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A B S T R A C T   

Oscillating body wave energy converter (OBWEC) is an essential way to exploit wave energy. Existing OBWECs 
with a single degree of freedom (DOF) suffer from a low energy conversion ratio. Although this power generation 
limit of OBWECs can be alleviated by increasing DOF, for the multi-DOF OBWEC, specific structure design 
guidelines, accurate energy conversion modeling and economic cost-related performance analysis at the con-
ceptual design stage are still missing. To address this gap, this study proposes a novel parallel configuration WEC 
(PCWEC) with the idea of combining the advantages of multi-DOF OBWEC and parallel structure. The PCWEC 
energy conversion model is established under irregular wave states. Furthermore, we propose an energy cost- 
efficiency indicator and perform the performance comparison analysis and simulation experiments. Compared 
with typical OBWECs, results validate that the proposed PCWEC has the following advantages: (i) a significant 
power generation increase under the same device scale, (ii) greater optimal output power by power take-off 
control, and (iii) higher energy cost-efficiency under changing wave states. Such a novel PCWEC design 
concept improves the current OBWEC’s power generation performance and application prospect and offers 
certain guidance for the future commercial development of OBWECs.   

1. Introduction 

Although large-scale exploitation and utilization of fossil energy 
meet the needs for rapid economic and social development, fossil 
energy’s high pollution and non-renewable nature make environmental 
protection and energy shortage problems increasingly serious [1,2]. As a 
renewable and clean energy source, wave energy has the advantages of 
high energy density, wide distribution and ample storage capacity. 
Wave energy exploited by wave energy converters (WECs) is a promising 
way of grid-connected power generation. Therefore, WECs are impor-
tant for green and sustainable development in the future [3,4]. 

WECs can be divided into oscillating body type, oscillating water 
column type and overtopping type, according to the basic principles of 
energy utilization technology [5]. Among them, the oscillating body 
wave energy converter (OBWEC) has attracted more attention from 
many researchers worldwide because of its flexible installation position. 
It can either be fixed on the seabed or float on the sea; thus, it can find 
wide-range application scenarios, from shallow to deep seawater areas 
[6]. Classified by the shape and size of the floater as well as the relative 

incident wave direction, the OBWEC can be divided into point absorber 
WEC (PAWEC), attenuation WEC (AWEC) and terminator WEC (TWEC). 
Common concerns of these types of OBWEC include low power gener-
ation efficiency and high capital investment to reach a full-scale device, 
severely hindering the commercial development of OBWEC [7,8]. 

To develop OBWEC with commercial development potential, rele-
vant scholars have carried out efforts in the following five aspects: ge-
ometry parameters optimization, power take-off (PTO) optimization, 
operation mechanism improvement, the accurate modeling of energy 
conversion and levelised cost of energy (LCOE) analysis. (1) Geometry 
parameters optimization plays an important role in the overall perfor-
mance of the OBWEC. To obtain the optimum geometry parameters of 
the OBWEC, a series of studies [9–12] take maximizing OBWEC output 
power as the objective function and utilize optimization algorithms, 
such as genetic algorithm, direct search methods, gradient-based 
methods and other methods to solve optimal floating body geometry 
and dimension. Although these reported schemes can facilitate wave 
energy absorption, they lose generality, in which no current geometry or 
dimension outperforms all other geometry or dimensions in all wave 
states [11,13]. More importantly, regardless of how to optimize the 
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geometric parameters, the current OBWECs are affected by the single 
DOF operation mode and can only absorb wave energy in a single di-
rection, which severely limits their output power. That is, the optimized 
structure of OBWEC based on geometry or dimensions is not necessarily 
guaranteed to meet the preset energy production requirements in the 
random ocean wave state. (2) Optimizing the PTO is an important 
method to improve the power generation efficiency of OBWEC. Different 
from geometric parameter optimization, this optimization method can 
be adjusted according to different wave states. More specifically, it 
makes the frequency of OBWEC close to the wave frequency by adjusting 
the damping coefficient of PTO and thus realizes the extraction of the 
maximum power generation using resonance [9,14]. At present, some 
proposed PTO control strategies, such as reactive control [15,16], latch 
control [17] and other intelligent control [18,19], can track the point of 
maximum power output and improve the power generation efficiency of 
OBWEC. However, similar to the research gap of geometric parameter 
optimization, the current OBWEC’s output power obtained by opti-
mizing the PTO is also severely limited by its single DOF operating mode 
[20,21]. Therefore, rather than optimizing the PTO, we need to change 
the operation mechanism of the current OBWEC and make it can absorb 
wave energy in multiple directions, increasing the upper limit of its 
power generation. (3) As previously stated, the operating mechanism of 
OBWEC determines the upper limit of wave energy captured during the 
energy conversion and plays a decisive role in the amount of power 
generation. Thus, some scholars presented the concept of a multi-DOF 
WEC and pointed out that the hydrodynamic performance and energy 
utilization rate of typical OBWEC can be improved by increasing the 
DOF [6,22,23]. Based on this concept, a few different configurations of 
multi-DOF WECs were designed and analyzed. Reference [24] proposed 
a buoy WEC with a heave, surge and pitch DOFs and indicated that the 
power absorption of three-DOF buoy WEC is much larger than that of the 
single-DOF buoy WEC. Reference [21] designed a six-DOF WEC based on 
the Stewart-Gough platform. Compared with traditional point absorber 
WECs, the proposed WEC structure can improve the wave energy utili-
zation rate substantially. Reference [25] designed a novel OBWEC, 
which uses a 4-bar mechanism to capture heave motion and a two-DOF 
spherical hinge to capture pitch and roll motion. Although these re-
ported schemes enhanced the power generation production substan-
tially, they are not easy to suit for large-scale promotion and application 
because of a lack of a specific design guideline that comprehensively 
considers the wave motion characteristics and energy machinery re-
quirements in the design process. (4) The energy conversion modeling of 
OBWEC includes kinematic response and dynamic response, which lay 
the important foundation for performance analysis, optimization control 
and structure parameters optimization in the OBWEC’s development 
process. At present, energy conversion modeling methods of OBWEC 
include the potential flow, time domain analysis and frequency domain 
analysis [26]. Based on these methods, related scholars [27–29] 
construct the models of a series of single-DOF OBWECs, such as PAWEC, 
AWEC and TWEC. However, relatively few modeling works are on 

multi-DOF OBWEC. Current research [21,30–32] lacks accurate analysis 
for the dynamic response of the multi-DOF OBWEC under irregular wave 
states, further hindering the subsequent research and development of 
multi-DOF OBWEC. (5) LCOE represents the minimal price paid for the 
generated power from the device to finance the project cost and can 
evaluate the economic cost of a power generation system throughout its 
life cycle [33,34]. Thus, it is widely used in the wave power generation 
industry to analyze the application potential of different WECs [35]. At 
present, several different approaches are used to define the WEC’s LCOE 
[33,36,37]. However, the definition given by the International Energy 
Agency and the Nuclear Energy Agency is usually used as the standard. It 
is the sum of the total cost of the initial investment, annual operating 
and maintenance costs; annual fuel and carbon costs; and the cost of 
decommissioning. However, these detailed cost parameters are rela-
tively scarce because wave power generation technology is not yet fully 
mature, and successful commercial development has a few cases. Thus, 
the LCOE of an OBWEC with multi-DOF in the conceptual design stage is 
difficult to analyze, which also implies that we need to design a more 
applicable economic cost indicator to evaluate the development poten-
tial of multi-DOF OBWEC in the early design stage. 

Based on the analysis of the research status in the above five aspects, 
the existing research gaps can be summarized as follows. Although the 
power generation upper limit of the current single-DOF OBWEC can be 
improved substantially by increasing DOF, for the OBWEC with multi- 
DOF, there remains a lack of specific structure design guidelines, accu-
rate energy conversion modeling and economic cost-related perfor-
mance analysis at the conceptual design stage. Thus, the present study 
designs a novel parallel configuration WEC (PCWEC) structure, which is 
inspired by the concept of multi-DOF OBWEC and parallel mechanical 
structural characteristics. Moreover, to examine the performance of the 
proposed PCWEC structure, we construct PCWEC’s energy conversion 
model in the irregular wave and compare the performance of PCWEC 
with three typical OBWECs under different PTO damping coefficients 
and wave states. Specifically, the main contributions of this study are as 
follows:  

(1) A novel structure design idea that combines the advantages of 
multi-DOF OBWEC and parallel structure is proposed, which 
provides the solution for improving the commercial development 
potential of the current OBWEC.  

(2) The PCWEC energy conversion model is established under 
irregular wave states, which provides important guidance for the 
mathematical modeling of this type of OBWEC with multi-DOF.  

(3) An energy cost-efficiency index that integrates investment cost 
and power generation efficiency is defined, which is convenient 
for evaluating the commercial development potential of different 
OBWECs in the conceptual design stage.  

(4) The performance of PCWEC under different PTO parameters and 
different wave states is analyzed, providing a deeper insight into 
the energy conversion of this type of OBWEC. 

The remainder of this paper is structured as follows. Section II in-
troduces detailed design concepts and processes. Section III systemati-
cally constructs the energy conversion model in irregular wave states to 
analyze further the energy conversion characteristics of the proposed 
PCWEC. In addition, we propose an energy cost-efficiency indicator that 
can create a quantitative relationship between investment cost and the 
power generation efficiency of OBWECs under different wave states to 
evaluate the development potential of PCWEC and other OBWECs. 
Sections IV and V carry out performance comparison analysis and 
simulation verification. Finally, Section VI concludes this study. 

2. Conceptual design 

The OBWECs with multi-DOF have a higher energy utilization rate. 
Moreover, the random and large thrust characteristics of ocean waves 

Abbreviations 

WEC Wave energy converter 
OBWEC Oscillating body WEC 
PCWEC Parallel configuration WEC 
DOF Degree of freedom 
PTO Power take-off 
PAWEC Point absorber WEC 
AWEC Attenuation WEC 
TWEC Terminator WEC 
HDE Hydrodynamic efficiency 
PGE Power generation efficiency  
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require higher reliability for OBWEC structures. To meet the re-
quirements of the above two essential points, we are inspired by the 
multi-DOF WEC’s operation principles and the parallel mechanism’s 
good characteristics, such as kinematic characteristics of multiple DOF 
and structural characteristics of high stiffness and strong load capacity 
[38–41] and propose the operation mechanism of PCWEC (See Fig. 1). 
The PCWEC consists of the floating body, multi limbs, PTO and a fixed 
frame. When waves flow through the PCWEC, the floating body starts to 
oscillate erratically in six directions: heave, surge, sway, yaw, pitch and 

roll and force the n limbs to move, thereby driving the PTO to generate 
electricity. This section concretizes the abstract operational re-
quirements for PCWEC into the structural design of the floating body, 
limbs and PTO and combines each component organically to obtain the 
PCWEC with a higher energy utilization rate, reliability and 
adaptability. 

2.1. Floating body design 

DOF selection is the first step in designing a floating body. Theo-
retically, a configuration with many DOF will make the wave energy 
absorption more adequate for OBWEC. However, considering the sus-
tainability of wave energy absorption, the motion of the floating body 
should be reciprocating to achieve continuous power generation. The 
three directions of sway, surge and yaw for an axisymmetric floating 
body have no restoring force (moment). The heave, surge and pitch 
directions have a restoring force (moment) that can push the axisym-
metric floating body back to the equilibrium position [25]. Thus, three 
DOFs of heave, pitch and roll should be selected, and other DOFs should 
be restricted. 

The second step is designing the floating body’s shape. We draw on 
the OBWEC engineering prototype tested at sea to achieve it. The spe-
cific OBWEC types and corresponding parameters are shown in Table 1. 
In comparison, the attenuated WEC has the lowest hydrodynamic effi-
ciency (HDE) and the largest scale, and the point absorption type and the 
terminator type have their advantages. Therefore, we chose to design 
the PCWEC’s floating body concerning the point absorption and termi-
nator float types. 

Furthermore, Table 2 shows the floating body’s general arrangement 
patterns and shapes for the point absorber WEC and terminator WEC. 
Among them, the principal axis of the point absorber WEC is perpen-
dicular to the ocean surface, absorbing the wave energy from the heave 
direction, whereas the principal axis of the terminator WEC is perpen-
dicular to the wave direction, absorbing the wave energy from the pitch 
direction. The single floating body in Table 2 cannot absorb the wave 
energy in the three directions of heave, pitch and roll. Here, we combine 
the above two types of floating bodies to complete the energy absorption 
requirements. 

Fig. 1. The basic overall structure of PCWEC.  

Table 1 
Comparison of parameters of different OBWECs [6].  

Name Category Location Data HDE 
(%) 

Scale 
(m) 

Capacity 
(Kw) 

AquaBuoy Point 
absorber 

Canada 2000 20 6 250 

Wavebob Point 
absorber 

Ireland 2007 40 15 1000 

Pelamis Attenuator UK 2007 15 150 750 
DEXA Attenuator Denmark 2011 8 22 160 
Biowave Terminator Australia 2008 45 16 250 
Oyster Terminator UK 2005 40 18 315  

Table 2 
Arrangement patterns and shapes for the OBWECs [42–53]. 
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As the relatively simple float structure facilitates the production and 
assembly of the actual prototype, the cylindrical and flap structures are 
selected to construct the PCWEC’s floating body. Moreover, considering 
that the roll direction can be seen from the arrangement of the floating 
body as the equivalent of pitch, the two flaps are arranged in a 90-degree 
center symmetrical cross arrangement and combined with the cylinder 
to obtain the novel combined floating body (See Fig. 2). The designed 

floating body can successfully capture wave energy from the heave, 
pitch and roll motion, and its axisymmetric layout can reduce the cost of 
manufacturing, assembling and purchasing. 

2.2. Limb design 

The limbs connect the floating body and the fixed platform, and its 
structural characteristics determine the functions the PCWEC can ach-
ieve. At present, many mechanism synthesis approaches, such as 
displacement sub-group theory, graph theory, screw theory, linear 
translation, position and orientation characteristic set theory and GF set 
theory, can design the above limbs’ structure [54]. Thereinto, GF theory 
[55] has practical, efficient and general performance and is better suited 
to design PCWEC’s limbs. 

Furthermore, the limbs of the parallel mechanism have active and 
passive types [56,57]. The active limb is an unconstrained branch that 
ensures the determinate motion of the end-effector, whereas the passive 
limb provides all necessary motion constraints to the end-effector and 
determines the DOF of the parallel mechanism. Thus, we select the 
active limb with three rotations and three translations (Ta Tb Tc; Ra Rb 
Rc) and the passive limb with two rotations and one translation (0 0 Tc; 
Ra Rb 0) to meet the combined floating body’s freedom requirements. 
According to GF theory, we can quickly obtain the structure containing 

Fig. 2. Combined floating body of PCWEC.  

Table 3 
The limbs structure of PCWEC.  

Simple kinematic pairs 

Passive limb structure with GF (0 0 0; Ra Rb 0) characteristic 

Active limb structure with GF (Ta Tb Tc; Ra Rb Rc) characteristic 
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the GF (Ta Tb Tc; Ra Rb Rc) characteristic active limb and GF (0 0 Tc; Ra Rb 
0) characteristic passive limb (See Table 3). We only design the limbs 
composed of simple kinematic pairs, namely R (Rotation joint), U 
(Universal joint), P (Translation joint) and S (Sphere joint) and do not 
consider the limb structure composed of complex kinematic pairs to 
decrease the probability of failure and enhance the reliability of PCWEC. 

Although the limb structure shown in Table 3 can satisfy the re-
quirements of the designed floating body movement, the more kine-
matic pairs, the greater the probability of PCWEC damage in complex 
marine environments. Thus, selecting the UP structure as the passive 
limb of PCWEC is relatively reasonable. In addition, given that the 
spherical joint can bear more significant radial force and the universal 
joint has larger angles between shafts [58,59], connecting the spherical 
joint and the universal joint to the fixed platform and the floating body 
respectively can improve the PCWEC resistance to waves while 
increasing the workspace. Therefore, selecting the UPS structure as the 
active limb is more appropriate. 

2.3. PTO design 

As the last step of energy conversion of WEC, PTO converts valuable 
mechanical energy into electrical energy, which plays an essential role 
in power generation. The continuity and stability of power generation 
are critical issues for designing PTO. As shown in Fig. 3, the traditional 
mechanical transmission type PTO cannot output a fixed rotation di-
rection because of the reciprocation of the rotation and movement of the 
PCWEC, which affect the service life of the generator and reduce the 
power generation efficiency after being directly transmitted to the 
generator. Furthermore, given that the designed active limb has UPS 
structure, translation joints for power generation are the only option. 
Thus, converting the reciprocating linear motion into the one-way 
rotation is essential for PCWEC’s PTO design. 

The one-way rotation characteristic of one-way bearings can address 
this problem at the level of mechanical transmission. Thus, to meet the 
requirements of power generation continuity and stability, we designed 
a mobile self-rectifying PTO based on one-way bearings and UPS active 
limbs. As shown in Fig. 4, when the piston push rod moves up relative to 
the sleeve, the transmission shaft turns clockwise by the ball screw drive 
(view from the top of Fig. 4b). According to the gear meshing rela-
tionship, the second bevel gear rotates counterclockwise (view from the 
left of Fig. 4b), and the third bevel gear rotates clockwise (view from the 
left of Fig. 4b). The first one-way bearing is idle and does not transmit 
torque, whereas the second one-way bearing rotates clockwise, which 
drives the right-side generator to work and generate current. Similarly, 
the first one-way bearing rotates clockwise when the transmission shaft 
moves down and drives the left side generator to generate current. Thus 
the PTO’s output current direction remains unchanged no matter how 
the piston rod moves. 

2.4. Configuration synthesis 

The above studies have obtained structures including floating body, 
PTO and limbs. Combined with the basic overall structure of PCWEC 
shown in Fig. 1, we can obtain the PCWEC configuration using the 
axisymmetric installation method. Fig. 5 shows that the PCWEC com-
prises the combined floating body, four UPS power generation active 

Fig. 3. The traditional mechanical transmission type PTO.  

Fig. 4. Mobile self-rectifying PTO design.  

Fig. 5. The configuration synthesis of PCWEC.  
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limbs, a proper-constraint passive UP limb and a fixed platform. One end 
of the four active limbs is connected with the fixed platform through 
universal joints. The other end is connected with the combined floating 
body through sphere joints, showing axisymmetric distribution charac-
teristics in space. One end of the passive limb is connected with the fixed 
platform through the universal joint, and the other end is connected 
with the combined floating body through the translation joint. 

Excited by the irregularity of the waves, the designed PCWEC can 

realize the two-dimensional reciprocating rotation of pitch and surge 
and one-dimensional reciprocating movement of heave within a specific 
range (See Fig. 6), which conforms to the characteristics of wave motion 
and the sustainable power generation needs of the WEC. Moreover, the 
compact structure with multiple limbs arranged in a spatially balanced 
manner improves the stability of the WEC and brings flexible application 
scenarios to it. As shown in Fig. 7, PCWEC can be installed on fixed 
offshore platforms and float on the sea in groups through ropes. Such 
large-scale offshore power plants also facilitate the large-scale promo-
tion of wave energy generation. 

3. Energy conversion modeling 

The reliability of PCWEC can be guaranteed with the proposed 
design in Section 2. This section takes irregular wave states into 
consideration and establishes the kinematic response model as well as 
the dynamic response model of PCWEC to evaluate the performance of 
the proposed PCWEC further. 

3.1. Irregular wave model 

Ocean waves are vibrations with random wave height, phase and 
periodic fluctuations. Therefore, the motion can be considered a com-
bination of numerous disordered harmonic components in the design 
and analysis. As illustrated in Fig. 8, simple harmonic waves can 
represent irregular waves. 

With the basic model given in Ref. [60], the irregular wave surface 
elevation can be described by Eq. (1) 

η(x, t)=
∑∞

i=1

Hi

2
cos
(

2π
Ti

t −
2π
Li

x+ εi

)

(1)  

where Hi, Ti, Li, and εi represent the height, period, wavelength, and 
phase of irregular waves, respectively. X and t are the position and time 
of wave motion, respectively. 

The Joint North Sea Wave Project (JONSWAP) spectrum is consistent 
with the measured results of waves [61] and applies to waveforms in 
different growth stages. Thus, the JONSWAP wave spectrum function is 
adopted to describe the irregular wave height, as given by Eq. (2) 

H = 2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2S(ωn)Δωn

√
(2)  

where ωn and Δωn are the wave excitation frequency and frequency 
bandwidth, respectively. S(ωn) represents JONSWAP wave spectrum, 
and is given as follows 

S(ωn)=
αg2

ω5
n

exp

[

− 1.25
(

ωm

ωn

)4
]

γexp[− (ωn − ωm)
2/(2σ2ω2

m)] (3)  

α= 5.061
(ωm

2π

)4
H2

1/3(1 − 0.287 log γ) (4)  

Fig. 6. The motion illustration of PCWEC.  

Fig. 7. The application scenarios of PCWEC.  

Fig. 8. Irregular wave generation schematic.  
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where g and H1/3 are the acceleration of gravity and significant wave 
height, respectively. γ is peak enhancement parameter, and ωm is the 
peak frequency. In general, σ ≈ 0.07 for ωn ≤ ωm; otherwise, σ ≈ 0.09 
for ωn > ωm [61]. 

3.2. Kinematic response model 

3.2.1. Coordinate system 
As shown in Fig. 9, the coordinate system of the PCWEC is estab-

lished. The B0 − xyz is a reference coordinate system, where the x-axis 
points from B0 to the midpoint of the line connecting B2 and B3, the z- 
axis is vertical to the fixed platform downward, and the y-axis satisfies 
the right-hand rule. The moving coordinate system A0− uvw is estab-
lished with the mass center A0 of the floating body as the reference 
point. The u-axis points from the A0 point to the midpoint of the line 
connecting A2 and A3. The w-axis goes down along the axisymmetric 
central axis of the combined floating body, and the v-axis direction 
satisfies the right-hand rule. 

The orientation of the floating body can be described by the rotation 
matrix B0RA0, as given in Eq. (5). 

B0RA0 =Rrot(y)
(
ψy

)
Rrot(x)(ψx)=

⎡

⎣
cos ψy sin ψy sin ψy cos ψx sin ψy

0 cos ψx − sin ψx
− sin ψy cos ψy sin ψx cos ψx cos ψy

⎤

⎦

(5)  

where ψx, ψy and ψz are the Euler angles of the floating body rotating 
around x, y and z, respectively. 

To describe the orientation of each limb, the local coordinate system 
Bi − xiyizi is established, as shown in Fig. 10. Two Euler angles φi and φi 
are used to represent the orientation relationship between the B0 − xyz 
and the Bi − xiyizi. Therefore, the rotation matrix B0RBi can be defined as 
follows 

B0 RBi =Rrot(z)(φi)Rrot(y)(φi)=

⎡

⎣
cos φi cos φi − sin φi cos φi sin φi
sin φi cos φi cos φi sin φi sin φi
− sin φi 0 cos φi

⎤

⎦ (6)  

3.2.2. Position analysis 
With the vector diagram of the ith limb shown in Fig. 11, the position 

equation associated with the ith limb can be described by 

p0e0 + ai = bi + piei (7)  

where p0, pi, e0, ei, ai and bi represent the length of the central passive 
limb, the length of the ith active limb, the unit vector along the central 
passive limb, the vector along the ith active limb, the vector A0Ai

̅̅→, and 
the vector B0Bi

̅̅ →, respectively. 
With Eq. (7), the length of active limb can be derived as 

pi =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(p0e0 + ai − bi)
T
(p0e0 + ai − bi)

√

(8)  

3.2.3. Velocity analysis 
Taking the derivative of Eq. (7) on both sides with respect to the 

time, we have 

v+ω × ai = ṗiei + ωi × piei (9)  

where ωi denotes the angular velocity of ith active limb, v and ω 
represent the floating body’s linear and angular velocity. 

Taking the dot product of both sides of Eq. (9) with ei, the linear 
velocity of the ith active limb in matrix form is given by 

ṗ= [ ṗ1 ṗ2 ṗ3 ṗ4 ]
T
= JẊ = J

[
ν
ω

]

(10) 

Fig. 9. Structure sketch of PCWEC.  

Fig. 10. The local coordinate system of the ith limb.  

Fig. 11. Vector diagram of the ith limb.  
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where 

J =

[
e1 e2 e3 e4

(a1 × e1) (a2 × e2) (a3 × e3) (a4 × e4)

]T

(11) 

Taking the derivative of left side of equation (7) with respect to time, 
we get the velocity of the point of the Ai 

vAi = v + ω × ai (12) 

The right sides of Eq. (7) is derived for time t, and we have 

vAi = ṗiei + ωi × piei (13) 

Taking the cross product of both sides of Eq. (13) with ei and combine 
with Eq. (12), we can get 

ωi =
1
pi

S(ei)(v+ S(ω)ai) (14)  

where S( ⋅) is the screw matrix. 
Describe Eq. (14) in the coordinate system Bi − xiyizi. 

Bi ωi =
1
pi

[
S
( Bi ei

)Bi RB0 − S
(

Bi ei
)
S
(

Bi ai
)Bi RB0

]
[

v
ω

]

= Jiω

[
v
ω

]

i= 1, 2, 3, 4
(15)  

B0 ω0 = [ 03×3 E3×3 ]

[
v
ω

]

= J0ωẊ=ω (16)  

In the coordinate system Bi − xiyizi, the linear velocity of the mass center 
ci1 in the ith sleeve is expressed by 
Bi vci1 =

(
wi1

Bi ei
)
× Bi ωi (17) 

Substitute Eq. (15) into Eq. (17) to obtain 

Bi vci1 = − S
(
wi1

Bi ei
)
Jiω

[
v
ω

]

= Jvci1Ẋ (18)  

In the coordinate system Bi − xiyizi, the linear velocity of the mass center 
ci2 in the ith piston rod is described by 
Bi vci2 =

Bi v+ Bi ω× Bi ai −
Bi ωi ×

(
wi2

Bi ei
)

(19) 

Substitute Eq. (15) into Eq. (19) to get 

Bi vci2 =
( [ Bi RB0 − S

(
Bi ai
)Bi RB0

]
+ S
(
wi2

Bi ei
)
Jiω
)
[

v
ω

]

(20)  

where 

Jvci2 =
[ Bi RB0 − S

(
Bi ai
)Bi RB0

]
+S
(
wi2

Bi ei
)
Jiω i= 1, 2, 3, 4 (21) 

The velocity of the central passive limb piston rod is as follows 
B0 vc02 =ω × (w02e0) (22)  

3.2.4. Acceleration analysis 
Taking the time derivative of Eq. (7) and taking both sides dot 

product with wi of the equation, and then writing it in the matrix form, 
we can establish the acceleration mapping relationship between the 
floating body and the active limb. 

q̈= J
[

v̇
ω̇

]

+

⎡

⎢
⎢
⎢
⎢
⎢
⎣

p1
(
ωT

1 ω1
)
+
(
eT

1 ω
)(

ωT a1
)
−
(
eT

1 a1
)(

ωT ω
)

p2
(
ωT

2 ω2
)
+
(
eT

2 ω
)(

ωT a2
)
−
(
eT

2 a2
)(

ωT ω
)

p3
(
ωT

3 ω3
)
+
(
eT

3 ω
)(

ωT a3
)
−
(
eT

3 a3
)(

ωT ω
)

p4
(
ωT

4 ω4
)
+
(
eT

4 ω
)(

ωT a4
)
−
(
eT

4 a4
)(

ωT ω
)

⎤

⎥
⎥
⎥
⎥
⎥
⎦

(23) 

Taking the derivative of the right side of Eq. (13) concerning time 
and taking the cross product of both sides for the equation with Bi wi, the 
angular acceleration in the coordinate system Bi − xiyizi of the ith active 

limb can be described as follows: 

Bi

ω̇i = Jiω

[
v̇
ω̇

]

+
1
pi

⎛

⎝

(
Bi ωT Bi ai

)( Bi ei ×
Bi ω
)

−
(

Bi ωT Bi ω
)( Bi ei ×

Bi ai
)
− 2ṗi

Bi ωi

⎞

⎠ (24)  

Since the angular acceleration of the passive limb is equal to that of the 
floating body, we can have 

B0

ω̇0 = J0ω

[
v̇
ω̇

]

=ω (25) 

Taking the derivative of both ends of Eq. (17) concerning time and 
substituting Eq. (24) into it, we can obtain the linear acceleration of the 
mass center ci1 for the ith sleeve in the coordinate system Bi − xiyizi. 

Bi

v̇ci1 = Jvci1

[
v̇
ω̇

]

−
1
qi

⎛

⎜
⎜
⎜
⎜
⎜
⎝

((
Bi ωT Bi ai

)(
Bi wT

i1
Bi ω
)
−
(

Bi ωT Bi ω
)(

Bi wT
i1

Bi ai

))
Bi ei

+wi1

(
−
(

Bi ωT Bi ai

)
Bi ω +

(
Bi ωT Bi ω

)
Bi ai

)

+2ṗi
( Bi ωi ×

Bi wi1
)

⎞

⎟
⎟
⎟
⎟
⎟
⎠

−
(

Bi ωT
i

Bi ωi

)
Biwi1 i= 1, 2, 3, 4

(26) 

Taking the derivative of both ends of Eq. (20) concerning time and 
substituting Eq. (24) into it, we can obtain the linear acceleration of the 
mass center ci2 for the ith piston rod in the coordinate system Bi − xiyizi. 

Bi

v̇ci2 = Jvci2

[
v̇
ω̇

]

+ Bi ω×
( Bi ω× Bi ai

)
− Bi ωi ×

( Bi ωi ×
Bi wi2

)

+
1
pi

S
( Bi wi2

)

⎛

⎝

(
Bi ωT Bi ai

)( Bi ei ×
Bi ω
)

−
(

Bi ωT Bi ω
)( Bi ei ×

Bi ai
)
− 2ṗi

Bi ωi

⎞

⎠

(27) 

Taking the derivative of Eq. (22) concerning time, we can get the 
acceleration of the central passive limb piston rod as follows 
B0

v̇c02 = ω̇×w02 +ω × (ω×w02) (28)  

3.3. Dynamic response model 

3.3.1. Force analysis 
The floating body relies on hydrostatic buoyancy to maintain balance 

and remain stationary in the calm ocean. When there are waves, the 
floating body is subjected to irregular motion by the ocean wave force, 
which makes the PTO connected to it generate electricity. Under the 
action of the wave, the wave force and moment of the floating body are 
as follows 

Fd(t) =Fres(t) + Fext(t) + Frad(t) (29)  

Md(t) =Mres(t) + Mext(t) + Mrad(t) (30)  

where Fext , Fhs and Frad represent the wave excitation force, hydrostatic 
buoyancy and radiation damping force received by the floating body in 
ocean waves, respectively. Mext , Mhs and Mrad represent the moments 
produced by these three wave forces, respectively. According to the 
hydrostatic force equation [62] and Cummins equation [63], they are 
expressed as follows 

Fhs(t)= ρgV0， Mhs =Fhs(t) × (q0w0) (31)  

Fext =

∫ ∞

− ∞
IRFext(t − τ)η(τ)dτ,Mext =Fext(t) × (q0w0) (32)  

Frad = − madd,∞Ẍ −

∫ t

0
IRFrad(t − τ)Ẍ(τ)dτ,Mrad =Frad(t) × (q0w0) (33)  

where ρ, g, V0 respectively represent seawater density, gravitational 
acceleration, and volume of the fluid displaced by the floating body. 
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IRFext , IRFrad and madd,∞ denote impulse response function of excitation 
wave, impulse response function of radiation wave, and additional mass 
coefficient, respectively. 

We can obtain the resultant force/moment acting on the mass center 
of the floating body by using Newton’s Euler equations. 

H =

[
f
n

]

=

[
(Fd + mg − mv̇)

Md −
B0 Iω̇ − ω ×

( B0 Iω
)

]

(34)  

where m and B0 I represent the mass of the floating body and the inertia 
matrix of the floating body in the coordinate system Bi − xiyizi, 
respectively. 

The following equation is the resultant force/moment exerted on the 
mass centers ci1 and ci2: 

Bi Hci1 =

[ Bi f ci1
Bi nci1

]

=

[ mci1
Bi RB0 g − mci1 v̇ci1

− Bi Ici1

Bi

ω̇i −
Bi ωi ×

( B0 Ici1
Bi ωi

)

]

(35)  

Bi Hci2 =

[ Bi f ci2
Bi nci2

]

=

[ mci2
Bi RB0 g − mci2 v̇ci2

− Bi Ici2

Bi

ω̇i −
Bi ωi ×

( B0 Ici2
Bi ωi

)

]

(36)  

where mci1, mci2, Bi Ici1, and Bi Ici2 represent the sleeve’s mass, piston rod’s 
mass of the ith active limb, the sleeve’s inertia matrix, and the piston 
rod’s inertia matrix of the ith active limb in the coordinate system Bi −

xiyizi, respectively. 
In the power conversion process of the PTO, the ball screw, coupling, 

bevel gear and generator rotor only contain rotation. Therefore, the 
resultant of applied and inertia forces exerted on the PTO can be ob-
tained 

Ni =

(

Fbi − [ISi + ICi + IBi + IMi)]θ̈SCi

)
Bi ei (37)  

where ISi, ICi, IBi, and IMi represent the rotational inertia of the ith ball 
screw, coupling, bevel gear set, and generator rotor, respectively. Fbi and 
θ̈SCi denote the axial dynamic response force and angular acceleration of 
the ith ball screw. 

The kinematic relationship between the piston rod and ball screw is 
as follows 

θ̈SCi =
2π
Ph

p̈i (38)  

where Ph represents the lead of the ball screw. 
According to the principle of virtual work, the sum of virtual work 

done by applied and inertia forces exerted overall PCWEC is zero, and 
hence we can have 

δXT H+
∑4

i=1

(
δXT

ci1
Hci1

)
+
∑4

i=0

(
δXT

ci2
Нci2

)
+ δθT N = 0 (39)  

where 

δXci1 = [ Jvci1 Jiω ]
T δX = Jci1 δX (40)  

N = [N1 N2 N3 N4 ]
T (41)  

δXci2 = [ Jvci2 Jiω ]
T δX = Jci2 δX (42)  

δθ= diag
(

2π
Ph1

,
2π
Ph2

,
2π
Ph3

,
2π
Ph4

)

JδX =AJδX (43)  

where δθ denotes the virtual rotation angle matrix of each PTO. δX, δXci1 , 
and δXci2 represent the matrix of virtual displacement and rotation angle 
for floating body’s mass center A0, sleeve’s mass center ci1, and piston 
rod’s mass center ci2. 

Substitute Eqs. ((37) and (37) and (38) and (40)–(43) into Eq. (39), 
we can get 

Fb = − A− T J− T

(

H+
∑4

i=1

(
JT

ci1
Bi Hci1

)
+
∑4

i=0

(
JT

ci2
Bi Hci2

)
)

+ ISBCMAp̈ (44)  

where 

ISCBM = diag(ISCBM1, ISCBM2, ISCBM3, ISCBM4)

ISCBMi = ISi + ICi + IBi + IMi
(45)  

3.3.2. Power output analysis 
Under wave force, the floating body drives the PTO to convert wave 

energy into electricity. In this process, the generator’s output power can 
be obtained by analyzing its rotational speed and torque. 

As from the schematic diagram of PTO in Fig. 4, the excitation torque 
converted to the input shaft of the generator can be expressed as follows 

τTi =
λPh
2π Fbi(i= 1, 2, 3, 4) (46)  

where τTi represents the torque converted to the input shaft of the ith 
generator, λ denotes the transmission efficiency of the PTO. 

The torque of the rotating generator is expressed as follows 

τemi = τTi − IMiθ̈mi = Cptoθ̇mi (47)  

where τemi, θ̇mi, θ̇mi and Cpto denote the torque, angular velocity, angular 
acceleration and damping coefficient of the ith active limb generator, 
respectively. 

The instantaneous output power of each power generation active 
limb is 

Pi = τemiθ̇mi (48) 

The generator speed direction of the designed mobile self-rectifying 
PTO is constant and always opposite to the direction of electromagnetic 
torque, where the generator’s output power is specified to be positive. 
Thus, the absolute value should be taken in the numerical calculation of 
the output power, i. e 

P=
∑4

i=1

∫ tf

t0
|τemiθ̇mi|dt (49)  

where t0 and tf represent the initial operation time and the end time of 
the generator, respectively. 

3.3.3. Energy cost-efficiency analysis 
Commercial development experience would indicate that grabbing a 

more significant profit with a minimal investment cost is the most 
critical consideration in developing viable industrial equipment. This 
principle also applies to the development of WEC. Following this idea, 
we can define energy cost-efficiency to evaluate the commercial devel-
opment potential of different OBWECs by integrating OBWEC’s invest-
ment cost and power generation efficiency.  

(1) Investment cost 

The investment cost of OBWEC includes the cost of manufacturing, 
installation, maintenance, and power transmission and transformation 
operation. However, these detailed economic cost parameters are rela-
tively scarce because wave power generation technology is not yet fully 
mature, and successful commercial development has few cases. There-
fore, quantitatively calculating the investment costs of the OBWECs is 
quite challenging. 

Historically, the cost of using sizeable mechanical equipment is 
directly proportional to the scale of the device, which is commonly 
known to the industry. Thus, using the scale Q of the OBWEC is 
acceptable to approximate the corresponding investment costs, espe-
cially in the conceptual design stage where many detailed economic cost 

Y. Zhang et al.                                                                                                                                                                                                                                   



Renewable Energy 208 (2023) 627–644

636

parameters of OBWEC are not yet clear.  

(2) Power generation efficiency 

In addition to the cost factor, power generation efficiency is another 
important consideration in the commercialization of OBWEC. The 
power generation by OBWECs needs to go through a conversion process 
from wave energy to electric energy. The power generation efficiency 
PGE can be expressed by the ratio between the OBWEC’s mean power 
generation Pa and the wave power Pd in the area where the OBWEC is 
located. 

PGE =
Pa

Pd
(50)  

Pd =
ρg2

32πH2
1/3TzD (51)  

Pa =
∑n

i=1

⃒
⃒
⃒
⃒

1
tf − t0

∫ tf

t0
τaiθ̇aidt

⃒
⃒
⃒
⃒ (52)  

where ρ, g, H1/3, Tz, and D represent seawater density, gravitational 
acceleration, significant wave height, average wave period, and wave-
front device scale, respectively. τai and θ̇ai are the torque and speed of the 
ith generator of the WECs, respectively. 

According to the above analysis, energy cost-efficiency ECE can be 
defined by combining the OBWEC’s scale Q and power generation effi-
ciency PGE, as shown in Eq. (53). 

ECE =
PGE

Q
(53) 

It should be noted that Q can approximately represent the OBWEC’s 
investment costs, as shown in the analysis above. Thus, the energy cost- 
efficiency index ECE indicates the power generation efficiency per unit 

Fig. 12. Case description for performance comparison of the PCWEC.  

Table 4 
Dimensions and structural parameters of PCWEC.  

Point coordinates of floating body (m) A0 A1 A2 A3 A4 

0.0000 1.7675 − 1.7675 1.7675 − 1.7675 
0.0000 1.7675 1.7675 − 1.7675 − 1.7675 
2.4500 3.0000 3.0000 3.0000 3.0000 

Point coordinates of fixed platform (m) B0 B1 B2 B3 B4 

0.0000 1.7675 − 1.7675 1.7675 1.7675 
0.0000 1.7675 1.7675 − 1.7675 − 1.7675 
0.0000 0.0000 0.0000 0.0000 0.0000 

PCWEC Components Parameters Float body Sleeve Piston rod 

Mass (kg) 76.260 20.206 12.328 
Inertia tensor (kg⸳m2) 

diag

⎛

⎝
68.717
75.104
68.717

⎞

⎠ diag

⎛

⎝
4.855
4.858
0.168

⎞

⎠ diag

⎛

⎝
5.821
3.043
5.821

⎞

⎠

PTO Components Parameters Ball screw Coupling Bevel gear set Generator rotor 

Moment of inertia (kg⸳m2) 20.6783 10.6524 12.2564 10.1528  

Table 5 
Characteristic parameters of offshore wave motion in the northern South China 
coast [65].  

Significant wave 
height 

Wave 
period 

Wave 
direction 

Peak enhancement 
parameter 

Density 

2.0m 8s π/6 3.3 1030 kg/ 
m3  

Y. Zhang et al.                                                                                                                                                                                                                                   



Renewable Energy 208 (2023) 627–644

637

investment costs of OBWECs. The larger the value of ECE, the greater the 
development potential of the OBWEC; that is, it can generate as much 
electricity as possible to supply the grid at a relatively low investment 
cost, thereby shortening the cost recovery time. 

4. Performance comparison and analysis 

A WEC must go through a series of performance test stages, including 
the conceptual design, prototype manufacturing, sea trial and com-
mercial deployment to realize the WEC’s engineering application value. 
Thus, performance analysis is necessary for the PCWEC at the 

Fig. 13. Power generation limb’s position variations for different WECs, in Cpto = 40 kN/m, T = 8 s, and H1/3 = 2 m.  

Fig. 14. Power generation limb’s position variations for different WECs, in Cpto = 40 kN/m, T = 8 s, and H1/3 = 2 m.  

Fig. 15. Power generation limb’s acceleration variations for different WECs, in Cpto = 40 kN/m, T = 8 s, and H1/3 = 2 m.  
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conceptual design stages to lay the foundation for follow-up research 
work. 

4.1. Case description and model parameterization 

The PTO’s damping coefficient and wave states have been 

demonstrated to be important influential factors that could affect the 
WEC energy conversion [18,19,64]. To conduct the comprehensive 
analysis of the PCWEC performance, as shown in Fig. 12, we study the 

Fig. 16. The output power of PCWEC, PAWEC, TWEC, and AWEC in Cpto = 40 kN/m, T = 8 s, and H1/3 = 2 m.  

Fig. 17. The energy cost-efficiency of PCWEC, PAWEC, TWEC, and AWEC in 
Cpto = 40 kN/m, T = 8 s, and H1/3 = 2 m. 

Fig. 18. Effect of PTO damping coefficient (in the range of [0, 100] kNs/m) on 
the output power for PCWEC, PAWEC, TWEC and AWEC under certain wave 
states (T = 8 s and H1/3 = 2 m). 
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energy conversion of PCWEC under different PTO damping coefficients 
and different wave states and compare it with three typical OBWECs: 
point absorption WEC (PAWEC), terminator WEC (TWEC), and 

attenuation WEC (AWEC). Specifically, the three case studies included 
are: (i) performance comparison under certain parameters, (ii) perfor-
mance comparison under different PTO parameters and (iii) 

Fig. 19. Power generation limb’s position variations for PCWEC under different PTO damping coefficients and certain wave states.  

Fig. 20. Power generation limb’s velocity variations for PCWEC under different PTO damping coefficients and certain wave states.  

Fig. 21. Power generation limb’s acceleration variations for PCWEC under different PTO damping coefficients and certain wave states.  
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performance comparison under different wave states. 
The dimensions and structural parameters of the PCWEC compo-

nents are given in Table 4 by the modeling software SOLIDWORKS. The 
kinematic characteristics of the ocean waves of the northern South 
China coast are given in Table 5 [65]. Other parameters used for the 
numerical analysis are Ph = 0.08m and λ = 0.96. The motion equations 
of the PAWEC, TWEC and AWEC are adopted from Refs. [27–29] and 
shall not be repeated in this paper. Moreover, to make the performance 
comparison results more fair, reasonable and credible, in addition to the 
difference in operation mechanism, the number and structure of PTO 
and the characteristic structural parameters of the PAWEC, AWEC and 
TWEC should be consistent with the PCWEC and shall not be repeated 
here. 

4.2. Case results and analysis 

4.2.1. Performance comparison under certain parameters 
In this case, the PTO’s damping coefficient Cpto, the wave period T 

and significant wave height H1/3 equal 40 kN/m, 8 s and 2 m, respec-
tively. Figs. 13–15 illustrate that the position, velocity and acceleration 
variation for PCWEC’s power generation limbs are significantly greater 
than those of the other three OBWECs within the five wave motion pe-
riods. Given that the PAWEC can only reciprocate in a single direction, 
the kinematic response of its four power generation limbs should be 
consistent. Similarly, the same is true with TWEC and AWEC. The above- 
mentioned result reveals that PCWEC has a more intense kinematic 
response than the PAWEC, TWEC and AWEC when the wave states and 
PTO damping coefficients are certain. These results are expected 
because the PCWEC has three degrees of freedom to absorb wave forces 
from three directions. The results of the above kinematic response 
provide strong evidence for the ability of PCWEC to absorb more wave 
energy. 

Fig. 16 presents the output power of PCWEC, PAWEC, TWEC, and 
AWEC in Cpto = 40 kN/m, T = 8 s and H1/3 = 2 m. Compared to the other 
three WECs, the PCWEC has the highest output power, corresponding to 
its largest kinematic response, as previously stated. More specifically, 
the mean output power values within five wave motion periods are 95.4 
kW, 32.6 kW, 44.5 kW and 14.8 kW for PCWEC, PAWEC, TWEC, and 
AWEC, respectively. The PCWEC produces approximately 292.6%, 
214.4% and 644.6% more power than PAWEC, TWEC, and AWEC, 
respectively, benefiting from the fact that PCWEC takes advantage of 
multiple DOF to improve the energy absorption over their single DOF 
counterpart. Moreover, Fig. 17 shows that the PCWEC has a much 
greater energy cost-efficiency than the other three OBWECs, followed by 

Fig. 22. The output power of PCWEC under different PTO damping coefficients and certain wave states.  

Fig. 23. Effect of different wave heights (in the range of [1.4, 2.6] m) on en-
ergy cost-efficiency for PCWEC, PAWEC, TWEC and AWEC, in Cpto = 40 kN/m 
and T = 8 s. 

Fig. 24. Effect of different wave periods (in the range of [7,11] s) on energy 
cost-efficiency for PCWEC, PAWEC, TWEC and AWEC, in Cpto = 40 kN/m and 
H1/3 = 2 m. 
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the TWEC, the PAWEC, and the AWEC. The above analysis exhibits that 
the proposed PCWEC has a better ability to convert electric energy than 
the other typical OBWECs under the same device scale because of its 
structural characteristic with multi DOF. 

4.2.2. Performance comparison under different PTO parameters 
In this case, we first studied the effects of different PTO damping 

coefficients Cpto (in the range of [0, 100] kNs/m) on the output power of 
PCWEC, PAWEC, TWEC and AWEC under certain wave states (T = 8 s 
and H1/3 = 2 m), as shown in Fig. 18. Secondly, we focus on analyzing 
the kinematic response and output power of PCWEC when the damping 
coefficient of the PTO is equal to 40, 60 and 80 kN/m. 

As shown in Fig. 18, compared with the above three typical OBWECs, 
the output power of PCWEC is significantly greater under different PTO 
damping coefficients. Moreover, the optimal output power values are 
98.6 kW, 47.2 kW, 34.9 kW and 15.7 kW for PCWEC, PAWEC, TWEC, 
and AWEC, respectively. The PCWEC produces about 208.9%, 282.5% 
and 628.1% more power than PAWEC, TWEC, and AWEC through PTO 
optimum control, respectively, highlighting the potential advantages of 
the PCWEC structure, which can generate more electric energy than the 
three typical OBWECs structures. 

Figs. 19–21 show the PCWEC limb’s position, velocity, and acceler-
ation when the damping coefficient of the PTO is equal to 60 and 80 kN/ 
m. The case of Cpto = 40 kN/m has been analyzed in Section 4.2.1 and is 
not repeated. Thus, combined with Fig. 13(a), 14(a) and 15(a) and 
Figs. 19–21, we can observe that with the increase of the PTO damping 
coefficient, the PCWEC limb’s position, velocity and acceleration all 

appear significantly reduced. The striking acceleration peak around the 
3T environment in Fig. 15a is eliminated to a certain extent by this 
control method. Considering that excessive acceleration causes a 
structural impact on the mechanical device, which is harmful to the 
long-term operation of the OBWEC. Thus, we can lower the possibility of 
damage to the PCWEC by increasing the PTO damping coefficient. 
However, in terms of the output power of PCWEC, Figs. 22 and 16a show 
that, within the five wave motion periods, the output power value of 
PCWEC when Cpto = 40 kN/m is significantly larger than that when Cpto 
is equal to 60 and 80 kN/m. The above results reveal that although an 
excessive PTO damping coefficient can reduce the risk of device damage, 
it is not beneficial to the power generation of PCWEC. Consequently, 
comprehensively considering the output power and the impact resis-
tance of PCWEC is necessary when performing PTO control. 

4.2.3. Performance comparison under different wave states 
Given the randomness of ocean wave motion, an OBWEC with good 

commercial development potential must maintain high energy cost ef-
ficiency under different wave states. In this case, we analyze the impacts 
of different wave heights (in the range of [1.4, 2.6] m) and different 
wave periods (in the range of [7,11] s) on the energy cost-efficiency of 
PCWEC, PAWEC, TWEC and AWEC, as shown in Figs. 23 and 24, 
respectively. The above wave state data are taken from historical ob-
servations over the past five years in the northern South China coast 
[65]. 

Fig. 23 shows that the energy cost-efficiency of PCWEC, PAWEC, 
TWEC and AWEC is less affected by the wave height. Moreover, under 

Fig. 25. The simulation system model of the PCWEC.  
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different wave heights, the PCWEC has significantly higher energy cost- 
efficiency than the other three OBWECs. Interestingly, although the 
wave energy is more affected by the wave height than the wave period 
according to Eq. (51), we observe by comparing Fig. 23 with Fig. 24 that 
the wave period has appreciably affected the energy cost-efficiency than 
wave height for these above four OBWECs. The reason is that the change 
of the wave period will cause the wave frequency to approach or depart 
from the natural frequency of OBWEC, thus changing the power gen-
eration efficiency of OBWEC in an extensive range. Additionally, Fig. 24 
reveals that the PCWEC has significantly greater energy cost-efficiency 
than the other three OBWECs under different wave periods on this 
coast. Overall, the above results further highlight the excellent charac-
teristics of PCWEC that can maintain high energy cost-efficiency under 
changing wave states and confirm that the proposed PCWEC has 
excellent development potential to promote the commercialization of 
OBWECs. 

5. Simulation 

PCWEC is simulated under the irregular wave states shown in Table 5 
and compared with the numerical analysis results to verify the cor-
rectness of the modeling and analytical results. The model correctness of 
PAWEC has been extensively verified and will not be simulated here. 
The PCWEC simulation involves three mutually coupled nonlinear sys-
tems: hydrodynamic, mechanical dynamics and energy conversion. 
Fig. 25 shows the detailed simulation block diagram in Simulink, which 
illustrates the concrete implementation of the simulation system model 

of PCWEC. 

(1) Regarding hydrodynamics, the Boundary Element Method soft-
ware WAMIT [62] is used to calculate the time-domain parame-
ters, such as the impulse response function of excitation wave, 
impulse response function of radiation wave and added mass 
coefficient. The hydrodynamic body simulation module of 
WEC-SIM [34,66] is used to analyze the floating body’s wave 
force and moment.  

(2) Regarding mechanical dynamics analysis, the SOLIDWORKS and 
Multibody simulation module in MATLAB is used to import the 
mechanical structure parameters and construct the constraint 
relationships among the floating body, the PTO and the fixed 
platform. The position, velocity and acceleration of each PTO 
joint are simulated in combination with the external wave force 
of the floating body.  

(3) Regarding energy conversion, the PTO-SIM of WEC-SIM and the 
multibody simulation module of MATLAB are used to establish 
the energy conversion model of PTO to obtain the output power 
of the PCWEC. 

The simulation results for the position, velocity, acceleration and 
output power of PCWEC were obtained by simulation in Simulink, as 
shown in Fig. 26. By comparing the simulation results in Fig. 26 with the 
numerical calculation results in Fig. 13(a), 14(a) and 15(a) and Fig. 16a, 
the trends of the corresponding two curves are the same, thus verifying 
the correctness of the theoretical modeling for the PCWEC. 

Fig. 26. The simulation of position, velocity, acceleration and out power vs. time for PCWEC.  
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6. Conclusions 

The lower power generation efficiency of the present oscillating body 
wave energy converter (OBWEC) severely hinders its commercial 
development. To this end, the present study attempts to address the 
above gap by introducing a novel parallel configuration WEC (PCWEC) 
structure that integrates the multi-degree of freedom (DOF) WEC and 
parallel mechanical structural characteristics. Moreover, we construct 
PCWEC’s energy conversion model and compare its performance with 
three typical OBWECs. The key findings from this study are outlined 
below.  

(1) PCWEC has a more intense kinematic response and a higher 
output power than the point absorption WEC (PAWEC), termi-
nator WEC (TWEC) and attenuation WEC (AWEC) under the same 
device scale, highlighting the PCWEC concept’s advantage over 
their single DOF counterpart.  

(2) Compared with the three typical OBWECs, the optimal output 
power of PCWEC controlled by power take-off (PTO) is much 
greater, highlighting the potential advantage of the PCWEC 
structure that can generate more electric energy.  

(3) Increasing the PTO damping coefficient can reduce the PCWEC 
power generation limb’s acceleration and thus lower the possi-
bility of damage to the PCWEC as the structural impact is caused 
by excessive acceleration. However, an excessive PTO damping 
coefficient is not beneficial to the power generation of PCWEC. 
Consequently, the output power and the impact resistance of 
PCWEC should be comprehensively considered when performing 
PTO control.  

(4) PCWEC is significantly greater in terms of energy cost-efficiency 
compared with three typical OBWECs, regardless of wave height 
or wave period variation. Therefore, the excellent characteristics 
of the PCWEC that can maintain high energy cost-efficiency 
under changing wave states are highlighted. 

In closing, the aforementioned study improves the present OBWEC’s 
power generation performance and application prospects and provides 
valuable guidance for the structure design and modeling of OBWEC with 
multi-DOF. Furthermore, the energy cost efficiency metric proposed in 
this study will also help to evaluate the development potential of 
different OBWECs, especially in the conceptual design stages. The 
optimal control concerning output power and impact resistance of the 
PCWEC is not yet considered in this study, which can also be important 
to the efficient and reliable operation of PCWEC. However, this idea is 
beyond the scope of the current study, and we will research it and 
validate the relative concept of PCWEC using physical model experi-
ments in the future. 
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