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ABSTRACT: This study investigates the hydrodynamic performance and wave-energy extraction capabilities of an articulated
floating-plate wave-energy converter (WEC) consisting of multiple hinged segments. Using linear potential flow theory and the
boundary-element method, we solve the boundary-value problem in two equivalent formulations: velocity potential and
hydrodynamic pressure. The articulated structure is modeled using generalized modes that capture relative rotations at the
hinges. For power absorption, we assume a linear power take-off (PTO) system at each hinge and analytically derive the
optimal absorbed power in two-segment configurations. To demonstrate the accuracy of the implementation, the numerical
results are validated against experimental data of a single plate and benchmark solutions for hinged systems. The results
reveal a strong dependence of optimal capture efficiency on the hinge position of two-segment plates, with peak values
exceeding unity when the hinge is shifted toward the upwave side following the zero-crossing locus of the imaginary part of the
intrinsic admittance. Therefore, the hinge must be appropriately placed for maximizing the energy extraction in raft-type WECs.

KEYWORDS: wave-energy converter, articulated floating plate, generalized modes, boundary-element method, power take-

off optimization

1 Introduction

Wave energy is a promising renewable energy resource owing to its
high energy density, strong predictability, and widespread
availability across global coastlines [1-3]. Being less seasonally
variable and more temporally consistent than other renewable
energy sources such as solar and wind, wave energy is an attractive
candidate for reliable, continuous power generation [4]. Over the
past few decades, attenuator-type devices have emerged as diverse
wave-energy converters (WECs) with high power-capture
capability and suitability to large-scale offshore deployment. These
devices are typically aligned parallel to the direction of wave
propagation, where they can effectively “ride” the waves, with their
principal axis perpendicular to the wavefront [5]. From a power-
capture perspective, attenuator WECs are classified into two main
types: hinged-float-based devices and flexible-tube-based devices,
each employing a different energy-conversion mechanism [6].
Hinged-float-based attenuators, often referred to as “raft’-type
devices, comprise a series of semi-submerged articulated floaters.
Wave action induces a relative pitch motion between the floaters,
which is converted into useful energy via a power take-off (PTO)
system, usually located at the connecting hinges. Typical historical
and contemporary prototypes include the Cockerell raft [7], the
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McCabe wave pump [8], and the Pelamis [9], which reached a high
level of technological readiness but remained commercially
challenging. Other examples are DEXA [10], Seapower Platform
[11], and the M4 device [12], which explores multi-float
configurations with the optimized geometry and float sizes to
broaden the wave-frequency spectrum of effective power capture.
The more recent Mocean energy device [13] analyzes unique shape
designs that both improve the performance of the device and
enhance its survivability in large waves.

In contrast, flexible-tube-based attenuators, also known as “bulge
wave” devices, utilize a fully submerged, water-filled flexible tube. A
passing wave generates a pressure wave, or “bulge”, that propagates
along the tube. This internal bulge wave is then harnessed to drive a
turbine at the device’s end, consistent with the Anaconda concept
[14], or is captured by a distributed PTO system, such as the
electroactive polymers employed in the WEC S3 prototype [15].
Whereas hinged-float attenuators have been widely prototyped,
flexible-tube-based devices remain in an earlier developmental stage
owing to the difficulties of implementing effective control systems
and designing durable, manufacturable materials.

The dynamics of attenuator WECs in waves (particularly those
of hinged-float-based WECs) have been extensively evaluated in
theoretical and numerical simulation studies. Many of these efforts
aimed to optimize the energy-capture characteristics of attenuator-
based WEC systems. The two-raft WEC is a long-standing
foundational model for understanding the inherent complex
hydrodynamics and optimization challenges of attenuator-based
WECs. Applying the wave radiation-diffraction method in both the
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time and frequency domains, Zheng et al. [16] conducted a
dynamic analysis of a two-raft wave-energy conversion device. They
determined the influences of the key parameters (cylindrical raft
length, axis ratio of the elliptical cross-section, PTO damping
coefficients, and others) on the wave-energy capture factor. Jin et al.
[17] and Han et al. [18] evaluated the dynamics and energy-capture
performances of two-body raft WECs using the open-source time-
domain simulation tool WEC-Sim, developed by the National
Renewable Energy Laboratory and Sandia National Laboratories in
2014. Their numerical work was complemented with physical
experimental results. In addition, a deep operator learning model
called DeepONet accurately captures the WEC dynamics after
training on the experimental data of a hinged-raft WEC [19].

Maximizing the power absorption in two-float wave energy
systems has also garnered considerable interest. Early theory
established that the maximum power is determined by the
difference between the wave excitation power and radiated power
[20]. However, these ideal conditions tend to translate into
complex, unrealizsable PTO systems rather than into practical
designs. A more practical optimization method theoretically isolates
the PTO parameters and predicts the maximum absorption using
unitary transformations and block matrix inversion, while
accounting for relative pitch-motion constraints [21]. Subsequent
research has expanded beyond identical floats into more realistic
scenarios, investigating the impacts of float length ratios [22] and
structural flexibility [23]. PTO modeling has also evolved from
simple linear dampers to sophisticated representations of nonlinear
hydraulic systems consisting of a nonlinear column damper [16]
and a nonlinear stiffness mechanism with passive phase-control
strategies, providing efficient operation across varying sea states
[24]. Underpinning these advances are high-fidelity computational
tools such as computational fluid dynamics, which capture
nonlinear effects and validate system hydrodynamics [25,26].

Recent trends have shifted toward more integrated and
intelligent approaches. For example, wave-to-wire modeling
frameworks couple hydrodynamic, mechanical, and electrical
dynamics for a more holistic system analysis [27]. Machine learning
is increasingly being applied to power prediction [28] and advanced
control strategies such as declutching and latching control [29]
enable dynamic optimization of energy capture. Moreover, the
research scope has broadened from isolated WECs to multi-
purpose structures, such as hybrid WEC-breakwaters [26] and
arrays of multiple hinged modules [30], indicating the progression
of this field toward practical, large-scale deployment.

Employing the generalized mode technique, we here investigate
the wave power absorption of an articulated floating plate, a model
design of hinged modular solar farms. Traditionally, such hinged
structures are modeled using the Lagrange multiplier technique,
which treats each float as an independent unit constrained at the
joints (e.g., see Refs. [16,17,23]). This method, however, incurs
relatively high computational costs that escalate with increasing
number of floats. More efficiently, the generalized mode technique
models the entire assembly as a single structure, capturing the
relative motion between adjacent floats through a series of
generalized nodes. This approach predicts the system’s dynamic
response and power absorption characteristics with sufficient
accuracy within a substantially reduced computational time.

The remainder of this paper is organized as follows. Section 2
presents the problem statement and the boundary-value problem.
Section 3 details the hydrodynamic analysis, including the
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boundary element method with the free-surface Green function
and the two equivalent integral-equation formulations (potential
and pressure forms), and the generalized-mode treatment of
articulated bodies. Section 4 derives the expressions for wave-
energy extraction, PTO modeling, the optimal damping condition,
and the non-dimensional absorbed power. Section 5 validates the
numerical implementation on both single and hinged plates, and
thoroughly discusses the influence of hinge position on the optimal
power absorption of two-segment rectangular plates. Finally,
Section 6 summarizes the key findings and presents recom-
mendations for future work.

2 Statement of the problem

Consider a series of N floating plates connected by hinges and
subjected to incident ocean waves. We define a three-dimensional
coordinate system Oxyz in which the Oxy plane coincides with the
undisturbed free surface and the Oz axis points positively upward.
Each pair of adjacent plates is joined by a hinge located at x = X,
where n=1,2,...,N—1, as illustrated in Fig. 1. The horizontal
extent of the structure is defined as

P=JP. P.={xpX.<x<X:-B,<y<B}, (1)

n=1
with B, defined as a function of x € [X,, ;, X, ], written as

bn - bn—l bn Xn—l + bn—IXn

= x 2)
Xn - er—l Xn - Xy,,l

n

PTO is achieved through damping devices installed along the
hinges.

Assuming a potential flow, there exists a velocity potential @
satisfying the Laplace’s equation V>@ = 0. In time-harmonic flows,
the temporal dependence can be separated and @ is expressed as

y
Plate 1 Plate 2 Plate N
b, by

X X X Xy Xy

PTO dampers 2

AN

Figure 1 Schematic of an articulated floating-plate system consisting of N
plates connected by hinges.
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(D(xvyv Z, t) = Re[(/’(xvyvz)eiiwr]v (3)

where t denotes time, and w is the angular frequency. Within the
linear framework, the spatial potential ¢ can be decomposed as
follows [31]:

¢:¢I+¢S+¢R7 (4)

where ¢, ¢, and ¢,, denote the incident-wave, scattering, and
radiation potentials, respectively. The diffraction potential is then
written as ¢, = ¢, + ¢, and the incident-wave potential is written
as [31]

¢I _ 7gz(z)eiko(xcosﬁ+ysin/3)’ (5)

w

where A denotes the incident-wave amplitude, g denotes
gravitational acceleration, and S is the wave heading angle with
respect to the positive x-axis. In Eq. 5, Z(z) is the vertical mode
function written as

in deep water,

ekgz
Z(z) = { coshlk,(z+h)] . . (6)
~cosh () in finite water depth,

where k, is the wavenumber satisfying the dispersion relation
w? =gk, in deep water and w’ = gk,tanh(k,h) at finite water
depth. Here, the deep-water wavenumber is defined as K= w?/g.
In the limit # — o, we have k, = K

The following kinematic and dynamic conditions are satisfied on
the lower side of the floating plate:

¢

5, = low (7)
and
p=iwpp—pgw, )
N
pimn P

where p is the water density.

3 Hydrodynamic analysis

The boundary-value problem outlined in Section 2 is solved using
the boundary element method (BEM). This study uses two
alternative boundary-integral formulations: the potential and
pressure formulations.

3.1 Potential formulation

The potential formulation applies the boundary-integral equation
directly to the velocity potential on the ﬂoating—plate surface:

amg(x KH $(x)G(x,x)dS = x)ds, (9)
where x = (x,y,z) and X' = (x,y,7) denote the field and source
points, respectively, S is the lower wetted surface of the floating
plate, and G(x,x') is the free-surface Green function that satisfies
the linear free-surface boundary condition and the radiation
condition [32,33]. This study adopts the free-surface condition
d.G = KG, where K = w?/g. Because the floating plate has a small
draft, the boundary-integral equation (Eq. 9) contains no irregular
frequencies [34].

The unknown in Eq. 9 is either the scattering potential ¢, or the
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radiation potential ¢, . The vertical derivative of the potential (right-
hand side of Eq. 9) is determined by the body boundary condition.
In the diffraction problem, the body boundary condition is
expressed as

9¢s _ 9%

9 oz 10
where ¢, denotes the incident-wave potential given by Eq. 5.

The radiation problem decomposes the radiation potential into a

sum of motion modes

=-iw) X.4,, (11)

where X,, is the complex motion amplitude in mode m, and ¢, is
the corresponding potential per unit velocity. Based on the
kinematic boundary condition given by Eq. 7, ¢, satisfies the
following body boundary condition:

99,
Jz

where w,,(x) is the generalized-mode function [35], defined as

=w,(x), (12)

1 m=0,
Wa(x) =1 |x—x,] 1<m<N-—1, (13)
x m = N.

Figure 2 illustrates the generalized modes of a three-hinged plate.

3.2 Pressure formulation

Combining the kinematic and dynamic conditions on the floating-
plate surface, Eq. 9 can be reformulated as a boundary-integral
equation in terms of fotal pressure. As described in Ref. [36], the
boundary-integral equation is then reformulated as

H po(¥

for the diffraction problem, and

- %f Pu(*)G(x,x)dS

G(x,x')dS = iwp¢,(x) (14)

= —pgwn (%) (15)

for the radiation problem.
a b
c d

N

Figure 2 Generalized modes of three interconnected plates: (a) heave
mode; (b) and (c) generalized tent modes; (d) pitch mode.
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3.3 Hydrodynamic loads

The hydrodynamic loads acting on the floating plates arise from
both the radiation generated by the wave motion and the
diffraction of incident waves. The added mass A,, and wave-
radiation damping B,,, satisfy

A +iwB,, = % Hspg-“ w,, dS = pﬂs ¢ w,dS. (16)

Likewise, the wave-excitation force associated with wave diffraction
in mode m is

e = [ pownds=—ipo [[ (9, + ¢ w,ds.  (17)

4 Wave-energy harnessing

The incident-wave energy is converted to useful power through the
relative motions of the hinged plates, which drive the PTO dampers
installed at the joint locations. The hydrodynamic response of the
system is governed by the following coupled motion equation:

ZU—-F™ =F*, (18)

where U denotes the complex velocity vector associated with each
generalized mode, and Z represents the combined hydrodynamic
impedance defined as

Z=B-io(MtA-2). (19)

Here, M denotes the mass matrix, and C is the hydrostatic restoring
matrix. The PTO mechanism imparts a force

F™ =_DU, (20)

with D being a diagonal damping matrix defined as

D = diag(0, i, As, ..., Ay 1, 0). (21)

D reflects the absence of PTO actuation in rigid-body modes.
In Eq. 19, the elements of the mass matrix M and the hydrostatic
restoring matrix C respectively take the classical forms [35]

M, =m, ﬂ Wy () w, (x) S, (22)

Con = pg IJ; w,, (x) w,(x) dS, (23)

where w,, and w, are mode-shape functions associated with the
hinged-plate motions.

Wave power is harnessed through the hydrodynamic force,
which comprises both the wave-excitation force and the radiation
force:

F* =F" 4 (iwA—B)U. (24)

The corresponding time-averaged power absorbed by the PTO
system is

W= %Re{[F“Y"r U}

1
=-UDU

[F*]'[(Z+D)']'D(Z+D)'F*, (25)

N = N

(B 7% 2w | Sci@pen

where (-)" denotes the Hermitian transpose. As indicated by these
expressions, power absorption is maximized when the PTO
impedance is appropriately matched to the hydrodynamic
response.

Following the block-matrix inversion approach of Ref. [37], the
absorbed power is rewritten as

W= %f*(Y"'JrA)”A(YJrA)"f, (26)
where

A =diag(A, Ay, Ayy)- (27)
The reduced impedance matrix Y = [Y,,,] and modified excitation
vector f= {f,} are respectively defined as

 ZoZow  ZonZox
Zw  Zw

Yom = Zm forn,m=1,2,--- ,N—1, (28)

Zoy per

)N { =12,--- ,N—1 29
ZOD 0 ZNN N orn Pt ) ( )

Jo=F"=

In this formulation, only the internal deformation modes
contribute to energy capture.

In a system consisting of two hinged plates, only one internal
mode contributes to power absorption. The time-averaged
extracted power then reduces to

1 AP
=- 30
2 Yy + A (30)

The present study considers a configuration of two hinged plates,
the simplest articulated system allowing a closed-form solution of
the optimal PTO damping and the corresponding wave-power
extraction. In systems with more than two hinged plates,
hydrodynamic coupling between multiple hinged modes leads to a
fully coupled impedance matrix and a closed-form solution
becomes mathematically intractable. Noad and Porter [38] showed
that an exact analytical solution is unavailable for a configuration
composed of three-hinged plates. Instead, they obtained the ranges
for optimal PTO damping.

Equation 30 indicates a trade-off between PTO damping and
hydrodynamic impedance. The energy extraction is optimized
when the PTO damping coefficient is tuned to A, = |Yy|. Under
this impedance-matching condition, the optimal absorbed wave
power is [37]

i
Wp=———7—5- 31
"= ARel¥) %] ey
The theoretical upper bound
_ AP
W = SRe(Yy) (32)

is attained when the hydrodynamic impedance becomes purely
real, ie, Im(Y,) =0.

To assess the performance of the system, the extracted power is
normalized by the incident-wave energy flux per unit width [31]

_ pgA? . w 2k,h
Wine = G With ¢ { sinh(2k,h)

] . (33)

73 g:TkO

The non-dimensional capture factors are then given as
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kO { WopH vaax}
{nopl’ rlmax} - Winc N

(34)

Here, the optimal wave power refers to the best achievable
energy extraction under a given wave condition and structural
hydrodynamic response. The wave power is optimized by tuning
the PTO damping to match the magnitude of the complex
hydrodynamic impedance. The theoretical upper bound, in which
the hydrodynamic impedance becomes purely real, corresponds to
the maximum wave power harnessed when the wave-excitation
force and structural velocity are perfectly in phase.

5 Results and discussion

Before presenting the main results of the hinged-plate array, we
validate the accuracy of the developed numerical model by
comparing the predicted wave-induced motions of a single
rectangular floating plate with the experimental measurements
reported in [39].

The numerical-model setup is consistent with the experimental
configuration. The length and width of the rectangular plate are
20 =2.318 m and 2b=0.86 m, respectively, and the test-water
depth is h = 3.0 m. The surface density of the plate is uniform and
given by m, =42 kg m™ Figure 3 plots the heave and pitch
response amplitude operators of the plate versus non-dimensional
wavenumber kja. The results of the potential and pressure
formulations are almost identical, confirming the numerical
consistency. Moreover, both sets of numerical results follow the
experimental data across the entire range of wavenumbers. This
close match demonstrates the accuracy and reliability of the present
boundary-element implementation of single floating plates.

To further validate the generalized-mode model of hinged multi-
body systems, we consider the motion response of a rectangular
two-segment floating plate with an aspect ratio of a/b=2. The
hinge is located at the mid-length position (x, =0). The

a 20
—— Potential formulation
.5 e Pressure formulation
e  Experiments
=<
>~
= 1.0F =i,
= .
BN
0.5 P
e
has TSy g "“““*‘----L .
0.0y i 3 3 3 5 6
k()a
b 2.0
1.5
e
=
e B e (O
X .\‘:\.;
0.5 e
T
o,
eeeteitenna.
0.0y i 3 3 3 5 6
k()a

Figure 3 Comparison of numerical and experimental wave-induced
motions of a floating rectangular plate: (a) heave motion X and (b) pitch
motion X;. Comparison is made with the experimental results from
Ref. [39].
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hydrodynamic problem is solved through two independent
numerical implementations: the generalized-mode formulation
described in Section 2 with two rigid modes (heave and pitch) plus
the “tent” mode, and the Lagrange multiplier method that enforces
continuous vertical displacement at the hinge through constraint
equations. Liang and Chen [36] validated the latter approach
against the benchmark results of Ref. [40].

Figure 4 shows the non-dimensional amplitudes of vertical
motion and relative rotation at the hinge obtained from the
generalized-mode and Lagrange multiplier formulations. Both sets
of results coincide across the entire frequency range, demonstrating
the high numerical consistency between the two methods. At low
frequencies (Ka — 0), the two segments move almost as a single
rigid body with negligible relative rotation. As the frequency
increases, the hinge mode is progressively excited and both the
vertical motion and relative rotation exhibit pronounced peaks near
Ka = 2, indicating the excitation of a strong flexural response at
wavelengths comparable to the plate length. This satisfactory
agreement confirms the robustness of the present generalized-mode
implementation for articulated floating structures, laying the
groundwork for the power-absorption analysis.

The generalized-mode approach directly uses the natural modes
of the system, compactly representing its hinged-body motions,
inherently satisfying the kinematic constraints, and reducing the
computational cost. In contrast, the Lagrange multiplier method
includes additional equations for the constraints, allowing
straightforward handling of complex constraints. Overall, the
generalized-mode method is more efficient than the Lagrange
method and provides inherent mode insight, whereas the Lagrange
multiplier technique is flexible and straightforward.

We now examine wave-energy extraction from a rectangular
floating plate with an aspect ratio of a/b = 2. The plate, consisting
of two segments joined by a single hinge located at x =x,, is
deployed in deep water. The plate is assumed to be uniformly thick
with a mass distribution of m, =500 kg m™ Power is harnessed
through a linear PTO system installed at the hinge.

a 6
—— Lagrangian multiplier
“v ----- Generalised mode
IRl
4 I
< i
= [
w FAR
— / *
2 ./'”/ 3
\\._‘
% i 3 3 7} ST
Ka
b 6
= A
< it
o4 it
= {3
g /
< / ‘;
:l 2 /." "',
X S \\
7 ..
% i 2 3 45T
Ka

Figure 4 Motion responses at the hinge of a two-segment floating plate:
(a) vertical motion and (b) relative rotational motion.

77w | Sci@pen

7 Tsinghua University Pre


https://doi.org/10.26599/OCEAN.2026.9470020

OCEAN

Liang et al.

The contour plot in Fig. 5 shows the amplitude response of the
tent mode, which is associated with wave-energy harnessing. The
motion response peaks near k,a~ 2.0. The maximum response
amplitude decreases monotonically as the hinge location shifts from
the upwave toward the downwave side, demonstrating an
important role of hinge placement in the energy extraction.

The contour plot in Fig. 6 shows the distribution of the
normalized imaginary part of the intrinsic mechanical admittance
of the hinge mode, Im[Y,]/B,, as the non-dimensional
wavenumber ka and relative hinge position x,/a are varied. The
locus of Im[Y,,] = 0 is also plotted (solid black line). According to
linear wave-energy theory, the power absorption is maximized by
tuning the PTO damping until the imaginary part of the total

0.50 6
0.25
4
N
= 0.00
=
2
—-0.25
0

—0.500

koa

Figure 5 Amplitude response of the tent mode to non-dimensional
wavenumber koa and hinge lcoation x;/a.

0.50 X
0.25 I
<
= 0.00 0
a
~0.25 -1
V.
~0.50;

1 2 3 4 5 6
k()a

Figure 6 Distribution of Im[Yy]/By in the koa—x/a plane. The solid line
represents the zero crossing at which the wave-energy extraction is
maximized.

0.50

5
0.25 r4
3
S
< 0.00
=
L2
—025 "
Lo
00T 53 4 5 6

Figure 7 Distribution of non-dimensional wave-energy extraction 7, in
the kga-x/a plane.
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admittance at the hinge vanishes (meeting the optimal impedance-
matching condition). Therefore, the zero-crossing curve identifies
the hinge location at which the energy extraction from the two-
segment system is theoretically maximized at each wavenumber.

The contour plot in Fig. 7 presents the corresponding optimal
non-dimensional power-absorption efficiency 7, defined by Eq.
34, as kya and x,/a are varied. A pronounced ridge of high
absorption on the efficiency surface exactly follows the zero-
crossing line of Im[Y,] in Fig. 6, confirming the close link between
the intrinsic hydrodynamic properties and maximum achievable
performance of the hinged structure.

The plot is remarkably asymmetric with respect to hinge
position. Moving the hinge toward the upwave (leading) edge
(x,/a < 0) increases the peak values of the tent-mode amplitudes,
as illustrated in Fig. 5. Such enhancement translates to a remarkable
increase in wave-energy extraction, appreciably enhancing the
absorption over a wide frequency band. In comparison, placing the
hinge toward the downwave (trailing) edge (x,/a > 0) suppresses
the energy-extraction performance and the optimal capture factor
H, decreases over most of the spectrum. The sensitivity of hinge
location highlights the importance of positioning the power take-off
near the incident-wave side, where the vertical motion amplitude
and hence the relative rotation about the hinge are large. This
configuration maximizes the energy available for extraction.

6 Concluding remarks

A hydrodynamic analysis of an articulated floating-plate WEC was
implemented in a BEM with generalized modes, which efficiently
models the hinged structure. Potential and pressure formulations of
the boundary-integral yielded consistent results, both validated
against experimental and benchmark results.

Hinge position was found to play an essential role in optimizing
the power absorption of a two-segment raft. When the hinge is
asymmetrically placed toward the upwave side, the capture
efficiency is enhanced above unity over a broad frequency range.
Aligning the hinge locus with the zero-impedance condition
considerably enhances the performance without adding structural
complexity. Moreover, the generalized-mode approach is computa-
tionally scalable to multi-segment devices.

The applicability of this research extends beyond wave-power
absorption to studies of other marine structures such as floating
solar farms and breakwaters. We also plan to adapt the chain-type
hinge into a mesh layout in future work.

The present study is not without limitations. The hydrodynamic
analysis assumed linear potential flow theory, which neglects
viscous effects and nonlinear wave-structure interactions. The latter
are important for large-amplitude motions in high sea states.
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