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Abstract

To increase the amount of energy captured from a vibrating buoy in the
ocean with a simple mechanism, this paper proposes a two-body point ab-
sorber wave energy converter (WEC) with a tuned inerter. The tuned inerter
mechanism consists of a spring, a linear damping element, and a component
called inerter. This mechanism was originally proposed in the field of civil
engineering as a structural control device which can absorb energy from vi-
brating structures effectively by taking advantage of the resonance effect of
the inerter part. In addition to this mechanism where a generator is used
as the linear damping element, the current of the generator for the power
take-off system is controlled based on the algorithms proposed in literature
to achieve further improvement of the power generation capability. In this
research, a detailed analytical model of the proposed WEC is introduced and
developed. Then the power generation performances of full-scale WEC mod-
els are assessed through numerical simulation studies using WAMIT software
and it is shown that the current-controlled WEC with the proposed mech-
anism achieves an 88% increase compared to the conventional one for the
JONSWAP spectrum with 6 s peak period and 1 m significant wave height.

Keywords: wave energy converter, two-body point absorber, tuned inerter,
renewable energy, energy harvesting

1. Introduction

Ocean has been expected to be a promising renewable energy source since
more than 70% of the Earth’s surface is covered with oceans. However, com-
pared with other renewable energy sources such as wind and solar energy,
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ocean energy conversion technology has not yet shown a strong presence in
the renewable energy market. Since the concept of wave energy converter
(WEC) was introduced by a former Japanese naval commander, Yoshio Ma-
suda (1925-2009) [1], considerable effort has been devoted to develop a variety
of WECs [2, 3, 4, 5] to exploit wave power in the ocean effectively. And vari-
ous types of WECs proposed so far includes oscillating water columns [6, 7],
oscillating bodies [8, 9, 10], and overtopping devices [11, 12, 13]. Among these
devices, point absorbers consisting floating bodies are categorized as the os-
cillating body WEC and more expectations have been placed on this type of
WEC because of its availability in deep offshore regions and its extensibility
by arraying many buoys.

To improve the power generation performance of a conventional single-
body point absorber WEC, which has one floating buoy, the authors em-
ployed a tuned inerter mechanism [14, 15]. Originally, the tuned inerter
mechanism was proposed by [16] as a structural control device to absorb
vibration energy effectively from vibrating civil structures such as buildings
induced by seismic disturbances and to mitigate damage. This mechanism
consists of a tuning spring, a linear damping element, and an inerter [17].
The inerter is an element to produce a force proportional to the difference
between the accelerations of both ends and realized by devices such as a ball
screw and a rack and pinion. In the tuned inerter mechanism, the damping
element is installed in parallel with the inerter and these two elements are
connected to the spring in series. Thus, once the spring stiffness is tuned so
that the inerter resonates with the dominant frequency of the input vibra-
tion to the device, the deformation of the damping part is increased and the
vibration energy is dissipated more effectively.

The authors employed a generator or a motor as the linear damping
element in the tuned inerter mechanism and showed that the mechanism
enhances the ability to extract energy from vibrating structures at a low
frequency of less than 10 Hz [18, 19]. In addition, the authors proposed a
single-body point absorber WEC with a tuned inerter and the efficacy of
the present device was shown through numerical simulation studies [14] and
wave flume testing using a small-scale prototype model [15].

However, generally, the single-body point absorber WEC needs to be
connected directly to the ocean floor. While, a two-body point absorber
WEC [20, 21, 22, 23] consisting of a floating buoy and a submerged body is
just moored, not fixed to the sea bottom. Additionally, the two-body type
has the potential to improve the power generation capability more than the
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single-body type by designing the two bodies to achieve a greater relative
velocity between the two bodies.

The primary objective of this paper is to propose a two-body point ab-
sorber WEC with a tuned inerter. A detailed analytical model including
the coupled force between the two bodies for the proposed WEC and the
drag force is introduced and the equation of motion and the state-space rep-
resentation are developed. Then the energy harvesting performance for the
JONSWAP spectrum is assessed by comparing with a typical two-body point
absorber WEC without the proposed mechanism. Secondly, the effectiveness
of the current control of the generator for the power take-off (PTO) system
of the proposed WEC is investigated. As control algorithms, two controllers
proposed in [24], i.e., static admittance (SA) control and performance guaran-
teed (PG) control, are applied to capture more energy. The obtained results
of the numerical studies using WAMIT [25] are shown and conclusions gained

from this research follow.
A B
It should be noted that we make use of the short-hand G ~ { c D }
to imply G(s) = C[sI — A]7'B + D where A, B, C, and D are the state,
input, output, and feedthrough matrices of a state-space representation, re-
spectively, and f(w) denotes the Fourier transform of a function f(¢) in this
article. Also, note that j is the imaginary unit such that j?> = —1 and that

the expected value is denoted by £{-}.

2. Modeling

To implement numerical studies, the analytical model of the proposed
WEC is developed here as well as the models of the hydrodynamic forces,
drag forces, and the JONSWAP spectrum. For simplicity, we consider only
the heave direction as in the literature [20, 21, 23] because this motion be-
comes dominant for the power extraction of wave energy. Additionally, the
generated power is defined in this section. Note that the floating buoy and
the submerged body are indicated by 1st and 2nd bodies, respectively, in this
article.

2.1. Conventional two-body point absorber WEC

For comparison, a conventional two-body point absorber WEC consist-
ing a floating buoy (1st body) and a submerged body (2nd body) shown
schematically in Fig. 1 (a) is reviewed briefly first. A PTO system including
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(b)

Figure 1: Conventional two-body point absorber WEC: (a) Schematic illustration, (b)
Model.

a generator is placed between these two bodies. In this research, it is assumed
that the floating buoy has a circular cylinder shape with a diameter D; and
the submerged body is a sphere with a diameter Ds. Also, the distance be-
tween these bodies is hy at the static equilibrium position and these bodies
are connected by a spring whose stiffness is kpro.

The model of the conventional type is illustrated in Fig. 1 (b). Let
2k, (k = 1,2) be the displacement of the kth body and z, be the rotational
displacement of the generator. Then we have

Zg — 21 — %2 (1)
Hence the equation of motion of the floating buoy would be
maZ1 +mg(Z1 — Z2) + (¢s + Cpro) (21 — 22) + kpro(z1 — 22) = Fa1 + fua (2)

where m; is the mass of the floating buoy, m; is the inertance caused by the
generator itself, ¢, is the unwanted inherent mechanical damping coefficient
caused in the PTO system, Cpro is the damping coefficient of the generator.
Also, f,1 and F,; are the hydrodynamic force and the drag force acting on
the floating buoy, respectively.

While, the equation of motion of the submerged body is developed as

MaZy —ms(Z1 — Z2) — (¢s + Cpro) (21 — 22) — kpro(21 — 22) = Fyo + fuz (3)

where my is the mass of the submerged body and f,» and Fjyo are the
hydrodynamic force and the drag force on the submerged body, respectively,
similarly to the floating buoy.
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Figure 2: Two-body point absorber WEC with a tuned inerter: (a) Schematic illustration,
(b) Model.

2.2. Two-body point absorber WEC with a tuned inerter

Next, the proposed two-body point absorber WEC with a tuned inerter
shown in Fig. 2 (a) is considered. As can be seen, unlike the conventional two-
body type, a tuning spring whose stiffness is k; is added between the floating
buoy and the PTO system. Also, an additional rotational mass such as a
flywheel producing sufficiently large inertance mg is mounted intentionally
on the generator shaft.

The model of the present device is shown in Fig. 2 (b) and the equations
of motion of the device are derived as follows. In contrast to the conventional
type, Eq. (1) is not satisfied because the proposed system becomes a three-
degree-of-freedom system due to the tuning spring. Then, for this model, the
equations of motion of the floating buoy and the submerged body are given
by

miZ + kpro(z1 — 22) + k(21 — 22 — 25) = Fyq1 + fun (4)

MmoZs — kpro(21 — 22) — k(21 — 220 — 25) = Fyo + fue (5)

respectively. And considering the fact that the force of the tuning spring
equals the force of the PTO system, the equation of motion of the inerter is
derived as

msés + (Cs + C’PTO)zs = kt<zl — 22 — Zs) (6>



112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

2.3. Hydrodynamic force

The hydrodynamic force f, , acting on the kth body is described based
on the linear potential wave theory by

Jwk = Jag + for + fer (7)

where f, 5 is the excitation force, fy; is the hydrodynamic forces due to
buoyancy, and f. is the radiation force.

The relationship between the excitation force f, and the amplitude of
the incident wave a(t) is given in the frequency domain using a transfer
function F, x(w) as

far(w) = Fop(w)a(w) (8)

The hydrostatic force f,; on the cylindrical floating buoy becomes a linear
function of z; given as

D,

2
for = —Kyz1, K, =pgm (7) 9)

where ¢ is gravitational acceleration and p is the sea water density. While
the hydrostatic force of the submerged body is constant, thus f, 2 can be set
as

b2 =0 (10)

at the equilibrium position in the equation of motion.
Next, define I = 1,2, (I # k), then the radiation force f.x on the kth body
including the coupled force affected by the [th body is given by

for(w) = —(jwAp(w) + Brx(w))zx — (jwAu(w) + Bu(w))z (1)

where Ay, and By are the added mass and the radiation damping of the kth
body, and Ay, and By, represent the coupled added mass and the coupled
radiation damping from the /th body to the kth body.

2.4. Drag force

The drag force F,, acting on the kth body is modeled according to the
nonlinear Morison equation given by [26]

1 .
Fir = _EPSde,k|Zk|Zk (12)
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where Sy, is the characteristic area and Cyy, is the dimensionless drag coeffi-
cient. As stated before, in this research, the shapes of the floating buoy and
the submerged body are assumed to be a cylinder and a sphere, respectively,

thus we have D2 D2
i 7r
S = L S, = 2
YTy 2Ty
However, it would be cumbersome to deal with nonlinear equations in
the frequency domain, Eq. (12) is linearized under the condition of irregular

wave as (27, 26]

(13)

1 8 .
Fyr = —§PSde,k\/;0z'k2k (14)

where o, is the standard deviation of z;. While, in general, the drag force
of the floating buoy is negligible compared to the hydrodynamic force [28],
thus we assume that

Fi; =0 (15)

From, Eq. (14), the linearized drag force on the submerged body is given
with the viscous damping coefficient ¢, o by

. 1 8
Fao = —cyoza, Cpa= §p520d,2\/;0z'2 (16)

Hereafter, in this article, o is used to represent the standard deviation of 2
for simplicity.

2.5. Stochastic sea state model

In simple theoretical models of WECs, it is typical to assume the incident
waves to be regular. For a more realistic model, irregular waves are used with
time-domain analysis which requires much more computing time [4]. An
alternative method with less computation for modeling true sea states is the
stochastic modeling. We assume the wave amplitude a(t) to be a stationary
stochastic process with spectral density S,(w) which is characterized by the
JONSWAP spectrum [29] with its mean wave period T}, significant wave
height H,, and peak enhancement factor v expressed as

2

HS
Sa(w) = 3107TT14w5 exp [

—944
Thw?

} o (17)
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where

S (0.191wT1 — 1)2 0.07 :wTy <5.24 a8)
—= eX - , g =
P V20 0.09 :wTy > 5.24

The JONSWAP spectrum can also be represented by the peak period T,
using the well-known relationship 77 = 0.8347,,.

2.6. Power take-off system

In this study, the generator is assumed to be a three-phase permanent
magnet synchronous machine (PMSM). However, the three phase voltage
and current vectors can be transformed to ”quadrature components”. More
details on this transformation can be found in [24, 30]. Then, assuming an
ideal generator with linear behavior and minimal core loss results in linearity
between the back-EMF e and the velocity coupled with the generator Zz.
Therefore, the equation relating to e and Z, is given as

e = K.z, (19)

where K, is a constant associated with the back-EMF of the generator. By
reciprocity, the electromagnetic force and generator current ¢ has the follow-
ing linear relationship
Cprozs = — K.t (20)
In the case of single-directional converter used in [24], the input current
to the generator ¢ can be expressed as

1=—Ye (21)
where Y is the admittance of the generator restricted in ideal conditions by
[24]

Y €10,1/R] (22)
and R is the internal or coil resistance of the generator. Applying Eq. (21)
to Eq. (20) with Eq. (19) yields
Cpro = YK (23)
which expresses how the generator damping Cpro is controlled by the ad-
mittance Y.
The total power generation is defined as the extracted power minus the

electrical loss [10]. In this paper, we assume that the current-dependent loss
is resistive, i.e., Ri%, then we have the power generation as

P, = —ei — Ri® (24)

8
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3. State-space representation

In this section, to assess the power generation by the current controllers
under stochastic sea states, a state-space form [31] of the proposed WEC
augmented with the JONSWAP spectrum is developed. Also, the controllers
for the current of the generator for power generation are reviewed briefly.

3.1. Two-body point absorber WEC with a tuned inerter

Next, state-space representation for the proposed device is developed here.
As state-space representation for the conventional two-body WEC can be
developed in a similar way, its derivation is omitted.

Substitute the equations for the hydrodynamic and drag forces into Eqgs.
(4) and (5), then taking Fourier transform gives

{—w?(mi + A (w)) + jw(cn + Bii(w)) + (Ku + kpro + ki) } 21
+ {—w? A1 (w) + jwBis(w) — (kpro + ki) } 22 (25)
= F,1(w)a + kiZs
and
{—w® 451 (w) + jwBa (w) — (kpro + k) } 21
+ {—=w?(ma + Ass(w)) + jw(cps + Baa(w)) + (kpro + ki) } 22 (26)
= Fyo(w)a — kiZs

respectively. Hence, Egs. (25) and (26) can be combined and written in
matrix form as

Zu Zi| |2 | Faa] s ke | .
7z )= e 1) o
where
Zn(w) = —w(my + A (W) + jw(Bi(w)) + (Ky + kpro + ki)
Zm(&)) — —u}QAlQ(W) +ijlg(w) - (kﬁpTo —|— kt) (28)
Z21(w) = —W2A21<W) + jw321(w) — (kPTO + kt)
Zya(w) = —w?(mg + Age(w)) + Jw(cya + Bag(w)) + (kpro + kt)
Solving Eq. (27) for [ 22]T yields the expressions of form
21 = Ga71(w>& + Gz,l (w)és (29)
73’2 = GGQ(UJ)CAL + GZ,Q(CU)QS (30)

9
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When G, 1, G, 1, Ga2, and G 5 are approximated by finite-dimensional sys-
tems, we have representations as

Aa,l Ba,l Az,l Bz,l

Ga,l ~ |: Ca,l 0 :| ) Gzl |: Cz,l 0 :| (31>
Aa,? Ba,2 Az,2 Bz,?

Ga,? ~ |i Ca,2 0 :| ’ Gz2 ~ |: Cz,Q 0 :| (32>

It should be noted that the function F,x in Eq. (8) is non-causal which will
be problematic when approximating G,; and G,2 by a finite-dimensional
state-space. Therefore the technique of spatial delay proposed by Falnes [32]
is used, defining a(t) as the wave amplitude at a distance of d in front of the
buoy.

Once Egs. (31) and (32) are obtained by system identification techniques,
the identified systems Eqgs. (29) and (30) are represented in the time domain
as

X1(t) = Aixi(t) + Gia(t) + Eyz(t) (33)
1 (t) = Cp{l (t) (34)

where Ay, G, Eq, and C; are expressed by A, 1, Bs1, Co1, Aq, B, 1, and
C.,. and

Xg(t> = AQXQ(t)+G2a(t)+EQZS<t> (35)
22<t> = CQXQ(t) (36)

where Ay, Go, Eo, and C, are expressed by A, 2, B2, Cu2, A2, B, o, and
C. 2 as well.

Also, considering z; — 25 as an input, we have a state-space representation
about the tuned inerter part where the output is the velocity of the generator
as

%i(t) = Asxa(t)+ Built) + By(s1(t) — 2(1)) (37)
Cx, (t) (38>

N-
w
~—~
~
S~—
I

where the state vector is defined as x, = [zs ZS]T and

As—[_ok_t _1_] BS—{i}, E—{g] C,=[0 1] (39

ms ms ms

10
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Define the state vector as x;, = [XlT xJ XZ]T. Then we have a state-

space representation in which the inputs are the current ¢+ and the wave height
a and the output is the voltage e from Eq. (19) and Egs. (33) through (39)
as follows:

xp(t) = Apxp(t) + Bri(t) + Gpra(t) (40)

e(t) = ChXh<t) (41)

where Ay, By, Gy, and C;, can be composed of Ay, Ay, By, By, Gy, Go,
C17 C27 A37 B87 E87 and Cs-

3.2. JONSWAP spectrum

First, a state-space model of the wave amplitude is derived. We find a
finite-dimensional noise filter

A, | By,
Fy~ [ Au |B ] (42)
such that its power spectrum is close to the JONSWAP spectrum, i.e.,
S,(w) = |Fy(w)|?, for a unit intensity white noise input w(t). Then we
have
X, (t) = Auxy(t) +Byw(t) (43)
a(t) = Cuxy(t) (44)

According to the simplified procedure advocated by Spanos [33], F,, can be
approximated by a forth-order controllable canonical form of

0O 1 0 O 0
0O 0 1 0 0

A, = 00 0 1l B, = ol C,=1[0 0 ¢ 0] (45)
ay az a3 Qa4 1

where the filter parameters aq, as, as, as, and c3 are chosen to minimize the
mean-square error [~ (Sy(w) — |F,y(w)|?)?dw, while constraining a; through
a4 so that the system poles are in the open left half plane.

For example, Fig. 3 shows a JONSWAP spectrum for 7, = 6 s, H; = 1
m, v = 3.3 and its fourth-order finite-dimensional approximate system. We
can confirm in the figure that the fourth-order F,, estimates the JONSWAP
spectrum very well. It should be noted that H; =1 m, v = 3.3 are fixed in
the numerical simulation studies in this paper.

11
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Figure 3: JONSWAP spectrum with T,= 6 s, H;=1m, v = 3.3

3.3. Augmented system

Finally, combining Eqs. (40) and (41) with the stochastic sea state model
given by Eqs. (43) and (44) gives the augmented system where the external
disturbance input is white noise w(t) expressed as

where

[t o]

3.4. Controller

x(t) =

A, GG,

0

Ax(t) + Bi(t) + Gu(t)

To improve the power generation performance and to examine the effec-
tiveness of the current control on the proposed device, the current of the
generator i is controlled by the two control laws introduced in [24] which are
reviewed briefly here. Before we go any further, it should be noted that the
average of the generated power defined as Eq. (24) can be written as

using Eq. (47).

P, =—¢

g

{

X
]

“To icT
1c 'R

12

I

X
1

)

(49)

25
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3.4.1. Static admittance control

For the SA control, a constant feedback gain Y. restricted by Eq. (22) is
adopted so that the value defined by Eq. (49) is maximized. The method to
search for such a value is reviewed here.

From Egs. (21) and (47), the input current to the generator is expressed
as a function of the state variable x, i.e.,

i(t) = —Y,.Cx(t) (50)

Substituting Eq. (50) into Eq. (46) yields the closed-loop dynamics having
the form

x(t) = (A = Y.BC)x(t) + Guw(t) (51)
Let the average power by the SA control be P;A. Then for any time-invariant
Y. satisfying Eq. (22), it is a standard result that the power generation
objective can be written as [34]

PSA T
P)* = —tr[G"SG] (52)

where S = ST < 0 is the solution to the Lyapunov equation
(A-Y.BC)'S+S(A-Y.BC)+C"(-Y.+Y?’R)C =0 (53)

Y. must be less than or equal to 1/R, so the last term on the left-hand side
of Eq. (53) is negative-semidefinite for all Y.. Thus, since A — Y.BC is
asymptotically stable, the definiteness of S is assured by Lyapunov’s second
theorem [35]. Then the optimal value for Y, is chosen so that Eq. (52) is
maximized.

3.4.2. Performance guaranteed control

For comparison, the efficacy of time-varying gain Y based on the PG
control algorithm proposed in the literature is examined. This algorithm is
operated with a single-directional converter and the admittance Y becomes
a function of time varying within the range of Eq. (22) so that the generated
average power 15; G must be larger than PgSA, ie.,

pPre > pA (54)

In this algorithm, the admittance is controlled by

Y(t) = sat {9} (55)

01/R | e

13
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where ) .
K=-—(B'S+-C 56
R ( T3 ) (56)
Note that Y, is the constant value for the SA control. In this case, the current
7 is expressed by

iu(t) tige +i2R <0
i(t)=1¢ 0 tige+i2R >0 and i.e >0 (57)
—e(t)/R : otherwise

where

i, = Kx (58)

And the generated average energy would be
PrY = P + RE{ (i + Yee)® — (i — i)} (59)

which guarantees the inequality given by Eq. (54).

4. Numerical simulation

To verify the efficacy of the proposed two-body point absorber WEC, nu-
merical simulation studies are carried out in this section. First, the parame-
ter values of the model used here are developed, then the power generation
performance is assessed.

4.1. Model development

The parameter values for the two-body point absorber used here is deter-
mined based on the study conducted in [20], which are summarized in Table
1.

The added mass and the radiation damping of the floating buoy and
the submerged body calculated using WAMIT software [25] are shown in
Figs. 4 and 5, respectively. The magnitude and the phase of the transfer
functions given by Eq. (8) are shown in the figures as well. Moreover, the
coupled added mass and radiation damping acting on the floating buoy from
the submerged body, i.e., A;s and Bjs and vice versa, i.e., Ay and By are
shown in Fig. 6.

Then, from Egs. (27) and (28), the frequency response data for G, 1, G,.1,
Ga2, and G, o in Egs. (29) and (30) are calculated as depicted in Figs. 7 and

14
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Table 1: Parameter values for numerical simulation

Parameter Value ‘ Parameter Value
my 58,075 kg Mo 34,515 kg
D1 6.0 m D2 4.0 m
H; 25 m L 20m
h 400 m hg 20 m
ky 10,000 N/m kpTo 100,000 N/m
Cs 50 Ns/m Caz 0.1
R 25 Q p 1,027 kg/m?

8 by solid lines. Then, to express these in state-space form as expressed by
Egs. (31) and (32), G, and G, 2 are approximated with 5 zeros and 6 poles,
and G, with 2 zeros and 4 poles, and G, o with 4 zeros and 5 poles. These
numbers are chosen by trial and error so that the finite-dimensional models
shown by dashed lines approximate the frequency response data very well.
This derivation is carried out using MATLAB [36] in this research. Note that
the wave amplitude a(t) is taken to be the wave amplitude d = 10 m ahead
of the buoy in the propagation direction.

4.2. Inerter design

Next, the inertance mg for the proposed WEC needs to be designed. In
this study, this value is chosen so that the average power generation for the
JONSWAP spectrum with 7, = 6 s is maximized when the SA controller is
applied. While the damping coefficient of the drag force on the submerged
body given by (16) depends on the standard deviation of the velocity Zs.
Thus, the value m, is designed according to the flowchart as shown in Fig.
9 (a) here, in which o; and o; are standard deviations at the previous and
current iterations, respectively. This flowchart is made based on the method
to determine o; introduced in [26]. For this iteration process, the initial value
for o; is set to 09 = 0.1 m/s and the range for my is set between myy = 5,000
kg and m, = 10,000 kg and the best value is sought with respect to each
100 kg iteratively.

During the iteration, the standard deviation of Z5 is calculated simply
from

o? = GTS.G (60)
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Fa72(w).
where S; = ST > 0 is the solution to the Lyapunov equation
(A -Y.BC)'S; +S:(A - Y,.BC)+CIC:=0 (61)

and
22 = C;,;X (62)

Then, if the difference between the obtained o; and the previous value o
is larger than 0.001, the damping coefficient for the linearized drag force is
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recalculated using the newly obtained o; from Eq. (16). This procedure
continues until the value of the standard deviation converges enough. And
the average power for the SA control is calculated using the converged o
from Eq. (52)

The average power obtained in the process of the flowchart is plotted in
Fig. 10. As can be seen, the generation performance peaks at my = 6,900
kg, which is used for the numerical simulation studies.

4.3. Drag force model

The damping coefficient ¢, o for the linearized drag force acting on the
submerged body as expressed by Eq. (16) still needs to be obtained for
each peak wave period 7T,. The inertance value is set to m, = 6,900 kg as
determined before. Then we seek for the damping coefficient value for each
T, of the JONSWAP spectrum based on the flowchart shown in Fig. 9 (b).
This is referred to the flowchart in [26] as well as Fig. 9 (a). For the process,
o; is first set to oz = 0.1 m/s as well as before and ¢, - is investigated in
the range of the peak wave period 7}, from 2 s and 12 s, i.e., we set Tjy = 2
s and T, = 12 s.

The result for the case of the two-body point absorber with a tuned inerter
of my = 6,900 kg is shown in Fig. 11. We can find that ¢, s is much larger
than the radiation damping on the submerged body denoted by By and
confirm that the drag force on the submerged body should not be ignored.
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4.4. Results

Finally, the average power generations for the JONSWP spectrum with
the peak wave period from 2 s to 12 s are calculated from the parameter values
determined above.The results obtained from the SA and the PG controllers
are compared in Fig. 12 (a), in which the proposed point absorber WEC with
a tuned inerter and the conventional WEC cases are denoted by 2BwTT and
2B, respectively. The average power for the SA control cases can be given by
the closed form expressed by Eq. (52), however, for consistency with the PG
control cases, the average values shown in Fig. 12 (a) are calculated from Eq.
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36 (24) using the numerical simulation results for 100,000 s. The admittances for
37 the SA controller are compared in Fig. 12 (b) which shows the difference of
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the optimized admittance between the proposed and the conventional WECs.
For the assessment of the conventional WEC, the same parameters as the
proposed WEC are employed except that m, = 50 kg. As you can see in Fig.
12 (a), the proposed WEC shows the better power generation performance
than the conventional WEC in the wide range of the peak wave period 7}, even
though the effectiveness deteriorates in a certain range of the lower period.
Especially, the superiority of the proposed WEC is notable around 7, = 6 s
to which the inerter of the proposed WEC is designed to be tuned. Also, the
PG controller works well to improve the power generation especially for the
proposed WEC. Specifically, the calculated average powers of 2B-SA, 2B-PG,
2BwTI-SA, and 2BwTI-PG cases when 1), = 6 s are 7,180 W, 7706 W, 12,030
W, and 13530 W, respectively. Thus, the present WEC controlled based on
the PG algorithm achieves an 88% increase compared to the conventional
WEC.

4.5. Discussion

It is shown through the numerical simulation studies that the tuned in-
erter mechanism works well on the two-body point absorber WEC. However,
to enhance the credibility of the device, more elaborate studies employing a
more accurate model considering non-linearity and behaviors other than the
heave direction are necessary. Also, the optimum design for the shapes of the
floating buoy and the submerged body should be examined more thoroughly
and it is worth trying other simulation schemes, for example, a CFD (com-
putational fluid dynamics) technique and WEC-SIM [37]. Moreover, various
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control algorithms such as reactive controllers should be applied to the gen-
erator current of the proposed WEC or more effective controllers need to be
developed. For a practical perspective, experimental verification is still desir-
able and the capture width ratio and the levelized cost of electricity (LCOE)
of the present device should be calculated and compared to other devices.

5. Conclusions

This article introduced the two-body point absorber WEC with a tuned
inerter and developed the detailed analytical model including the coupled
force between the two bodies. Then, its effectiveness was verified by compar-
ing the conventional two-body point absorber WEC through the numerical
simulation studies using the values obtained from WAMIT software. The re-
sults for the JONSWAP spectrum showed that the tuned inerter mechanism
not only increased the power generation performance but also broadened the
effective range of the peak period of the JOWNSWP spectrum. Moreover,
this research showed that the performance of the proposed WEC was im-
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proved further by controlling the current of the generator. Considering the
results obtained in this research, we conclude that the tuned inerter mech-
anism has great potential to improve the power generation performance of
the two-body point absorber WEC.
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