamaran.

3.3. Adaptive backstepping control design

The representations (22)–(25) established with Lemmas 1 and
2, allows us to represent the time-varying unknown sinusoidal
disturbances and their derivative as a constant unknown vector
multiplied by a known regressor, plus an unknown exponentially
decaying disturbance. Thus, we convert the problem from cancela-
tion of an unknown sinusoidal disturbance with unknown system
parameters to an adaptive control problem. Since the system (32),
(10) has unmatched parametric uncertainties, we apply adaptive
backstepping method to design a control law.

Going forward, the symbols ˆ and ˜ denote the estimate of an un-
known plant parameter and estimation error between actual value
of a plant parameter and its estimate, respectively. In the adap-
tive backstepping method, we first find the desired value of the air
cushion pressure to stabilize the heave of the surface effect ship.
Considering the air cushion pressure, Pc , as the virtual controller,
the desired pressure value is given by

Pdesired = −ϱ̂Kẋ − â2ẋ1 + b̂pẋ2 − θ̂ T
t ηt − β̂T

1pηp, (33)

where the control gain K ∈ R1×2
=

k1 k2


is chosen so that

AT
0 + BK


is Hurwitz and the positive definite matrix R is a solu-

tion of the matrix equation

(AT
0 + BK)TR + R(AT

0 + BK) = −4I. (34)

The deviation of Pc from its desired value, Pdesired is written as

e(t) = Pc(t) − Pdesired(t). (35)

Substituting (35) into (32) and taking the time derivative of e(t),
we convert the (x, Pc) system to the (x, e) system,

x =

AT
0 + BK


ẋ + B

1
ϱ

bpẋ2 −a2ẋ1 −ϱKẋ −θ T
t ηt

−βT
1pηp − e − θ T

e δ

, (36)

ė(t) =


˙̂ϱk1 + ˙̂a2


ẋ1 +


ϱ̂k1 + â2 + ˙̂ϱk2 −

˙̂bp

ẋ2 +

˙̂
θ
T

t ηt

+ θ̂ T
t η̇t −


b̂p − ϱ̂k2

 1

1 − θ
T
e l

θ
T
eGδ +

˙̂
β

T

1pηp

+ β̂T
1pη̇p − ΘT

e Ξe +


1 −


b̂p − ϱ̂k2


bp
 Pc

Vc
(37)

where

Θe

=


a1, a2 +

1

1 − θ
T
e l

θ
T
eGl, bpθ

T
t G, bpβT

1pG

T

, (38)

Ξe =


b̂p − ϱ̂k2

 
ẋ1, ẋ2, ηT

t ,

ηp − lPc

TT
. (39)

The air cushion pressure dynamics, (10), contains nonlinearly pa-
rameterized term, Vc , and unmeasured heave, x1 = ζ3. We write
x1 in terms of heave rate, heave acceleration, air cushion pressure,
the derived representation of F

e
3 and substitute it into the model.

Furthermore, we can use the volume of the air cushion, Vc , in the
Lyapunov analysis since it is positive and its derivative, V̇c , can
be represented in terms of measured signals, constant unknown
terms with known regressors and exponentially decaying term by
using (24).We use Vce2 instead of usual choice, e2, in our Lyapunov
function in order to achieve a linearly parameterized expression in
the time derivative of Lyapunov function. This choice increases the
unknown terms and causes the over parametrization.

We assume the measurements of the heave rate and accelera-
tion of the ship to be available for feedback loop throughout the
paper. However, the data from integrated heave accelerometers
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need to be filtered or processed before using them for control. It
is important to have unbiased heave acceleration to avoid drift in
parameter estimations and estimate heave rate properly. Although
the type of a method employed to eliminate bias depends on the
features of the sensor, a high pass filter with appropriate parame-
ters will typically suffice. Heave rate for feedback can be obtained
by filtering unbiased heave acceleration with a bandpass filter (a
low pass filter in conjunction with a high pass filter). Other sens-
ing and filtering options are also possible to obtain heave rate and
acceleration for specific applications.

Remark 1. The proposed controller is designed based on system
dynamics (1), (10) with disturbance models (2), (7) by assuming
that the measurements are accurate and precise. Although the
simulation platform 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 and irregular waves, there are
still various other effects (measurement noise, wind disturbance,
time varying heading angle,. . . ) which are not considered in the
design and simulation but may be encountered in practice. These
effects may cause drift in parameter estimations which may
harm the 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 by using simple
modifications that involve leakage, dead-zone, projection, and
dynamic normalization as given in Ioannou and Sun (1996). 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.

The adaptive controller for surface effect ship is given by

Al =
b̂u

1 −
ˆbp

b̂p − ϱ̂k2

√
2 (Pc(t) − Pa)

u (40)

with

u = −ϱ̂ẋTRB + Θ̂T
dVcΞdVc + Θ̂ėVcΞėVc + Θ̂PcΞPc

+ Θ̂bpPcΞPc


b̂p − ϱ̂k2


+ Ξδ + ce, (41)

with c > 2 and the regressors

ΞdVc = e

ẋ1, ẋ2 ηT

t ,

ηp − lPc

TT
, (42)

ΞPc = Pc

1, Pc, ẋ1, ẋ2, ηT

t , η
T
p

T
, (43)

ΞėVc =

ξde, Ξ T

e , ξdeẋ1, Ξ T
e ẋ1, ξdeẋ2, Ξ T

e ẋ2, ξdeη
T
0 l1,

Ξ T
e ηT

0 l1, ξdeη
T
0 l2, Ξ T

e ηT
0 l2, ξdeη

T
1 l1, Ξ T

e ηT
1 l1,

ξdeη
T
1 l2, Ξ T

e ηT
1 l2, ξdeη

T
2 l1, Ξ T

e ηT
2 l1, ξdeη

T
2 l2,

Ξ T
e ηT

2 l2, ξdeη
T
p l1, Ξ T

e ηT
p l1, ξdeη

T
p l2, Ξ T

e ηT
p l2,

ξdePc, Ξ T
e Pc

T
, (44)

where l1 = [1, 0]T , l2 = B and

Ξδ =
1
2


b̂p − ϱ̂k2

2
×

3, ẋ21, ẋ

2
2, η

T
0η0, η

T
1η1, η

T
2η2, η

T
pηp, P2

c

T
, (45)

ξde =


˙̂ϱk1 + ˙̂a2


ẋ1 +


ϱ̂k1 + â2 + ˙̂ϱk2 −

˙̂bp

ẋ2

+
˙̂
θ
T

t ηt + θ̂ T
t η̇t +

˙̂
β

T

1pηp + β̂T
1pη̇p. (46)
The update laws are given by

˙̂a2 = −κa2sgn(ϱ)ẋ1B
T
Rẋ, κa2 > 0, (47)

˙̂
θ t = −κθt sgn(ϱ)ηtB

T
Rẋ, κθt > 0, (48)

˙̂
β1p = −κβ1psgn(ϱ)ηpB

T
Rẋ, κβ1p > 0, (49)

˙̂bu = −κbuue, κbu > 0, (50)

˙̂
ϱ = −κϱeẋTRB, κϱ > 0, (51)

˙̂
ΘdVc = κΘdVc

ΞdVc e, κΘdVc
> 0, (52)

˙̂
Θ ėVc = κΘėVc

ΞėVc e, κΘėVc
> 0, (53)

˙̂
ΘPc = κΘPc

ΞPc e, κΘPc
> 0, (54)

˙̂
ΘbpPc = κΘbpPc

ΞbpPc


b̂p − ϱ̂k2


e, κΘbpPc

> 0, (55)

˙̂
bp =


τbp ,

ˆbpsgn(bp) > ς or τbpsgn(bp) ≥ 0

0, ˆbpsgn(bp) ≤ ς and τbpsgn(bp) < 0
(56)


˙̂bp
˙̂ϱ



=


τbp,ϱ, sgn(bp)(b̂p − ϱ̂kn) >

1
ς

or P T τbp,ϱ ≤ 0
I − Γ

RRT

RTΓ R


τbp,ϱ, sgn(bp)(b̂p − ϱ̂kn) ≤

1
ς

and RT τbp,ϱ > 0,

(57)

where

τbp = κbp


b̂p − ϱ̂kn


Al


2 (Pc(t) − Pa)e, κbp > 0 (58)

τbp,ϱ = κbp,ϱ


sgn(ϱ)ẋnB

T
Rẋ

−sgn(ϱ)KẋB
T
Rẋ


, κbp,ϱ > 0, (59)

R =

−sgn(bp) k2sgn(bp)

Tand Γ belongs to the set of all posi-
tive definite symmetric 2 × 2 matrices.

We first define the signals needed in the analysis and state a
theorem describing our main stability result. Then we prove the
theorem using a technical lemmas in next section. The signalηp(t)
is denoted by

ηp(t) = bpηp(t) + η0 − ηp(t), (60)

where ηp(t) =
 t
0 eG(t−τ)Glν(τ)dτ . The combination of plant pa-

rameters are denoted by

bu =
cn

√
ρc0

, (61)

ΘdVc =

Ac, −θ T

0 Gl, −θ T
0tG, −bpθ T

0 G
T

, (62)

ΘPc = γ


Q0 −

∂Q
∂Pc

Pc0,
∂Q
∂Pc

− bpθ0Gl, −Ac,

θ T
0 Gl, θ

T
0tG, bpθ T

0 G
T

, (63)

ΘbpPc = bpΘPc , (64)
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ΘėVc =


Ach0, Ach0Θ

T
e , −a1

Ac

a2
, −a1

Ac

a2
ΘT

e ,

(1 − θ
T
e l)

Ac

a1
− θ T

0 l,


(1 − θ
T
e l)

Ac

a1
− θ T

0 l


ΘT
e ,

θ
T
e0l1, θ

T
e0l1Θ

T
e , θ

T
e0l2, θ

T
e0l2Θ

T
e ,

− a1θ
T
e0l1, −a1θ

T
e0l1Θ

T
e , −a1θ

T
e0l2,

− a1θ
T
e0l2Θ

T
e , −a2θ

T
e0l1, −a2θ

T
e0l1Θ

T
e , −a2θ

T
e0l2,

− a2θ
T
e0l2Θ

T
e , −bpθ

T
e0l1, −bpθ

T
e0l1Θ

T
e ,

− bpθ
T
e0l2, −bpθ

T
e0l2Θ

T
e ,

− bp


Ac

a1
(1 − θ

T
e l) − θ

T
0 l


,

− bp


Ac

a1
(1 − θ

T
e l) − θ

T
0 l


ΘT
e

T
, (65)

with θ0 =
1

1−θ
T
e l

θ0, θ0t =

θ T
0 , a1θ T

0 , a2θ T
0

T , θ e0 = −


Ac
a1

θ e + θ0


.

Theorem 1. Consider the closed-loop system consisting of the plant
(1), (10) forced by the unknown sinusoidal wave disturbances (13),
(14) the disturbance observer (26), (27), (28) and the adaptive
controller (40), (47)–(57). Under the assumptions the following holds:

(a) The equilibrium ΘVc = 0,ΘdVc = 0,ΘPc = ΘbpPc = 0, x =

0, ηt = θt = 0, δ = β11 = β12 = β1p = 0,a2 = ϱ = ρ =bu =bp =
bp = e = 0 is stable.

(b) For all initial conditions sgn(bp)ˆbp(0) > ς, (b̂p(0) − ϱ̂(0)k2)
sgn(bp) > 1

ς
, â1(0), ϱ̂(0), b̂u(0), p(0), x(0) ∈ R2, ηt(0) ∈ R6,

ηp(0) ∈ R2, θ̂t ∈ R6, β̂11(0) ∈ R2, β̂12(0) ∈ R2, β̂1p(0) ∈ R2,

Θ̂dVc (0) ∈ R9, Θ̂ėVc (0) ∈ R132, Θ̂Pc (0) ∈ R11, Θ̂bpPc (0) ∈ R11

for which Vc(t) is positive for all time, the signals e(t), x(t), η0,

η1(t), η2(t),β1p(t),
Fe3
bp

− β̂T
1p(t)ηp(t), δ(t),ηp(t) are bounded

and converge to zero as t → ∞.

3.4. Stability proof

The following lemma is used in the proof of part b of Theorem 1.

Lemma 3. Let x1(t) ∈ R be a bounded signal and ẋ1(t) ∈ R be
square integrable,


∞

0 ẋ21 dt ≤ M1, for someM1 > 0. Then there exists
ρ > 0 such that for all t0 ≥ 0, the following holds

Qp(ρ, t0) =

 t0+ρ

t0
ξ(t)ξ

T
(t) dt

−
1
ρ

 t0+ρ

t0
ξ(t) dt

 t0+ρ

t0
ξ
T
(t) dt > 0, (66)

where

ξ = ηp +
1

bp
ξ̃ (t), (67)

with

ξ̃ (t) = η0 +

2
i=1

a1ηi + la2ẋ1 + δ. (68)

Proof. Using (16), (31) and by noting thatN = lBT and ẋ2−bpPc =

a1x1 + a2x2 + F
e
3, we obtain

ηp = ξ − l
a1
bp

x1 −
1

bp
ξ̃ , (69)
with ξ =
1
bp
Gz. Substituting ηp into (67), we get ξ = ξ − l a1

bp
x1.

By differentiating ξ with respect to time and using (16), ξ can be
represented as the solution of ξ̇ = Gξ + Gl F

e
3

bp
. The matrix G has

distinct eigenvalues and is Hurwitz, it is diagonalizable. Using a
Jordan decomposition of the matrix G, we can write G = LΛL−1,
where L is the square 2 × 2 matrix whose ith column is the ith
eigenvector of G and Λ is the diagonal matrix whose diagonal
elements are the corresponding eigenvalues of G. By solving the
differential equation for ξ and defining L−1Gl 1

bp
= l, using the

property eLλL
−1

= LeΛL−1 we get

ξ(τ ) = L

eΛτCc + Ψ (τ )


, (70)

where Ψ ∈ R2 is the vector whose jth row is

lj
K e
3

m+A33

λ2
j + ω2

e


λj sin(ωeτ + φ) − ωe cos(ωeτ + φ)


, (71)

and Cc = L−1ξ(0)−Ψ (0). Since F
e
3 is a sufficiently rich signal order

of 2 and (G, l) is a controllable pair, G is full rank and bp ≠ 0, ξ is
persistently exciting (Narendra & Annaswamy, 1989). Therefore,
there exist positive ρ∗ and α0 such that for all ρ > ρ∗ and t0 ≥ 0
the following holds t0+ρ

t0
ξ(t)ξ T (t) dt ≥ ρα0I. (72)

Then ρ that is given by

ρ = ϑωe2π > ρ∗, (73)

satisfies (72) if ϑ ∈ Z+ is chosen sufficiently large for given ρ∗ and
ωe. SinceΨ (t) defined by (71) has a period ρ and incorporates only
zero-mean functions, it follows that t0+ρ

t0
Ψ (t) dt = 0. (74)

Substituting (69), (70), (72)–(74) into (66) and using integration by
parts, we obtain

Qp(ρ, t0) ≥ LΠLT , (75)

where

Π = ρα0I −
1
ρ


Γ (ρ)Γ T (ρ) + Γ (ρ)l̃T

 t0+ρ

t0
x1(t) dt

+ l̃Γ T (ρ)

 t0+ρ

t0
x1(t) dt


− Ψ T (t0, ρ) − Ψ (t0, ρ)

+ l̃̃lT
 t0+ρ

t0
x21(t) dt −

1
ρ
l̃̃lT
 t0+ρ

t0
x1(t) dt

2

, (76)

with Γ T (ρ) =

c1eλ1t0


eλ1ρ − 1


c2eλ2t0


eλ2qρ − 1


, α0 =

α0/λmax{LLT }, l̃ =
a11
bp

L−1l,

Ψ T (t0, ρ) =

Λ−1eΛ(t0+ρ)Cc + Ψ (t0 + ρ)


x1(t0 + ρ)

−

Λ−1eΛt0Cc + Ψ (t0)


x1(t0)

−

 t0+ρ

t0


Λ−1eΛtCc + Ψ (t)


ẋ1(t) dt


l̃T (77)

where Ψ (t) ∈ R2 is the vector whose jth row is

−

lj
K e
3

m+A33

λ2
j + ω2

e


λj

ωe
cos(ωet + φ) + sin(ωet + φ)


, (78)

and ci denotes the ith row of the vector Cc/λi.
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Since L is full rank, Qp satisfies the inequality (66) if µTΠµ > 0
for all nonzero µ ∈ R2. Using (76), the Cauchy–Schwarz inequality
and by noting that λi < 0, |


eλiρ − 1


| ≤ 1, µ(t), x1(t) are

bounded with µ(t) = µT

Λ−1eΛtCc + Ψ (t)


and C c = c21e

2λ1t0 +

c22e
2λ2t0 and


∞

0 ẋ21 dt ≤ M1, we obtain

µTΠµ ≥
√

ρ


√

ρα0 −
1

ρ3/2
C c

 
µ2

1 + µ2
q


− 2|̃lTµ|

×


M1 sup

t0≤t<∞

µ2(t)


− |̃lTµ|Γ (79)

where Γ = supt0≤t<∞ |x1(t)|

|µ1c1|eλ1t0 + |µ2c2|eλ2qt0


+ 2 (|µ

(t0)x1(t0)| + supt0≤t<∞ |µ(t)x1(t)|

.

Since
√

ρα0

µ2

1 + µ2
2


− 2|̃lTµ|


M1 supt0≤t<∞ µ2(t) is posi-

tive and increasing for ρ > 4
|̃lTµ|

2M1 supt0≤t<∞ µ2(t)

α2
0


µ2
1+µ2

2

2 and 1
ρ3/2


µ2

1+

µ2
q


C c is monotonically decreasingwith respect to ρ andΓ is con-

stant for all fixed t0, one can find a ρ using (73) such that for all
t0 ≥ 0, (66) holds. �

Proof of Theorem 1. The stability of the equilibriumof the closed-
loop system is established with the use of Lyapunov function

V =
1
2
xTRx +

1
2
Vce2 +

1
2|ϱ|


1

κbp,ϱ
(ϱ2

+b2p) +
1

κa2
a22

+
1
κθt

θ T
t
θt +

1
κβ1p

βT
1p
β1p


+

1
2κϱ

ϱ2

+
1

2κΘėVc

ΘT
ėVc
ΘėVc +

1
2bu


1

κbu

b2u +
1

κbp

b2p


+
1

2κΘdVc

ΘT
dVc
ΘdVc +

1
2κΘPc

ΘT
Pc
ΘPc

+
1

2κΘbpPc

ΘT
bpPc

ΘbpPc +
εδ2

2


δTRGδ

2
+

1
2εη


ηT
0RGη0 +

n
i=1

ηT
i RGηi


+

εδ

2
δTRGδ, (80)

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

GTRG + RGG = −2I, (81)

with εη = λmax{lTRGRG}, εδ =
1
ϱ2 λmax{θ eB

T
RRBθ

T
e } +

1
(1−θ

T
e l)2

λmax{GT θ0θ
T
0G}, and

εδ2 =
1

λmin{RG}

 (Ach0)
4
+


Aca2
a1

4

+ (1 + b
4
p)

×


Ac

1 − θ
T
e l

a1
− θ

T
0 l

4

+ (1 + a41 + a42 + b
4
p)

×

Ac

a1
θ e + θ0

T

l1

4

+


Ac

a1
θ e + θ0

T

l2

4

×
1

(1 − θ
T
e l)4

λ2
max{G

T θ
T
e θ eG} +


1 +

1

(1 − θ
T
e l)4



× λ2
max{G

T θ
T
0θ0G}. (82)

Taking the time derivative of V and using the property of the pro-

jection operator, −
bp ˙̂bp ≤ −

bpτbp , sgn(b2)ˆbp ≥ ς > 0 and

−[bp,ϱ][
˙̂bp, ˙̂ϱ]

T
≤ −[bp,ϱ]τbp,ϱ, sgn(bp)(b̂p − ϱ̂kn) ≥

1
ς

> 0
(Krstic, Kanellakopoulos, & Kokotovic, 1995, Appendix E) and
Young’s inequality for the cross terms, we obtain

V̇ ≤ −
1
2
ẋT ẋ − (c − 2)e2 −

1
2εη

2
i=0

ηT
i ηi −

εδ

2
δT δ. (83)

Using (83), we conclude

V (t) ≤ V (0). (84)

Defining

Υ (t) =


xT (t), e(t),a2(t),bTp(t),ϱT (t),ϱ(t),bu(t),b3(t),
θ T
t (t),β1p(t)T , ηt(t)T , δT (t),ΘT

dVc (t),ΘT
ėVc (t),

ΘT
pc (t),ΘT

bpVc
(t)
T

, (85)

and using (80) and (84), we get

|Υ (t)|2 ≤ M2|Υ (0)|2, (86)

for some M2 > 0. Taking the derivative of (60), using (27) and the
fact that ẋ2 − bpPc = a1x1 + a2x2 + F

e
3, we get

̇ηp(t) = Gηp + Gl (a1x1 + a2x2) . (87)

Since G is Hurwitz, by using (86), we obtain

|ηp(t)| ≤ M3|ηp(0)| + M4


M2|Υ (0)| (88)

for some M3,M4, α1 > 0. By using (86) and (88), we obtain |Υ (t)|

≤ M5 |Υ (0)| , where Υ (t) =


Υ

T
(t),ηT

p (t)
T

for some M5 > 0.
This proves part (a) of Theorem 1.

We write the closed-loop system in the following form

ẋ = A−1x +A−1B
1
ϱ

×

θ T
t ηt +

1

bp
βT

1p

ηp − η0 + ηp

+ e + θ T

e δ


, (89)

whereA = AT
0 + B


1
ϱ

a2 0
T

+bpBT
+ K ϱ̂


. By noting that

A0 =


0 1
0 0


, B =


0 1

T
, B = [1, 0]T , we get det(A) =

−


1
ϱ


1
bp

− (b̂p − ϱ̂k2)


. From det(A) it follows that, for all Υ

such that sgn(bp)(b̂p − ϱ̂kn) ≥
1
ς

> 0 and Vc(t) > 0, the right-
hand side of (89) is continuous in Υ and t , which implies that the
right-hand side of (83) is continuous in Υ and t . Furthermore, the
right-hand side of (83) is zero at Υ = 0. By the LaSalle–Yoshizawa
theorem, (83) ensures that ẋ, e, η0, η1, η2 and δ converge to zero
as t → ∞.
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By adding ±
κβ1p sgn(ϱ)

bp
ξ̃ (t)B

T
Pẋ and ±

1
bpϱ

BβT
1pξ̃ (t) to (49) and

(89) respectively, we represent the closed-loop of (x,β1p) system
as a linear-time varying (LTV) system which is given by

ζ̇ = E(t)ζ + F(t)d, (90)

where

E(t) =

 Acl
1
ϱ
Bξ

T

κβ1psgn(ϱ)ξB
T
PAcl

κβ1p

|ϱ|
ξB

T
PBξ

T

 (91)

F(t) =

f11 f12 f13
1
ϱ
B

f21 ff12 ff13
1
ϱ
f B

 (92)

d =

ẋT , ηT

t , δ
T , e
T

(93)

ζ =

xT ,βT

1p

T
(94)

with f =
κβ1p
sgn(ϱ)

ξB
T
P, f11 =

1
ϱ
B
ϱK+

a2 0

+bpBT

−
1
bp
βT

1plbp(1−

θ
T
1 l)

a2 0


, f12 =

1
ϱ
B
θ T

t −
1
bp

βT
1p, a1βT

1p, a2βT
1p


, f13 =

1
ϱ
B

(θ T
e −

1
bp
βT

1p), f21 = ff11 −
κβ1p sgn(ϱ)

bp
ξ̃ (t)B

T
P, where Acl = (AT

0 +

BK)−1 and B = AclB. We first show that the equilibrium ζ = 0 of
the homogeneous part of the LTV system (90) is exponentially sta-
ble. Towards that end, we choose the following Lyapunov function

VLTV =
1
2
ζ TRLTVζ , (95)

where RLTV = diag{R, 1
|ϱ|κβ1p

I2×2}. Taking the derivative of VLTV and

using (81), we get

V̇LTV = −2ζ TC(t)CT (t)ζ , (96)

where

CT (t) =


Acl

1
ϱ
Bξ

T


. (97)

Therefore, it follows that RLTV, satisfies the following inequality
ET (t)RLTV+RLTVE(t)+αCT (t)C(t) ≤ 0 for someα > 0. The equilib-
rium ζ = 0 of the homogeneous part of (90) is exponentially sta-
ble if (C(t), E(t)) is a uniformly completely observable (UCO) pair
(Ioannou & Sun, 1996). For a bounded H(t), the pairs (C(t), E(t))
and (C(t), E(t) + H(t)C(t)T ) have the same UCO property

(Ioannou&Sun, 1996). ChoosingH(t) =


−I, −κβ1psgn(ϱ)RBξ

T
T

,

we write the system corresponding to the pair (C, E + HCT ) as
Ẏ = 0, y = CT (t)Y . The state transition matrix of the system is
Φ = I . Therefore, (C, E + HCT ) is a UCO pair if there exist positive
constants α2, α3, ρ such that the observability Gramian satisfies

α2I ≥

 t0+ρ

t0
C(t)CT (t) dt ≥ α3I, (98)

for all t0 ≥ 0. Since ξ is bounded, recalling (97), the upper bound of
(98) is satisfied.We nowprove the lower bound in (98). Calculating
the integral in (98), we get

X =

 AT
clAclρ

1
ϱ
AT
clB
 t0+ρ

t0
ξ
T
dt

1
ϱ

 t0+ρ

t0
ξ dtBTAcl

1
ϱ2

 t0+ρ

t0
ξBTBξ

T
dt

 . (99)

Let Sh be the Schur complement of AT
clAclρ in X, where

Sh =
BTB
ϱ2

×

 t0+ρ

t0
ξξ

T
dt −

1
ρ

 t0+ρ

t0
ξ dt

 t0+ρ

t0
ξ
T
dt


. (100)

Using (83) and (84) and calculating the integral, we obtain
∞

0
ẋ21(t) dt ≤ 2 (V (0) − V (∞)) ≤ M1 (101)

for some M1 > 0. Since AT
clAclρ is positive definite, X is positive

definite if and only if Sh is positive definite. Since BT B
ϱ2 is a positive

scalar, using boundedness ofΥ (t) and (101), according to Lemma3
there exists a positive ρ such that for all t0 ≥ 0, Sh > 0. Hence,
(C, E + HCT ) is UCO, which implies that (C, E) is UCO. There-
fore, the state transition matrix Φ(t, t0) corresponding to E(t) in
(90) satisfies ∥Φ(t, t0)∥ ≤ κ0e−γ0(t−t0) for some positive constants
κ0, γ0. From the boundedness of Υ (t), ηp(t), it follows from (89)
that ẋ(t) is bounded. From (93), d(t) is bounded and, from (92),
F(t) is bounded. Recalling that it has already been established that
d(t) goes to zero, from (90) and the upper bound of ∥Φ(t, t0)∥, it
follows that ζ is bounded and ζ = [xT ,βT

1p]
T

→ 0 as t → ∞.
By using (87) and the fact that G is Hurwitz and x(t) converges to
zero, we conclude thatηp(t) converges to zero as t → ∞. Further-
more, using (22), (35) and by noting thatβ1p =

1
1−θ

T
e l

θ e − β̂1p and

d(t) → 0, β̂1p(t) →
1

1−θ
T
e l

θ e, we obtain


θ
T
e +

θ
T
e l

1−θ
T
e l

θ
T
e


ηp(t) →

1
bp
F
e
3(t). Recalling β̂1p(t) →

1
1−θ

T
e l

θ e and θ
T
e l is scalar, we obtain

β̂T
1pηp(t) →

1
bp
F
e
3(t). This proves part (b) of Theorem 1. �

4. Simulation

We use time-domain sea-keeping code AEGIR provided by
Navatek/APS, to solve hydrodynamic forcing imparted to vessels
(Connell et al., 2011). The general inputs of AEGIR for the
simulation are 3D CAD models and parameters of the vessels,
connection type and configuration of the ships and finally wave
model with heading angle. In the scenario, the cargo is transferred
from a Large, Medium-Speed Roll-on/Roll-off (LMSR) type cargo
shipwhich is illustrated as amono hull to a surface effect shipwith
two hulls, over a connected ramp. The Rhino CAD program is used
to model hulls of the surface effect ship and LMSR. CAD models
are given in Fig. 4. Since the current software does not contain the
air cushion model, we add it with the designed controller during
simulation by using MATLAB interface code.

4.1. Configuration and parameters

The vessel parameters are shown in Table 1. The ramp has two
hinges that only allow pitch at each pivot point and is assumed to
be massless and rigid. The length of the ramp is 90 ft. We assume
the cargo transfer is performed in the side by side configuration.
We use a 1600 HP fan and approximately %15 of the deck is
considered as the louver in the simulations.
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Fig. 4. 3D Rhino model of hulls of surface effect ship and LMSR.
Table 1
The vessel parameters.

LMSR SES

Length (ft) 1,190 250
Beam (ft) 220 70
Weight (tons) 81,700 820
Roll gyradius (ft) 40 15
Pitch gyradius (ft) 200 50
Yaw gyradius (ft) 200 50

4.2. Sea states and wave modeling for simulation

A sea state (SS) is used to represent the general condition of an
ocean with respect to wind waves and swell at a certain location
andmoment. A sea state is characterized by statistics, including the
wave height, period, and power spectrum. Table 2 gives observed
relevant values for various sea states.

AEGIR uses a series of sine inputs provided by the user to repre-
sent a typical wave pattern which requires heading angle for each
sine wave and wave height, Hwave, which is given by, Hwave(x, t) =N

i=1 Ai sin(ωit + ki(Ut − x) + φi). While many models exist to
produce these sine waves, we use the Pierson–Moskowitz spec-
trum for fully developed wave conditions. The power for a given
wave frequency is given by Sp(ω) =

g28.1×10−3

ω5 exp

−βwind


ω0
ω


in Willard and Moskowitz (1964) where g is gravity, ω0 =

g
U19.5

with U19.5 being the wind speed 19.5 m above sea level and βwind
is function of the wind speed generating the waves. The peak fre-
quency is the dominant frequency over a range of frequencies com-
prising the wave front. The peak frequency, ωp, can be easily de-
termined by setting the derivative of the spectrum with respect
to the frequencies equal to zero. This approach gives us ωp =

ω0


4βwind

5

1/4
. ω0 is solved from ωp specified by the profile used.

The wind dependent value of βwind can be calculated from its de-
pendence on significant wave height, Hs. Since the problem spec-
ifies the fully developed wave characteristics, it allows us to use
the given formula, βwind =

3.11
H2
s ω0

, to calculate its value (Willard
& Moskowitz, 1964). Lastly, 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 por-
tion of the power spectrum to an amplitude related to the fre-
quency at that portion of the spectrum. For the simulation, we
break the spectrum down into 100 components and representing
the area between each frequency from 0 to 3 rad/sec, in steps of
0.03 with a single sine wave and using the rectangular method
to solve for integral area gives Ai = 2


Sp (ω0 + 0.03i) 0.03 for

i = 1, . . . , 100. Adding a random phase, φi, between 0 and 2π and
using the averagewavelength to calculatewave number completes
the requirements for the wave decomposition into sine waves. The
corresponding values are added to a table and imported into AE-
GIR. The wave output and further wave–wave interactions are all
handled internally within AEGIR.
Table 2
Sea state table values.

Wind speed
(Kts)

Sea
state

Wave height
(ft)

Average
period (s)

Aver. wave length
(ft)

10 2 2 3 26
15 3 4 4 52.5
19 4 7 5 92

5. Results

We implement the developed adaptive controller to our sim-
ulation platform by using AEGIR/MATLAB interface. Since we use
the Lyapunov function in the design of the controller and stability
proof of the closed loop system, the perfect estimation of the dis-
turbance is achieved only in the closed loop system with an actu-
ator which is not saturated. In Fig. 5, we give the simulation result
of the wave disturbance in heave with its estimation multiplied by
the correct value of bp without restricting the louver area. One can
observe that the controller achieves an estimation of the wave dis-
turbance perfectly in SS4 for the wave model which contains 100
distinct frequencies, although the controller is designed for only
single frequency wave disturbance. This feature of the controller
can be explained by using adaptive control theory and examining
the simulation result. Despite there being 100 distinct frequencies
in thewavemodel, thewavedisturbance has a dominant frequency
at around 0.18 Hz due to the characteristics of SS4 as given in Ta-
ble 2. Besides, due to the sine waves, some fluctuations in the am-
plitude of the disturbance are observed. While the adaptation of
β1p is handling this variation, the output of the designed filter, ηp
captures the slowly varying frequency in time. Thus, we achieve to
estimate the disturbance almost perfectly by using an 8th-order fil-
ter for the case where it contains 100 distinct frequencies, instead
of using a 800th-order filter.

We run three simulations without control in SS4, SS3 and SS2
in head seas. In the fourth simulation, the controller is turned on
after 300 s in SS4 and the louver area is saturated at 2500 ft2. The
results of the simulations are given in Figs. 6–8.

From Fig. 6(a) and (c), one can observe that the controller
achieves good reduction for smallerwaves. However, there are lim-
itations in damping larger positive waves due to the restricted lou-
ver area. Although the controller opens all the louvers and uses the
maximum control effort for the case when a large wave hits, it is
still not enough to reduce the pressure inside the air cushion and
provide sufficient damping. Thus, large positivewave lifts SESwith
the pressure inside the air cushion. Comparing the results of the
uncontrolled case in SS3 and SS2 given in Fig. 6(b) and (d), the con-
troller is able to reduce the effects of SS4 waves to those of a vessel
in SS3 and SS2 waves. In other words, the control has the effect of
the sea calming from a wave height of 7 to 2 ft.

Heave of SES, excess pressure inside the air cushion and the lou-
ver area between 662 and 680 s are given in Fig. 7. Although the
controller opens all the available louver area at around 663 and
671 s when a high positive wave starts lifting the ship, it is not
enough to damp all the effect of thewave disturbance in heave due
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(a) The wave disturbance in heave and its estimation in SS4. (b) Error between disturbance and its estimation in SS4.

Fig. 5. The wave disturbance estimation in heave in SS4.
(a) Heave of SES in SS4, the controller is turned on at 300 s. (b) Heave of SES in SS3 without control.

(c) Heave of SES in SS4 without control. (d) Heave of SES in SS2 without control.

Fig. 6. Heave of SES for different sea states with and without control in head seas.
to the limited louver area.We also present the relative verticalmo-
tion of the ramp edges connected to the SES and LMSR in Fig. 8. As it
is observed, the controller achieves a significant reduction in ramp
oscillation.
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Fig. 7. Heave, excess pressure inside the air cushion and louver area of SES between
662 and 680 s.

Fig. 8. Relative vertical motion of the ramp edge at SES with respect to the edge at
LMSR in SS4, the controller is turned on at 300 s.

6. Conclusion

We design an air cushion actuated controller to estimate and
cancel the wave disturbance and stabilize the heave of the SES and
reduce the oscillation of the ramp which connects LMSR and SES
to each other to perform cargo transfer. We assume that heave
rate, heave acceleration and the pressure itself are available for
measurement and all system parameters are uncertain.We use the
louver area as the main actuator of the system to regulate the air-
flow rate into the air cushion. The developed controller achieves to
significant reduction in smaller waves but there are limitations for
larger positive waves due to the restricted louver area.We demon-
strate the effect of our control design on the oscillation of ramp and
heave of SES for the side by side configuration in simulations, using
a time-domain seakeeping code, named AEGIR.
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