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Ofshore wind turbines (OWTs) are considered vital to the promotion of the development of renewable energy. Especially, foating
OWTs can be deployed over a larger area than bottom-fxed OWTs. Te foating OWTs, however, are vulnerable to vibration
induced by disturbances and require a backup power supply in the case of power outage. On the one hand, various kinds of
inerter-based devices have been proposed especially for vibration suppression of civil structures subjected to earthquake loadings.
Recently, combined with electromagnetic devices, the inerter technologies have also been applied in the feld of vibration energy
harvesting such as point absorber wave energy converters. Tus, this paper proposes a novel foating OWT consisting of two
bodies combined with inerter-based power take-of (PTO) devices which accomplishes vibration suppression and wave energy
conversion at the same time. To investigate the vibration suppression and energy conversion capabilities of the proposed foating
OWT with a variety of inerter-based PTO devices for ocean waves, numerical simulation studies employing WEC-Sim are
conducted, and the performance of each system is compared for regular and irregular waves. Results show that the proposed
foating OWTwith the appropriately designed inerter-based PTO devices for the incident wave period has great potential for both
vibration suppression and wave energy conversion in a specifc frequency range.

1. Introduction

In recent decades, social demand for renewable energy has
been increasing worldwide due to concerns about global
warming and depletion of fossil fuels. Wind power is ex-
pected to be one of the most promising renewable energy
sources; however, the land area on which wind turbines can
be built is limited. Terefore, ofshore wind turbines
(OWTs), which can harness the vast ofshore wind power,
have been attracting attention [1–4], and the OWTs can be
divided into two categories: bottom-fxed and foating
OWTs. Although the development of the bottom-fxed
OWTs has progressed considerably and its practical appli-
cation has already been achieved, the bottom-fxed ones can

only be installed in waters up to about 50meters deep. On
the other hand, while the foating OWTs can be constructed
in deeper waters, this type is still in the development stage,
and there are many issues to be resolved for practical use.

One of the challenges of the foating OWTs to be
addressed is the platform oscillation due to disturbances
such as winds and waves. Te same challenge can be seen in
other civil structures subjected to earthquake loadings, and
one of the strategies that have received the most attention in
the feld of structural vibration control recently is inerter
[5, 6]. Originally, the inerter has been proposed by Smith [7]
for vibration suppression in automobiles, and it produces
a force proportional to the relative acceleration across its two
terminals. Te proportional constant between the force and
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the relative acceleration is called inertance, which has the
same physical unit as mass. It should be also noted that
a large inertance can be realized easily through a ball screw
or a rack and pinion from relatively small actual masses.
Some inerter-based devices have already been applied to
structures on the ground, and their applications to foating
structures such as foating OWTs for vibration suppression
are currently being studied. For example, Hu et al. [8] in-
vestigated the structural control performance of various
kinds of inerter-based devices located at the nacelle part by
using the FAST-SC code [9]. Zhang and Fitzgerald [10]
installed a tuned mass damper-inerter (TMDI) at a location
close to the tip of each blade for the mitigation of edgewise
blade vibrations, and the TMDI and a tuned mass damper
fuid-inerter (TMDFI) are also applied by Sarkar and
Fitzgerald [11, 12]. Moreover, Zhang and Høeg [13] applied
a rotational inertia double-tuned mass damper (RIDTMD)
to a spar-type foating OWT.Ma et al. [14, 15] also examined
the heave motion mitigation of a semisubmersible platform
with the inerter technologies.

In addition, the inerter-based devices are applied to
energy harvesting from vibrations of structures. So far,
various kinds of inerter-based devices utilizing electro-
magnetic machines, such as electromagnetic inertial mass
damper (EIMD) [16, 17], tuned inertial mass electromag-
netic transducer (TIMET) [18, 19], and electromagnetic
tuned inerter damper (E-TID) [20], have been developed.
Te EIMD consists of an inerter and a motor which are
arranged in parallel. In the TIMET, a spring is connected to
the EIMD to increase the energy absorption capability by
taking advantage of the resonance efect of the inerter. Te
E-TID also consists of an inerter, a spring, and a motor as
well as the TIMET, and the confguration of these elements are
diferent from that of the TIMET: the spring and the motor are
parallelized and the inerter is added in series with them. Te
energy harvesting potential of these devices were already
shown, and particularly, a point absorber wave energy con-
verter (WEC) employing the TIMET was introduced by the
frst author [21–24], showing that the mechanism of the
TIMET was able to increase the wave energy absorption ca-
pability compared to the conventional WEC.

On the other hand, hybrid systems combining foating
OWTs with various kinds of WECs [25, 26] such as torus
[27–30], point foater [31], fap-type [32], oscillating water
column [33], and wavestar-type [34, 35] have been proposed
to harness both wind and wave energy. Te common
concept of these studies is to submerge WEC devices in
water, and these devices are designed to mitigate the vi-
bration of the foating OWT by absorbing the wave energy.

Te aim of this paper is to present a novel spar-type
foating OWT incorporating electromagnetic inerter-based
devices as power take-of (PTO) systems to achieve further
improvements in the performance of power generation and
structural control for wave disturbances and to assess and
compare these performances through numerical simulation
studies using WEC-Sim (Wave Energy Converter SIMula-
tor) [36]. Unlike the other WEC devices introduced in the
literature, in the proposed system, the spar-type foating
OWT is separated into two parts: the submerged body and

the superstructure, and is modeled as a two-degree-of-
freedom (2DOF) in the heave direction. Ten, these two
bodies are connected by an elastic body, which can be
modeled by a linear spring, and a PTO system combined
with the inerter technologies. Te spring stifness is adjusted
intentionally so that the second mode of the foating buoy
itself amplifes the vibration, and then the PTO system is
designed and installed so that the vibration energy is
absorbed efectively and the amplifed vibration being
suppressed due to the second mode.

Tis article is organized as follows: frst of all, analytical
models for the proposed systems are developed and the re-
sponse amplitude operators (RAOs) are calculated to examine
the displacement response of the heave direction. Subsequently,
numerical simulation studies for regular and irregular waves
are carried out on a spar-type foating OWT model created
based on the OC3 [37, 38] model, which is developed by the
National Renewable Energy Laboratory (NREL). Finally,
conclusions obtained from this research follow.

2. Problem Formulation

Tis section introduces the mechanism of the proposed
foating OWT. Moreover, four types of PTO systems, three
of which are coupled with electromagnetic inerter-based
devices, for wave energy conversion and vibration sup-
pression are reviewed briefy. Ten, analytical models
considering only the heave motion are derived, and the
power generation of the PTO system is defned.

2.1. Floating OWT. Te schematic diagram of the present
foating OWT is illustrated in Figure 1. A typical spar-type
foating OWT is shown in 1(a) where the whole structure
consisting of a nacelle, a tower, and a platform can be
modeled as a single rigid body. Also, any additional damping
devices are not installed on the model shown in Figure 1(a).
Generally, the natural period of a spar-type OWT in the
heave direction is much longer than the wave period to avoid
the resonance with incident waves. While as can be seen in
Figure 1(b), the foating OWT proposed in this research is
developed by separating the conventional foating OWTinto
two parts, submerged body and superstructure. Te sub-
merged body is a hollow platform and the superstructure is
composed of the nacelle, tower, and platform. Part of the
tower of the superstructure reaches into the interior of the
hollow platform, and these two parts are connected by an
elastic body and the PTO system, allowing each part behaves
separately in the heave direction. Te inherent damping also
exists between the two parts. Te concept of this foating
OWT is developing a system consisting of two separate
structures, which can be modeled as a 2DOF system in the
heave direction. Te proposed system is designed so that its
second mode matches with the period of the incident waves.
Ten, the vibration energy excited resonantly in the second
mode is absorbed by the PTO systems to harvest sufcient
electrical energy from wave-induced vibration and to sup-
press the response of the foating OWT simultaneously
without amplifcation due to the second mode.
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Te analytical model considering only the heave motion
is shown in Figure 1(c). Te displacements of the submerged
body and the superstructure are defned as z1 and z2, re-
spectively. Let the force produced by the PTO system be fe,
then the equations of motion of the submerged body and the
superstructure are given as follows:

m1€z1 + c _z1 − _z2( 􏼁 + ca _z1 + k z1 − z2( 􏼁 � fe + fw, (1)

and

m2€z2 − c _z1 − _z2( 􏼁 − k z1 − z2( 􏼁 � −fe, (2)

respectively, wherem1 is themass of the submerged body,m2 is
the mass of the superstructure, k is the stifness of the elastic
body inserted between the submerged body and the super-
structure, c is the unavoidable inherent damping coefcient
caused between them, and ca is the additional linear damping
coefcient considered in [38]. Furthermore, fw is the hy-
drodynamic force acting of the submerged body, which is
described based on the linear potential wave theory [39, 40] by

fw � fa + fb + fc, (3)

where fa is the excitation force, fb is the hydrodynamic
force due to buoyancy, and fc is the radiation force.

Te relationship between the excitation force in the
heave direction fa and the amplitude of the incident wave
a(t) is given in the frequency domain using a transfer
function F(ω)a,3 as

􏽢fa(ω) � Fa,3(ω)􏽢a(ω), (4)

where 􏽢f(ω) denotes the Fourier transform of
a function f(t).

Assume that the submerged body is a tapered cylinder as
shown in Figure 1 and its diameter at the water level is D. Tus,
the hydrodynamic force fb becomes a linear function of z1 as

fb � −Kwz1, (5)

where

Kw � ρgπ
D

2
􏼒 􏼓

2
, (6)

and g is gravitational acceleration and ρ is the sea water
density.

Finally, the radiation force fc is given by

􏽢fc � −A33(ω)􏽢€z1 − B33(ω)􏽢_z1, (7)

where A33(ω) and B33(ω) are the added mass and the ra-
diation damping in the heave direction of the
submerged body.

2.2. PTO Systems. To absorb the vibration energy and
convert it to electrical energy, PTO systems are installed
between the submerged body and the superstructure of the
foating OWT introduced above. Tis paper investigates the
three kinds of inerter-based electromagnetic devices, i.e.,
EIMD, TIMET, and E-TID. For comparison, an ordinary
PTO system without an inerter mechanism is examined as
well. Te models of these four PTO systems are depicted in
Figure 2.

2.2.1. Electromagnetic Device without Inerter (2DOF).
When the PTO system without an inerter as shown in
Figure 2(a) is installed between the submerged body and the
superstructure, the device force becomes

fe � CPTO _z2 − _z1( 􏼁, (8)

where CPTO is the damping coefcient of the motor for the
PTO system. Tus, equations (1) and (2) can be written as

Nacelle

Tower

Platform

Water level

D

(a)

Superstructure

Submerged
body

(b)

k
fw

m2

m1

z2

z1

c

ca

PTO
system

(c)

Figure 1: Floating ofshore wind turbine: (a) schematic illustration of a spar-type foating ofshore wind turbine, (b) schematic illustration of
the separated system, and (c) analytical model of the separated system.
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m1€z1 + c + ca + CPTO( 􏼁 _z1 − c + CPTO( 􏼁 _z2 + kz1 − kz2 � fa + fb + fc,

m2€z2 − c + CPTO( 􏼁 _z1 + c + CPTO( 􏼁 _z2 − kz1 + kz2 � 0,
(9)

respectively.
Substituting, equations (4), (5), and (7) and taking the

Fourier transform of these equations gives

X(ω)
􏽢z1

􏽢z2
􏼢 􏼣 �

Fa,3(ω)

0
􏼢 􏼣􏽢a(ω), (10)

where each element of X is given as

X11 � k + Kw − ω2
m1 + A33(ω)( 􏼁

+ jω c + ca + CPTO + B33(ω)( 􏼁,

X12 � −k − jω c + CPTO( 􏼁,

X21 � X12,

X22 � k − ω2
m2 + jω c + CPTO( 􏼁.

(11)

Tis case is referred to 2DOF model in this article.

2.2.2. Electromagnetic Inertial Mass Damper (EIMD).
Ten, the EIMD [16, 17] shown in Figure 2(b) is applied. In
the same way as the 2DOFmodel, the device force is given by

fe � mi €z2 − €z1( 􏼁 + CPTO _z2 − _z1( 􏼁. (12)

Te system still can be expressed as a 2DOF system, and
the equations of motion are given by

m1 + mi( 􏼁€z1 − mi€z2 + c + ca + CPTO( 􏼁 _z1 − c + CPTO( 􏼁 _z2 + kz1 − kz2 � fa + fb + fc,

−mi€z1 + m2 + mi( 􏼁€z2 − c + CPTO( 􏼁 _z1 + c + CPTO( 􏼁 _z2 − kz1 + kz2 � 0,
(13)

respectively.
Te Fourier transform of these equations has the same

form as equation (10); however, each element ofX is given as

X11 � k + Kw − ω2
m1 + mi + A33(ω)( 􏼁

+ jω c + ca + CPTO + B33(ω)( 􏼁,

X12 � −k + ω2
mi − jω c + CPTO( 􏼁,

X21 � X12,

X22 � k − ω2
m2 + mi( 􏼁 + jω c + CPTO( 􏼁.

(14)

2.2.3. Tuned Inertial Mass Electromagnetic Transducer
(TIMET). A model for the foating OWT with the TIMET
[18, 19] shown in Figure 2(c) is developed. Let the de-
formation of the inerter be zi and consider the equilibrium

of force in the TIMET. Ten, the force produced by the
TIMET can be expressed as

fe � kt z2 − z1 − zi( 􏼁 � mi€zi + CPTO _zi. (15)

Substituting (15) into equations (1) and (2) yields

m1€z1 + c + ca( 􏼁 _z1 − c _z2 + k + kt( 􏼁z1

− k + kt( 􏼁z2 + ktzi � fa + fb + fc,
(16)

and

m2€z2 − c _z1 + c _z2 − k + kt( 􏼁z1 + k + kt( 􏼁z2 − ktzi � 0, (17)

and rewriting equation (15) gives

mi€zi + CPTO _zi + ktz1 − ktz2 + ktzi � 0. (18)

CPTO

(a)

mi CPTO

(b)

mi

kt

CPTO

(c)

kt

CPTO

mi

(d)

Figure 2: PTO system models: (a) electromagnetic device without inerter, (b) electromagnetic inertial mass damper (EIMD), (c) tuned
inertial mass electromagnetic transducer (TIMET), and (d) electromagnetic tuned inerter damper (E-TID).
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Tus, the degree of freedom for this system
becomes three.

Taking the Fourier transform of equations (16)–(18)
gives

X

􏽢z1

􏽢z2

􏽢zi

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ �

Fa,3(ω)

0

0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦􏽢a(ω), (19)

where each element of X is given as

X11 � k + kt + Kw − ω2
m1 + A33(ω)( 􏼁

+ jω c + ca + B33(ω)( 􏼁,

X12 � − k + kt( 􏼁 − jωc,

X13 � kt,

X21 � X12,

X22 � k + kt − ω2
m2 + jωc,

X23 � −kt,

X31 � X13,

X32 � X23,

X33 � kt − ω2
mi + jωCPTO.

(20)

2.2.4. Electromagnetic Tuned Inerter Damper (E-TID).
Finally, the E-TID [20] shown in Figure 2(d) is installed on
the foating OWT. As in the previous TIMET case, the
system becomes a three-degree-of-freedom model, and the
device force for the E-TID is expressed as

fe � kt z2 − z1 − zi( 􏼁 + CPTO _z2 − _z1 − _zi( 􏼁 � mi€zi, (21)

where zi is the displacement of the inerter as in the TIMET
case. Ten, the equations of motion are as follows:

m1€z1 + c + ca + CPTO( 􏼁 _z1 − c + CPTO( 􏼁 _z2 + CPTO _zi + k + kt( 􏼁z1 − k + kt( 􏼁z2 + ktzi � fa + fb + fc, (22)

m2€z2 − c + CPTO( 􏼁 _z1 + c + CPTO( 􏼁 _z2 − CPTO _zi − k + kt( 􏼁z1 + k + kt( 􏼁z2 − ktzi � 0, (23)

and

mi€zi + CPTO _z1 − CPTO _z2 + CPTO _zi + ktz1 − ktz2 + ktzi � 0.

(24)

Te Fourier transform of equations (22)–(24) has the
same form as equation (19), and each element ofX is given as

X11 � k + kt + Kw − ω2
m1 + A33(ω)( 􏼁

+ jω c + ca + CPTO + B33(ω)( 􏼁,

X12 � − k + kt( 􏼁 − jω c + CPTO( 􏼁,

X13 � kt + iωCPTO,

X21 � X12,

X22 � k + kt − ω2
m2 + jω c + CPTO( 􏼁,

X23 � −kt − jωCPTO,

X31 � X13,

X32 � X23,

X33 � kt − ω2
mi + jωCPTO.

(25)

2.3. Power Generation Objective. To assess the power gen-
eration capability, the power generated by the PTO system is
defned here. Let the back-EMF constant of the motor of the

PTO system be Ke, and assume the relationship between the
current and the voltage of the motor to be

i(t) � −
v(t)

R
, (26)

where R is the electrical resistance of the circuit including
the internal resistance or coil resistance in the motor.
Tus, the damping coefcient of the motor, CPTO, is given
by [41]

CPTO �
K

2
e

R
. (27)

Tis equation shows that CPTO is variable by controlling
the electrical resistance.

Te absorbed mechanical energy by the PTO system is
defned as

Pa �
CPTO _z1 − _z2( 􏼁

2
, for 2DOF andEIMD,

CPTO _z
2
i , for TIMET andE-TID.

⎧⎨

⎩ (28)

Strictly speaking, to calculate the generation power, the
power loss caused by the internal resistance or coil resistance
in the motor should be considered. However, with a motor
of this size, the power loss is negligibly relative to the
absorbed power.Terefore, for the sake of brevity, the power
generation is defned as the absorbed energy, i.e.,
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Pg � Pa. (29)

Moreover, the average power generation from time 0 to
tf is defned as

Pg �
1
tf

􏽚
tf

0
Pgdt. (30)

3. Numerical Simulation

In this section, numerical simulation studies are performed
using WEC-Sim to evaluate the structural control perfor-
mance and the wave energy conversion efcacy of the
proposed system to various wave inputs. WEC-Sim is an
open-source code developed in MATLAB/Simulink [42] for
simulating the behaviors of WECs.

3.1. Parameters. Te parameters for the spar-type foating
OWT are decided based on the OC3 whose total length is
210m developed by the NREL [37, 38] and are summa-
rized in Table 1. Since the detailed shape of the OC3
platform is not given in the literature, this research as-
sumes that the part that submerged in the water is
a perfect cylinder except for the tapered portion of the
platform and that the mass distribution of this part is
uniform. Tese assumptions lead to an error in buoyancy;
thus, the parameters in Table 1 are slightly diferent from
the values in the literature to adjust the draft depth in
static equilibrium state.

Te transfer function vector for the wave excitation force
Fa(ω), added mass matrix A(ω), and radiation damping
matrix B(ω) for the WEC-Sim simulation are produced by
the WAMIT software [40].

3.2. PTO System Design. To examine the efect of the
inertance and the damping coefcient of the inerter-
based PTO systems shown in Figure 2 on the vibration
response and power generation efcacy, three diferent
values for mi and CPTO, respectively, are adopted, and
then nine cases (Case A through Case I) summarized in
Table 2 are applied for each PTO system. Te stifness of
the spring kt used in the TIMET and E-TID is fxed to
a constant value and given in Table 2 as well. Tese values
are determined by trial and error so that the response
amplitude operator (RAO) [43] introduced later is
suppressed to waves with a period of around 10.0 s
successfully. Note that the 2DOF model have neither
a spring nor an inerter; thus, for the 2DOF model, cases
A, B, and C are identical, and similarly cases D, E, and F
and cases G, H, and I are identical, respectively. Also note
that the EIMD device does not have a spring.

3.3. Response Amplitude Operator (RAO). Prior to per-
forming the analysis in WEC-Sim, the RAO [43] for the
heave direction is derived here. Te RAO is a transfer
function showing the relationship between the incident wave
amplitude and the response displacement amplitude in the

frequency domain. Let the inverse of X(ω) derived in the
previous section be X(ω), then the RAO for the super-
structure when the abovementioned four devices are in-
stalled on the foating OWT can be expressed as

􏽢z2(ω)
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌

|􏽢a(ω)|
� X21(ω)Fa,3(ω)

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌, (31)

where X21 is the element of the second row and frst column
of X(ω).

Te RAOs obtained from equation (31) are shown in
Figure 3 as well as the single-degree-of-freedom (SDOF)
model for comparison, in which the submerged body and
superstructure are rigidly connected without any PTO
systems, i.e., the original spar-type foating OWT, as shown
in Figure 1(a).Temass of the SDOFmodel is assumed to be
m1 + m2. Note that the RAOs for the SDOF model in all
cases in Figure 3 are identical. As stated previously, for the
2DOFmodel, the RAOs for cases A, B, and C, cases D, E, and
F, and cases G, H, and I are identical, respectively, because
the 2DOF model does not have an inerter.

It is observed in Figure 3 that the 2DOFmodel increases
the RAO compared to the SDOF model due to the exci-
tation in the second mode as intended. Ten, it can be
confrmed that the foating OWT with the inerter-based
PTO systems such as EIMD, TIMET, and E-TID have the
potential of suppressing the RAO and that the efective
period range depends on the inertance value. Especially, the
TIMET and the E-TID work well and show better per-
formance than the SDOFmodel in the specifc period range
due to the additional spring, while these PTO systems have
a risk of increasing the RAO outside the intended period
range. From these results, a mechanism that controls the
inertance for the EIMD, TIMET, and E-TID according to
the change of the incident wave period is considered very
promising.

Table 2: Parameters for the PTO systems.

kt (N/m) mi (kg) CPTO (Ns/m)

Case A 200,000 200,000 70,000
Case B 200,000 300,000 70,000
Case C 200,000 400,000 70,000
Case D 200,000 200,000 100,000
Case E 200,000 300,000 100,000
Case F 200,000 400,000 100,000
Case G 200,000 200,000 130,000
Case H 200,000 300,000 130,000
Case I 200,000 400,000 130,000

Table 1: Parameters for the foating OWT.

Parameter Value
m1 7,399,000 kg
m2 697,460 kg
c 10,000N/m
ca 130,000N/m
k 250,000N/m
ρ 1,025 kg/m−3

D 6.5m
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Figure 3: Comparison of RAO: (a) Case A (mi � 200, 000 kg and CPTO � 70, 000Ns/m), (b) Case B (mi � 300, 000 kg and
CPTO � 70, 000Ns/m), (c) Case C (mi � 400, 000 kg and CPTO � 70, 000Ns/m), (d) Case D (mi � 200, 000 kg and CPTO � 100, 000Ns/m), (e)
Case E (mi � 300, 000 kg and CPTO � 100, 000Ns/m), (f ) Case F (mi � 400, 000 kg and CPTO � 100, 000Ns/m), (g), Case G (mi � 200, 000 kg
and CPTO � 130, 000Ns/m), (h) Case H (mi � 300, 000 kg and CPTO � 130, 000Ns/m), and (i) Case I (mi � 400, 000 kg and
CPTO � 130, 000Ns/m).
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3.4. Time History Analysis in WEC-Sim. Time history re-
sponse analysis is conducted employingWEC-Sim here. Te
wave excitation force, added mass, and radiation damping
obtained by WAMIT are used. Regular and irregular waves
with a duration of 1000 s are input as incident waves. Al-
though the proposed systems aim to suppress vibration of
the foating OWT in the heave direction, the infuences in
other directions are examined. Te analytical model

developed for the WEC-Sim simulation studies is assumed
to be symmetric; thus, without loss of generality, the analysis
in WEC-Sim can be constrained to three directions: heave,
pitch, and surge. For the simulation, the coordinates (x, y, z)
of the center of gravity of the submerged body and the
superstructure are set to (0, 0, −89.9m) and (0, 0, 64.0m),
respectively, and the pitching moments of inertia are
42.3 × 108 kg·m2 and 7.0 × 108 kg·m2, respectively. Note that

x: Surge

z: Heave

y: Sway

Roll

Pitch

Yaw

Incident wave
direction

Figure 4: Coordinate system and incident wave direction.

Table 3: RMS response values and average power for the regular waves with a height of 6.0m and a period of 9.0 s.

Case Heave Pitch Surge Avg. power
(×10− 1 m) (×10− 2 deg) (×10− 1 m) (kW)

SDOF 1.27 3.42 3.60 0

2DOF
A, B, and C 3.95 3.42 3.60 9.30
D, E, and F 3.38 3.42 3.60 9.36
G, H, and I 2.95 3.42 3.60 8.77

EIMD

A 1.24 3.42 3.60 2.23
B 0.716 3.42 3.60 1.36
C 0.413 3.42 3.60 0.911
D 1.24 3.42 3.60 2.89
E 0.760 3.42 3.60 1.83
F 0.479 3.42 3.60 1.25
G 1.25 3.42 3.60 3.36
H 0.808 3.42 3.60 2.21
I 0.547 3.42 3.60 1.55

TIMET

A 1.09 3.42 3.60 3.37
B 1.04 3.42 3.60 2.18
C 1.38 3.42 3.60 1.52
D 1.46 3.42 3.60 4.44
E 1.30 3.42 3.60 2.96
F 1.52 3.42 3.60 2.09
G 1.78 3.42 3.60 5.24
H 1.56 3.42 3.60 3.60
I 1.68 3.42 3.60 2.60

E-TID

A 0.489 3.42 3.60 0.815
B 0.640 3.42 3.60 1.13
C 1.16 3.42 3.60 1.36
D 0.585 3.42 3.60 1.07
E 0.645 3.42 3.60 1.47
F 1.11 3.42 3.60 1.76
G 0.676 3.42 3.60 1.25
H 0.649 3.42 3.60 1.72
I 1.06 3.42 3.60 2.05
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the coordinate system in WEC-Sim is defned as shown in
Figure 4, in which the origin is placed on the water line and
the incident wave direction defned in the same direction as
the x-axis is also depicted.

3.4.1. Regular Wave. To investigate the performance for
diferent wave periods, regular waves with a period of 9.0 s,
10.0 s, and 11.0 s are used as incident waves. Te wave height
of these waves is set to 6.0m. Tese conditions are de-
termined with reference to various literature [37, 38, 43].Te
RMS (root mean square) response values of the heave, pitch,
and surge of the superstructure calculated by WEC-Sim for
1000 s are summarized as well as the average power gen-
eration calculated by equation (30) in Tables 3–5. In par-
ticular, the heave response ratio to the SDOF model and the
power generation are compared in Figure 5. Moreover, the
time histories for 100 s of the heave response and power
generation for Case E to each input are compared in
Figures 6–8, respectively.

From Tables 3–5 and Figure 5, the same trend as in
Figure 3 can be confrmed for the heave direction, i.e., the
inerter-based PTO systems show great potential for heave
response reduction in the specifc period range when the
PTO parameters are appropriately designed. For example,

for the waves of period 10.0 s, cases C, F, and I of the EIMD,
cases B and C of the TIMET, and cases of B, C, E, F, H, and I
of the E-TID are superior to the SDOF model in the heave
response. Especially, the PTO system utilizing the E-TID
works better than the other systems in reducing the heave
response when the parameters of the device are well matched
to the incident wave period, while the E-TID has a risk of
amplifying the heave response drastically to the unexpected
incident wave period and is inferior to other schemes in
power generation efciency. Tus, it can be found out that
the E-TID is very sensitive to the time period of the incident
waves. Tis corresponds to the results reported in [44].
Hence, the inertance value of the E-TID should be designed
carefully. Moreover, it can be found that the proposed
systems utilizing an inerter have little efect on the responses
in the pitch and surge directions.Tese results also show that
a more efective system for vibration suppression over
a wider period range can be developed if the inertance is
variable and controllable based on the incident wave period.
Also, it is observed that the power generation performance
of the systems with the inerter-based PTOs is not as good as
that of the 2DOF system, even when the response is reduced
successfully. Tis is because the response reduction depends
not only on energy absorption but also on the input energy

Table 4: RMS response values and average power for the regular waves with a height of 6.0m and a period of 10 s.

Case Heave Pitch Surge Avg. power
(×10− 1 m) (×10− 2 deg) (×10− 1 m) (kW)

SDOF 1.74 0.715 3.82 0

2DOF
A, B, and C 8.61 0.781 3.83 23.8
D, E, and F 6.40 0.750 3.82 18.1
G, H, and I 5.15 0.737 3.82 14.6

EIMD

A 3.28 0.721 3.82 7.02
B 1.90 0.716 3.82 3.73
C 1.11 0.715 3.82 2.25
D 3.03 0.722 3.82 7.97
E 1.88 0.717 3.82 4.68
F 1.17 0.715 3.82 2.97
G 2.81 0.722 3.82 8.16
H 1.86 0.717 3.82 5.26
I 1.24 0.716 3.82 3.51

TIMET

A 2.29 0.719 3.82 7.04
B 1.38 0.716 3.82 3.74
C 1.53 0.715 3.82 2.25
D 2.64 0.721 3.82 7.98
E 1.82 0.716 3.82 4.69
F 1.78 0.715 3.82 2.97
G 2.90 0.721 3.82 8.17
H 2.18 0.717 3.82 5.26
I 2.04 0.715 3.82 3.51

E-TID

A 1.74 0.715 3.82 1.45
B 0.530 0.715 3.82 1.46
C 1.16 0.715 3.82 1.46
D 1.87 0.715 3.82 1.97
E 0.669 0.715 3.82 1.97
F 1.16 0.715 3.82 1.97
G 2.02 0.715 3.82 2.40
H 0.803 0.715 3.82 2.41
I 1.15 0.715 3.82 2.41
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to the foating OWTs from the waves. As explained pre-
viously, the inerter-based PTOs are designed so that the
response is reduced, leading to less input energy and less
power generation. However, the proposed systems realize
that wave energy conversion is not possible with the con-
ventional SDOF model in addition to the response
reduction.

Te time histories of the heave response and the power
generation for 100 s to each regular wave input are compared
in Figures 6–8, respectively. Generally, the wave height is
defned as the vertical distance between the crest and the

trough of a wave, so it is equivalent to twice the amplitude of
the sinusoidal wave. Taking this into account, the heave
responses in time histories agree very well with the RAO, as
shown in Figure 3.

3.4.2. JONSWAP Spectrum Wave. Ten, irregular waves
with the JONSWAP spectrum [43] are employed to evaluate
the proposed system.Te JONSWAP spectrum inWEC-Sim
is defned as [36]

SJS(f) �
H

2
1/3
4

(1 − 0.287 ln(c)) 1.057fp􏼐 􏼑
4
f

− 5 exp −
5
4

fp

f
􏼠 􏼡

4
⎡⎣ ⎤⎦c

α
, (32)

Table 5: RMS response values and average power for the regular waves with a height of 6.0m and a period of 11.0 s.

Case Heave Pitch Surge Avg. power
(×10− 1 m) (×10− 2 deg) (×10− 1 m) (kW)

SDOF 2.25 6.82 3.77 0

2DOF
A, B, and C 8.86 6.82 3.77 14.3
D, E, and F 7.44 6.82 3.77 14.0
G, H, and I 6.38 6.82 3.77 12.9

EIMD

A 8.30 6.83 3.78 22.3
B 5.00 6.82 3.77 11.6
C 2.93 6.82 3.77 6.10
D 6.50 6.83 3.77 18.6
E 4.42 6.82 3.77 12.1
F 2.83 6.82 3.77 7.28
G 5.39 6.82 3.77 15.6
H 3.97 6.82 3.77 11.6
I 2.74 6.82 3.77 7.79

TIMET

A 4.79 6.82 3.77 14.1
B 2.35 6.82 3.77 6.87
C 1.80 6.82 3.77 3.65
D 4.50 6.82 3.77 12.3
E 2.83 6.82 3.77 7.47
F 2.25 6.82 3.77 4.47
G 4.34 6.82 3.77 10.5
H 3.16 6.82 3.77 7.38
I 2.62 6.82 3.77 4.89

E-TID

A 6.72 6.82 3.77 4.66
B 1.28 6.82 3.77 2.38
C 0.996 6.82 3.77 1.82
D 6.99 6.82 3.77 6.45
E 1.56 6.82 3.77 3.30
F 1.10 6.82 3.77 2.53
G 7.34 6.82 3.77 8.10
H 1.84 6.82 3.77 4.15
I 1.21 6.82 3.77 3.17
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Figure 5: Comparisons of the RMS heave response ratio to the SDOF model and the average power generation for the regular waves: (a, b)
with a height of 6.0m and a period of 9.0 s, (c, d) with a height of 6.0m and a period of 10.0 s, and (e, f ) with a height of 6.0m and a period of
11.0 s.
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Figure 6: Comparisons of the time histories of Case E for the regular wave of height 6.0m and period 9.0 s: (a) heave and (b) power.
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Figure 7: Comparisons of the time histories of Case E for the regular wave of height 6.0m and period 10.0 s: (a) heave and (b) power.
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Figure 8: Comparisons of the time histories of Case E for the regular wave of height 6.0m and period 11.0 s: (a) heave and (b) power.
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Figure 9: JONSWAP spectrum.

Table 6: Results for the JONSWAP spectrum.

Case Heave Pitch Surge Avg. power
(×10− 1 m) (×10− 2 deg) (×10− 1 m) (kW)

SDOF 1.22 5.88 2.90 0

2DOF
A, B, and C 3.93 5.81 2.75 5.80
D, E, and F 3.05 5.81 2.51 4.36
G, H, and I 2.91 5.99 2.86 5.32

EIMD

A 2.82 6.31 3.06 2.71
B 2.53 6.25 3.27 2.22
C 2.35 5.85 3.07 1.63
D 2.36 6.11 2.85 2.72
E 2.20 6.11 2.92 2.31
F 1.92 5.68 2.43 1.50
G 2.01 5.70 2.32 2.18
H 1.79 5.83 2.58 1.85
I 1.65 5.98 2.81 1.74

TIMET

A 1.95 5.78 2.54 2.35
B 1.61 5.79 2.54 1.87
C 1.45 5.93 2.85 1.54
D 1.88 5.71 2.55 2.81
E 1.70 6.13 2.89 2.66
F 1.57 5.85 2.90 1.94
G 1.77 5.81 2.57 2.81
H 1.80 6.09 3.15 3.25
I 1.50 5.81 2.51 1.69
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Table 6: Continued.

Case Heave Pitch Surge Avg. power
(×10− 1 m) (×10− 2 deg) (×10− 1 m) (kW)

E-TID

A 4.40 6.08 3.03 1.19
B 5.57 5.84 2.39 2.22
C 1.18 5.81 2.69 1.15
D 4.14 6.01 2.95 1.40
E 4.67 6.26 2.89 2.47
F 1.24 5.75 2.85 1.52
G 3.76 5.80 2.59 1.26
H 4.15 6.10 2.62 2.34
I 1.31 6.02 2.86 1.77

H1/3 � 7.0m, Tp � 9.0 s, and c � 5.

Table 7: Results for the JONSWAP spectrum.

Case Heave Pitch Surge Avg. power
(×10− 1 m) (×10− 2 deg) (×10− 1 m) (kW)

SDOF 1.55 9.62 2.93 0

2DOF
A, B, and C 4.95 9.36 2.58 6.94
D, E, and F 4.50 9.57 2.83 7.54
G, H, and I 4.08 9.55 3.18 7.28

EIMD

A 3.71 9.53 2.71 4.01
B 3.40 9.58 3.10 3.37
C 2.95 9.55 2.72 2.37
D 3.34 9.65 2.71 4.31
E 2.98 9.62 2.92 3.80
F 2.54 9.50 2.88 2.57
G 3.00 9.65 2.75 4.50
H 2.66 9.53 2.97 3.88
I 2.30 9.57 2.83 2.49

TIMET

A 3.01 9.53 3.28 5.26
B 2.18 9.52 2.70 2.57
C 1.96 9.51 2.62 1.94
D 2.79 9.74 2.76 4.48
E 2.18 9.59 2.79 3.05
F 1.98 9.45 3.01 2.34
G 2.67 9.57 2.81 4.25
H 2.25 9.58 2.85 3.31
I 2.03 9.66 2.65 2.34

E-TID

A 6.60 9.79 2.73 2.12
B 3.87 9.73 2.75 1.59
C 4.19 9.56 2.75 1.80
D 6.15 9.81 2.87 2.58
E 3.70 9.61 2.81 2.07
F 3.70 9.62 2.65 2.00
G 5.44 9.51 2.58 2.15
H 3.44 9.67 3.04 2.45
I 3.39 9.63 2.83 2.38

H1/3 � 7.0m, Tp � 10.0 s, and c � 4.07.
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where H1/3 is the signifcant wave height, fp is the peak wave
frequency (� 1/Tp), Tp is the peak wave period, f is the wave
frequency, and the peak-shape parameter exponent, α, is
defned as

α � exp −
f/fp − 1

�
2

√
σ

􏼠 􏼡

2
⎡⎣ ⎤⎦, σ �

0.07 forf≤fp,

0.09 forf>fp.

⎧⎪⎨

⎪⎩
(33)

Te other peak-shape parameter, c, is determined based
on the following equation:

c �

5 for
Tp
����
H1/3

􏽰 ≤ 3.6,

exp 5.75 − 1.15
Tp
����
H1/3

􏽰􏼠 􏼡 for 3.6<
Tp
����
H1/3

􏽰 ≤ 5,

1 for 5<
Tp
����
H1/3

􏽰 .

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(34)
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Figure 10: Comparisons of the RMS heave response ratio to the SDOF model and the average power generation for the irregular waves:
(a, b) H1/3 � 7.0m, Tp � 9.0 s, and c � 5 and (c, d) H1/3 � 7.0m, Tp � 10.0 s, and c � 4.07.
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In this study, two irregular waves produced by the
abovementioned equations are used as JONSWAP spectrum
waves. Te frst one has a signifcant wave height of 7.0m
and a peak wave period of 9.0 s, and the second one has
a signifcant wave height of 7.0m and a peak wave period of
10.0 s. Te peak-shape parameter, c, of each case becomes 5
and 4.07, respectively, from equation (34). Te spectra of
these two JONSWAPwaves are compared in Figure 9, which
shows that the JONSWAP spectrum contains
broadband waves.

In the same way as with the regular waves, the RMS
responses and average power are summarized in Tables 6
and 7, the heave response ratio and power generation are
compared in Figure 10, and the time histories of the
heave response and power generation are shown in
Figures 11 and 12. As can be seen, the proposed systems
utilizing the inerter-based PTO systems deteriorate the
heave response in most cases compared to the SDOF
model. Tis is because the irregular waves contain the
waves in the period range where the PTO system does not
suppress the heave response, as shown in Figure 3.
Particularly, the E-TID did not work at all to the waves
with a peak wave period of 10.0 s due to the long-period
or low-frequency wave components included in the
JONSWAP spectrum. However, considering the addi-
tional beneft of the WEC and the fact that the heave
response does not deteriorate signifcantly, the EIMD and
the TIMET still have sufcient advantages over the

conventional foating OWT even to waves containing
broadband components.

4. Conclusions

Tis article introduced the novel foating OWTcoupled with
inerter-based PTO systems. To investigate the efectiveness,
the three well-known confgurations of the electromagnetic
inerter-based devices, i.e., EIMD, TIMET, and E-TID, were
applied to the PTO system for the spar-type foating OWT
separated into two parts. Numerical simulation studies
implemented in WEC-Sim showed that the inerter-based
PTO systems worked well on the present foating OWT to
improve its structural vibration suppression in the heave
direction and wave energy harvesting capabilities when the
parameters of the PTO systems were appropriately designed
for the particular incident wave period. In other words, the
performance was highly dependent on the incident wave
period and the inertance value; thus, it was observed that the
proposed system had a risk of deteriorating the structural
control performance for waves with unexpected periods.

To address this issue, not only optimal design methods
for the present OWT but also variable inerter mechanisms,
which can change the inertance value, should be developed
and applied to the inerter-based PTO systems for future
work. Tis improvement is especially necessary for the E-
TID, which is sensitive to the inertance value. In addition, to
control both inertance value and damping coefcient of the
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Figure 11: Comparisons of the time histories of Case E for the JONSWAP spectrum (H1/3 � 7.0m, Tp � 9.0 s, and c � 5): (a) heave and
(b) power.
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(b) power.
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PTO system for better performance, algorithms based on
feedback control strategies using the measured wave data
on-site to adapt the change of the dominant period of the
incident waves should be developed. Moreover, other types
of foating OWTs such as semisubmersible type should be
used for the proposed inerter-based PTO systems, and their
structural control performance in the pitch and surge di-
rections when not only waves but also wind loadings are
applied should be evaluated as well. Finally, experimental
verifcation is also necessary to show the efcacy of the
proposed systems and fnd out practical difculties.
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