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Abstract: A novel modular floating structure (MFS) system moored by tension legs was proposed,
which is composed of hexagonal floating modules, floating artificial reefs and wave energy con-
verters (WECs). The integration of floating artificial reefs and WECs into the MFS can improve the
marine environment and produce considerable electricity. The effects of both wave characteristics
and the module quantity on the hydrodynamic responses of the MFS system were studied in depth,
based on a time-domain numerical model. Both the modules” hydrodynamic interaction effect and
the connectors’ mechanical coupling effect were considered. The results indicate that floating arti-
ficial reefs combined with WECs can effectively reduce wave loads and convert wave energy into
electricity for the MFS system. More modules involved in the MFS system could significantly re-
duce motion response and produced more wave energy output, which indicates that the MFS sys-
tem is suitable for large-scale expansion. The effect of different power take-off (PTO) damping
coefficients on the WECs’ performance was further investigated, and the optimal damping coeffi-
cient was recommended for the MFS system. Finally, the main extreme responses of the MFS sys-
tem were further investigated, and its safety was checked thoroughly. One survival strategy was
proposed, which could efficiently reduce extreme connector loads by more than 50%.

Keywords: wave-structure hydrodynamic interaction; modular floating structure; wave energy
converters; floating artificial reefs; hexagonal tension-leg platform

1. Introduction

A modular floating structure (MFS) provides a feasible way to create useable land
on the sea to solve the challenges brought from the increasing population and land scar-
city of coastal cities, because about 70% of the earth is covered by the sea [1-4]. Com-
pared with the traditional very large floating structures (VLFS), the production, trans-
portation, installation and maintenance of the MFS are more convenient [5-7]. More
importantly, it can greatly reduce the hydroelastic response of the structure [8]. Based on
this background, a number of studies on the MFS have been developed [9,10]. Among
these, Jiang et al. [11] investigated the effect of module arrangement on the hydrody-
namic sensitivity of the MFS. Results revealed that the hydrodynamic responses were
similar in chain-type and parallel-type, and the motion responses of the first up-wave
module were the largest. Michailides et al. [12] developed a numerical analysis frame-
work for evaluating the internal loads of MFS connectors. The correlation between con-
nector parameters and hydroelastic responses were investigated. Jiang et al. [13] com-
pared the hydroelastic responses of MFS composed of hexagonal and square modules;
the results showed that the geometry had little effect.
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Habitability and comfort are important factors to be considered in the study of the
MES, so the site is usually located in sheltered waters [14,15]. The breakwater is one of the
most effective ways to reduce the transmitted wave energy. Wang et al. [16] carried out a
hydrodynamic analysis for the MFS, which was simulated in open and sheltered waters,
respectively. The results indicated that the motion responses of each module are less af-
fected by short-wave periods, and the floating breakwater can effectively improve the
stability of the MFS in open waters. In addition, the integration of wave energy convert-
ers (WECs) into floating structures can also absorb wave energy and produce electricity,
as well as reduce the survival risk of the WECs [17-20]. Ren et al. [21] coupled WECs with
outermost modules, and the outermost connector type were further optimized. Nguyen
et al. [22] used raft WEC-type modules to convert wave energy and reduce hydroelastic
responses for a VLES. Cheng et al. [23] integrated modular floating breakwaters (array
WECs) into a VLFS. The synergy between energy extraction of WEC modules and hy-
droelastic response reduction of the VLFS were well clarified.

For the MFS, the mooring system is of great importance [24,25]. Due to the large
number of modules, relative movement inevitably occurs between adjacent modules
under waves. From the research of both Shi et al. [26] and Ding et al. [27], it was found
that there tend to be considerable relative heave responses between adjacent modules
with mooring lines. However, compared with the mooring line system, the tension-leg
system has significant advantages for the MFS. The relative heave, pitch and roll between
adjacent modules of the MFS with tension legs were all very small, which can be found in
the research by Ren et al. [28].

In the process of exploring and exploiting marine resources, it is inevitable that the
ocean environment will be affected to a certain extent [29,30]. An artificial reef, as a kind
of artificial facility simulating a natural reef, can gather fish and other aquatic creatures,
and then provide a habitat [31,32]. The combination of floating artificial reefs with the
MFS can also serve as breakwaters, as well as improving the marine ecological environ-
ment. In addition, Wang et al. [33] proved the feasibility of expanding coastal cities with
MEFSs from the two aspects of civil engineering and naval architecture, which showed
that the construction of offshore floating cities with MFSs is promising. Since the future
floating city designed by architects is mainly composed of hexagonal modules, it is nec-
essary to study the hexagonal floating structure [34].

So far, there are very limited studies on the integration of hexagonal floating struc-
tures, floating artificial reefs and WECs for the MFS system. Therefore, the present work
proposes a novel MES system moored by tension legs, which is composed of hexagonal
floating modules, floating artificial reefs and WECs. The proposed novel MFS system is
initially designed for a representative sea zone with the well-shielded effect of the natural
surrounding islands in the South China Sea. Compared with the current general MFS
[11,13], the integration of floating artificial reefs can provide habitats for marine species,
thereby improving the marine ecological environment around the MFS system. The
outermost floating artificial reef modules coupled with WECs can attenuate the wave
loads, as well as producing considerable wave energy. In addition, the hexagonal floating
structure has the advantage of multi-directional expansion, which is beneficial for future
scale expansion. Considering both the hydrodynamic interaction effect and the mechan-
ical coupling effect, the main hydrodynamic responses of the proposed MFES system have
been analyzed under typical sea conditions. Effects of the module quantity and the power
take-off (PTO) damping on the dynamic responses of the MFS have been further inves-
tigated. In addition, the safety of the MFS system has been checked thoroughly under
extreme sea conditions.

This paper is structured as follows. Both the conceptual design and numerical
model of the proposed MFS system are described in Section 2; the numerical results of
the MFS system under typical sea conditions are shown and discussed in Section 3. The
main conclusions are summarized in Section 4. Finally, future work is shown in Section
5.
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2. Numerical Methods
2.1. Conceptual Design of the MFS System

The proposed MEFS system is composed of five inner hexagonal floating structures,
two outermost floating artificial reefs coupled with WECs. Each hexagonal floating
structure is symmetrically moored to the seabed by four tension legs in “chain-type”. The
hexagonal floating structure has good multi-directional expansion characteristics. Two
floating artificial reefs coupled with WECs are combined to both sides of the MFS, which
aim to attenuate wave loads, as well as producing considerable wave energy using the
relative motion between the outermost reef module and adjacent inner hexagonal mod-
ule. Floating artificial reefs also provide a habitat for marine species, with the aim of im-
proving the marine ecological environment around the MFS system to a certain extent. In
addition, fenders are installed at the bottom edge of adjacent connected modules to
monitor possible collisions. The simplified sketch is given in Figure 1. The main param-
eters of the MFS system are given in Table 1, which refer to the References [12,21]. Each
module and each connector are marked as Mi (i = 1~7) and Ci (i = 1~6), respectively, as
shown in Figure 1. The WEC between the M1 and the M2 is defined as WEC1, while the
WEC between the M6 and the M7 is defined as WEC2.

(a)

w2

&

‘ Wate,i\ face

—> Tension leg

1
(b)
Figure 1. The simplified sketch of the MFS system: (a) top view; (b) side view.
Table 1. Main design parameters of the MFS system.
Parameters Value Units
Hexagonal floating structure
Side length; height; height of mass center 20;12; -5 m
water depth; draft 80; 10 m
Mass; displacement 6000; 10,650 t
Ixx =lyy; 1zz 9.6 x108 1.2 x10° kg-m?

Tension-leg dimension D=12,T=0.04;,L=70 m
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Steel tension leg E 2.1 x1011 N/m?2
Stiffness of fenders 1.0 x 107 N/m
Floating artificial reef

Dimension; reef wall spacing 15x20x11;1 m
draft; height of mass center 10; -5 m
Mass = displacement 800.5 t

Ixx; lyy; Izz 1.2 x 108, 9.8 x 107, 1.0 x 108 kg-m?2
Adjacent distance 3 m

Porosity 20%

Referring to the previous research of Ren et al. [21,28], they indicate that the fixed
connector can completely limit the relative motion among adjacent modules, which is
beneficial for improving the stability of the modules. However, the fixed connector loads
significantly increase as the quantity of the continuously fixed modules increases.
Therefore, three connector types have been considered for the proposed MFES system to
further optimize the hydrodynamic response, as shown in Figure 2.

(a) The fixed connector (marked as f) is applied to the C3 and the C4: there is no relative
movement in any direction between two adjacent modules.

(b) The hinge connector (marked as h) is applied to the C2 and the C5: there is only rel-
ative pitch between two adjacent modules.

(c) The hinge connector with an additional linear rotational damper (marked as H,
worked as a WEC’s PTO) is applied to the C1 and the Cé: There is only relative pitch
between two adjacent modules, and the pitch velocity can be adjusted by the
damper.

h H
[ I
_e A

—{~
(b) ()

Figure 2. The sketch of three connector types: (a) fixed connector; (b) hinge connector; (c) hinge
connector with a pitch damper.

2.2. Hydrodynamic Model

The hydrodynamic model of the proposed MFES system has been established by the
AQWA code, which can effectively simulate both the hydrodynamic and mechanical
coupling effects among modules [35]. The hydrodynamic model is shown in Figure 3,
and each module is regarded as a rigid body. For the flow field with floating rigid bodies
in a harmonic wave, the velocity potential can be divided into three parts:

p=¢ +,+io) > uld (1)

=l j=I1

where ¢ is the incident potential of the wave without disturbance by the floating body.
¢b is the diffraction potential generated after the wave passes through the floating body. i
(i = 1~7) denotes the number of the i-th module. j (j = 1~6) denotes the j-th modal of six
degrees of freedom (6-DOF). uij denotes the complex amplitude of the i-th module in the
j-th modal. u{ denotes the complex amplitude of the i-th module in the j-th modal
(6-DOEF). q’)ij denotes the potential induced by a unit amplitude motion of the i-th module
only, meanwhile other modules are regarded as fixed.
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i,Wave

Figure 3. Hydrodynamic model of the MFS system.

The wave force consists of the wave exciting force and the radiation force, which can
be derived by integrating the wave velocity potential along the wet surface of the i-th
module.

=[[, n it + 4, + i3S /g s

i=l j=1

= —z‘a)p”si 1, (¢, + @, )ds —ii(af Pl js,- Re(¢/ ), ds — i pﬂsi Im($/ Y, ds u’) @)

7.6
= 2> (Alii + B yu!

i=l j=1

where Fiwae is the wave exciting force induced by scattering potential (¢ and ¢p), and the
radiation force is induced by the interaction radiation potential of multi-body. Ai and B
denote added mass and radiation damping, respectively.

2.3. Theoretical Basis
The governing equation of the MFS system can be written as:

MiXi + CiXi + Ki (Xz) = F;,Wave + F;,Con -I_F;’,Tlp + F;,Fender ®)

where Mi, Ci and Ki are the mass matrix, radiation damping (with certain artificial
damping commonly used to compensate for viscous fluid effects), and the hydrostatic
restoring matrix, respectively. Xi (6-DOF) denotes the generalized displacement vector of
the i-th module. Fiwawe, Ficon, Fitp and Firender denote the matrix of the generalized wave
force, the connector force, the tension matrix of tension legs and the impact force matrix
of the fender, respectively.

The connector force between adjacent modules can be written as:

7
E,Con = Z(¢UKCU5(XI’ X])) “4)
Jj=1

where @ij denotes a topology matrix. The value of ¢ij is 1 when the i-th module is con-
nected to the j-th module, otherwise the value of @i is 0. Kej and 6(X;, Xj) denote the con-
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nection stiffness matrix and the relative motion matrix between the i-th module and the
j-th module, respectively.
The total tension-leg force of the i-th module can be written as:

4
E,Tlp:Z E 4 & )
=1

where Ei denotes the elastic modulus. A: denotes the sectional area of the tension leg of
the i-th module. £; denotes the strain of the j-th tension leg of the i-th module.
The possible bottom fender impact force Firenier can be written as:

K, -0 X,X,) if 6XX,,X;)< -3 m (contact)

i,Fender = (6)

0 if 6x(X;,X;)>-3 m (no contact)

where Ky (1.0 x 107 N/m) is the bottom fender linear stiffness coefficient between the i-th
module and the adjacent j-th module. 6x(X;, X)) is the relative bottom surge motion be-
tween the i-th module and the adjacent j-th module. If the negative relative bottom surge
motion 0x(Xi, Xj) is smaller than the module’s gap (3 m), the two adjacent modules will
impact on the bottom. Then, the contact force of the bottom fender will be monitored.

2.4. Estimation of the Wave Energy Output

The PTO system of the WEC can be regarded as an equivalent linear pitch damper.
Under the action of waves, the relative pitch motion between the floating artificial reef
and its adjacent hexagonal floating structure is used to drive the WEC to generate elec-
tric. The output power of the WEC can be estimated as:

Pwave(t) = MBpto(t) ' wref = Ml%pto(t)/Kp (7)

where w,.; denotes the corresponding relative pitch velocity between the floating artifi-
cial reef module and its adjacent hexagonal floating structure module. Mgy and K, de-
note the bending moment and the linear pitch damping, respectively.

3. Numerical Results

Hydrodynamic responses and the WECs’ performance of the MFS system under
typical sea conditions have been investigated as follows:

3.1. Damping Effect on Wave Power Generation Performance

The wave power generation characteristics of the WEC for the MFS system were
investigated with different PTO damping coefficients (Kp). Numerical simulations were
carried out under typical regular sea conditions (0 = 0°, H=2m, T = 6 s) [36], and the
main results are shown in Figure 4. It can be seen that, due to the shielding effect, the
pitch bending moment, the pitch amplitude and the WEC performance of the head-wave
outermost artificial reef module (M1) were all significantly greater than those of the
back-wave outermost artificial reef module (M7). By comparing Figure 4a,b, it was
found that the increase in Kp caused the connector to suffer larger pitch bending mo-
ment, while the pitch of the outermost reef module was effectively limited. In Figure 4c,
the average output power of the head-wave WEC1 increased steadily until the Kp
reached 3 x 108 Nms/rad, after that, it began to gradually decrease. However, the average
output power of the back-wave WEC2 was much smaller (only about 5 kW) and almost
unchanged. Therefore, the optimal damping for WECs is suggested as 3 x 108 Nms/rad
from the view of the largest wave energy power production, and this damping coeffi-
cient was applied for the following research.
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Figure 4. Effect of the Kp on WECs’ performance: (a) pitch bending moment; (b) pitch; (c) average
output power.

3.2. Effect of the Incident Wave Angle

Since the incident wave angle is random for real sea conditions, hydrodynamic re-
sponses of the MFS system have been studied under different wave directions. Typical
regular sea conditions (H =2 m, T = 6 s) [36] were selected for the simulation, and three
representative incident wave angles (0) of 0°, 30°, and 60° were considered. The main
motion responses of each hexagonal module under different incident wave angles are
compared in Figure 5.
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Figure 5. Comparison of main motion responses of each module under different incident wave
angles: (a) surge; (b) sway; (c) heave; (d) pitch.

In Figure 5a,b, it is reasonable that the surge of each module decreases with the in-
crease in the incident wave angle, while the corresponding sway increases. The surge of
each module was almost the same for the same incident wave angle, which reflects the
consistency of the surge response. Compared with the surge, the sway was more signif-
icant with greater wave angles, which were due to less module shielding effect. In Fig-
ure 5b, for the action of oblique waves, the sway responses of three inner fixed modules
(M3, M4 and M5) were more stable than two outer modules (M2 and M6). In Figure 5¢,d,
both the heave and the pitch of each module tended to increase with the increase in the
incident wave angle. The connection of the floating artificial reef module tends to lead to
both greater heave and pitch responses for the adjacent modules M2 and M6, especially
for greater wave angles. In addition, due to the good performance of the tension-leg
system, both the heave and the pitch responses of all hexagonal modules were negligibly
small (only about 0.0007 m and 0.003°, respectively).

The main connector loads of each connector under different incident wave angles
are compared in Figure 6. It can be seen that the peaks of the main connector loads (Fx,
Fy and My) for almost all connectors occurred at the incident wave angle of 60°, indi-
cating that a larger incident wave angle tends to induce larger connector loads due to a
less significant shielding effect among the modules. The main connector loads of the in-
ner connectors (C2, C3, C4 and C5) were much larger than those of the two outermost
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connectors (C1 and C6), due to the significant mass difference between the floating arti-
ficial reef module and the hexagonal floating structure module. In Figure 6c, the Fz re-
sponses of all connectors were much lower than both the Fx and the Fy responses, which
can be attributed to the good performance of the tension-leg system. In Figure 6d, the
My responses of both the C2 and the C5 were all zero, due to their hinge-connector type.

- [ Joe i Jo°
7 1300 2.5 30°
60° - 60
6 -
7 2.04
5 T —
>4 B _ o151 B - B
=S e ]
L:j 3 E 1.0
24
0.5+
14 - ﬂ
O T T T T T T OO T T T T T T
Cl1 C2 C3 C4 C5 Co Cl C2 C3 C4 C5 Cé6
Connector positions Connector positions
(a) (b)
OO OO
5514
0.9 30° . 30°
— o 5 . — _ o
0.8 _ (60 60
454
0.7 1 o 40
064 m | —~ 351
Z0 B ] ] ] E 30
.5 1 T
\2-’ ] g’ 25 [ ]
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S
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0.0 T T T T T T 0 T T T ’—m
Cl1 Cc2 C3 C4 Cs C6 Cl C3 C4 C6
Connector positions Connector positions
() (d)

Figure 6. Comparison of main connector forces of each connector under different incident wave
angles: (a) horizontal force; (b) vertical force; (c) shear force; (d) pitch bending moment.

The effect of incident wave angle on WECs’ performance was further analyzed, and
the results are presented in Figure 7. It can be seen that both the pitch of the M1 and the
average output power of the WEC1 tended to gradually decrease with the increase in the
incident wave angle, while the corresponding responses of the M7 and the WEC2
showed an opposite trend. The WEC2's performance improved with the increase in the
incident wave angle, which was due to more significant pitch responses of the M7 with
less shielding effect. The maximum total output wave energy (all WECs) appeared at the
incident wave angle of 0°. Therefore, perpendicular waves (0 = 0°) are the most favora-
ble for wave energy conversion.
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Figure 7. Effects of incident wave directions on WECs’ performance: (a) pitch; (b) average output
power.
3.3. Effect of the Wave Period
To investigate the effect of the wave period, the hydrodynamic characteristics of the
MES system have been further analyzed with different wave periods (H=2 m and 6 =
0°). Considering that the inner hexagonal modules” surge and pitch are very similar, the
corresponding results were simplified (with the representative module). The main mo-
tion responses of each hexagonal module under different wave periods are presented in
Figure 8. In Figure 8a,b, both the surge and the heave increased with the increase in the
wave period. They gradually rose for the wave period less than 12 s, while they sharply
rose for the wave period larger than 12 s. It indicates that both the surge and the heave
of the MFS system are more sensitive to long-wave periods. In Figure 8c, the pitch re-
sponses of all hexagonal modules rose first and then gradually fell, reaching the peak for
the wave period of about 12 s. The pitch peak phenomenon of each module was at-
tributed to the module’s certain natural period. In addition, the pitch of the head-wave
M2 was much larger than other hexagonal modules, due to less shielding effect.
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0.030 ;
2.0
_ 0025 -
& &
9,15 £ 0.020 4
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Figure 8. Main motion responses of each hexagonal module versus wave periods: (a) surge; (b)
heave; (c) pitch.

The main connector loads of each connector versus wave periods are presented in
Figure 9. Main connector loads (the Fx, the Fz and the My) of the two outermost con-
nectors (C1 and C6) were significantly less sensitive to the wave period than those of the
other connectors, especially for the wave period larger than 8 s. It may be beneficial for
the ultimate design of the outermost connectors. The Fx, the Fz and the My of the inner
connectors almost presented the same trend, which first increased rapidly and then de-
creased steadily with the increase in the wave period. The peaks of the main connector
loads for different connectors occurred in the wave period range from 6 s and 12 s, due
to the coupling effect between different degrees of freedom. In addition, it should be
noted that both the Fx and the Fz of the head-wave C2 were the largest among the con-
nectors, corresponding to wave peak periods of 8 s and 10 s, respectively. The My of
both the two fixed connectors (C3 and C4) were much larger than those of the others,
corresponding to the wave peak period of 10 s.

e
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Figure 9. Main connector forces of each connector versus wave periods: (a) horizontal force; (b)
shear force; (c) pitch bending moment.

The WECs’ performance versus wave periods is presented in Figure 10. It can be
seen that the pitch and the average output power show the same trend. They increased
when the wave period was less than 6 s, and gradually fell until 10 s. After that, they
steadily rose again for the wave period larger than 10 s. It is mainly due to the correlation
between the wave length and the module dimension. In addition, it can be concluded
that an ideal wave period for WECs is about 6 s, for which there is usually a high proba-
bility in natural waves.
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Figure 10. The WECs’ performance versus wave periods: (a) pitch; (b) average output power.

3.4. Effect of the Module Quantity

To investigate the effect of module quantity, four structural layouts with different
module quantities were designed, as shown in Table 2. Except for the module quantity,
the corresponding design parameters and input parameters were identical, as given in
Section 2. The main hydrodynamic responses of four different MFS systems were ana-
lyzed under typical sea conditions (6 =0°, H=2m, T = 4~20 s) [36].
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Table 2. Four structural layouts of the MFS system with different module numbers.

Number Structural Layout Connector Types

Case 1 E. I | I | .E H-h-f-f-h-FH

Case 2 I I ! L h-f-f-h

Case 3 E. 1 1 .E H-h-h-H
Case 4 E. .E H-H

According to the research in Section 3.3, the motion responses of the first
head-wave hexagonal module are the most significant among all hexagonal modules. So,
the main motion responses of the first head-wave hexagonal module under different
layouts have been analyzed, and the results are shown in Figure 11.

In Figure 11a,b, the increase in module quantity can reduce the surge and the
heave, especially for the long wave period. By comparing Case 1 with Case 2, it was
found that the floating artificial reef could effectively reduce both the surge and the
heave of the hexagonal module under wave periods less than 12 s, acting as a
wave-breaker. For the representative wave period of 6 s, the surge amplitude and heave
amplitude could be reduced by about 57 and 46%, respectively.

—=— case | —=&— case 1
37 — ® —case 2 0.09 5 — ® —case 2
—A-- case 3 /_,)' 0.08 - —-A-- case 3 v
- -v-- case 4 P —-v—- case 4 L
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A2 5 00 ! #
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4
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Figure 11. Main motion responses of the first head-wave hexagonal module under different layouts:
(a) surge; (b) heave.

Since the first head-wave connector between adjacent hexagonal modules is the
most loaded, the main connector forces of the first head-wave connector under different
layouts were investigated, as shown in Figure 12. It can be seen that the main connector
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forces between Case 1 and Case 2 almost overlapped for the wave period less than 10 s,
and gradually separated to a certain degree for the wave period longer than 10 s. This
means that the head-wave floating artificial reef module does not significantly affect the
inner connector forces. Among the first three Cases (the Case 1~3), Case 3 had the lowest
connector forces, especially for the shear force. It indicates that more modules tend to
result in larger connector forces to a certain extent, and the connector shear force seems
sensitive to the module quantity.

64 —=—case 1 20- —=— case |
o - ® —case 2
, ~ - —-A—- case 3
y S
1.5 Ao
~ ‘§ .
2 S
2 1.0+ / A
u[:] 4 /_A_.__A_____‘_ A= -
I A
! 7
e
0.5 o
/
¢
0 T T T T T T T 1 00 T T T T T T T 1
4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20
T (s) T (s)
(a) (b)

Figure 12. Main loads of the first connector between adjacent hexagonal modules in head sea under
different layouts: (a) horizontal force; (b) shear force.

The effect of the module quantity on WECs’ performance was further studied, and
the corresponding results concerning the head-wave WEC1 are shown in Figure 13. It
was observed that more modules could result in a larger pitch bending moment and
more wave energy production. However, when the quantity of hexagonal modules in-
creased to three, both the pitching bending moment and the average output power
seemed almost not to change with more modules. Therefore, it can be concluded that the
performance of the WEC tends to steady with a certain number of modules.
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Figure 13. WEC performance in head sea under different layouts: (a) pitch bending moment of C1;
(b) average output power of WECI.

3.5. Extreme Sea Conditions

Given the complexity of real ocean conditions, the JONSWAP spectrum was ap-
plied to check the safety of the MFS system under representative extreme sea conditions
(A=3.3, Hs =4 m, Tp =10 s) [36]. To limit the potential excessive bending moment loads
caused by inner fixed connectors, one new survival strategy for the MFS system with
seven modules was proposed, replacing the inner fixed connectors with hinge connect-

ors. The main extreme responses of the two representative MFS systems are compared in
Table 3.

Table 3. Main extreme responses of the two representative MFS systems.

Surge Heave Pitch Ft Fx Fz My Power
(m) (m) ) (MN) (MN) (MN) (MNm) (kW)
H-h-f-f-h-H (Case 1)
Max. 0.936 0.0076 0.015 14.194 16.000 5.845 239.696 607.224
(M2~M5) (M2) (M2) (M2) (C2) (C3) (C4) (WEC1)
Mean 0221 - 0.004 11.309 3.139 1.154 48.672 38.214
STD 0.164 0.0018 0.0028 1.0967 2.356 0.830 34.867 53.957
H-h-h-h-h-H (new)
Max. 0.937 0.0084 0.016 14.121 15.538 2.722 13.433 608.775
(M2~M5) (M2) (M3) (M2) (C2) (C2) (C1) (WEC1)
Mean 0222 - 0.004 11.307 3.143 0.552 2.715 38.206
STD 0.166 0.0014 0.0033 1.065 2.359 0.413 2.021 53.973

In Table 3, it can be seen that main motion responses (surge, heave and pitch) of the
representative MFS systems were very similar, and both the heave and the pitch re-
sponses were limited well, due to the good performance of the tension legs. Both the
tension-leg force and the WEC performance seemed not to be sensitive to the inner con-
nector type. The maximum output power of the head-wave WEC1 can reach 600 kW,
and the maximum tension-leg force can reach 14 MN (still within the safe range). The
connector Fx of the two representative MFS systems were very similar, while both the
connector Fz and My of the two representative MFS systems were quite different. The



J. Mar. Sci. Eng. 2022, 10, 1091

16 of 18

new survival strategy (H-h-h-h-h-H) can significantly reduce the extreme responses of
the connector Fz and My by about 50 and 95%, respectively. This indicates that the sur-
vival strategy with inner hinge connectors is much better for the ultimate design of the
inner connector. In addition, there was no impact force monitored by the bottom fenders
during the time-domain analysis. Therefore, the safety of the MFS system was validated
under extreme sea conditions.

4. Conclusions

The present work proposed a novel modular floating structure (MFS) system inte-
grated with floating artificial reefs and wave energy convertors (WECs). Both the mul-
ti-body hydrodynamic interaction effect and the connector mechanical coupling effect
were considered. The effects of the PTO damping, incident wave angle, wave period and
module quantity on the hydrodynamic responses of the MFS system were investigated.
The main conclusions are summarized as follows:

(1) The outermost floating artificial reefs with WECs showed good capacity of wave
attenuation and energy conversion. The main hydrodynamic responses of the MFS
system were sensitive to both the incident wave angle and the wave period. Larger
incident wave angles tended to lead to the increase in both motion responses and
connector forces, due to less shielding effect from the outermost artificial reef. The
motion responses of the MFS system were more sensitive to long wave periods than
short wave periods. In addition, the optimal PTO damping and the corresponding
optimal wave period of the WEC for the MFS system were about 3 x 108 Nms/rad
and 6 s, respectively. That was mainly due to the relationship between the structure
dimension and the wavelength.

(2) More modules can provide a better shielding effect for the central module, so that
the MFS system can be of better stability with expansion. The extreme connector
loads did not seem significantly sensitive to the increase in the module quantity,
which provided feasibility for the expansion of the MFS system with more modules.
In addition, more inner modules were beneficial for improving the performance of
the WECs to some degree.

(3) A survival strategy of the MFS system with inner hinge connectors was proposed
for reducing extreme connector loads, especially for the bending moment (My) and
the shear force (Fz). The extreme connector Fz and My could be efficiently reduced
by about 50 and 95%, respectively. Both the heave and the pitch responses of the
MES system were limited well, due to the good performance of the tension legs. The
security of the MFS system under typical extreme sea conditions was verified.

5. Future Work

Much work still needs to be carried out for the MFS system, including the optimiza-
tion design of each module, the validation of the scale model test, and the attractive ef-
fect of the floating artificial reef. In addition, the effects of the seabed and the current [37]
on the dynamic responses of the proposed MFS system should also be further investi-
gated based on more detailed sea information. These challenging works should be in-
vestigated in future.
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Abbreviations
DOF —Degree of freedom
Fx —Horizontal force of connector
Fz —Shear force of connector
H —Wave height
JONSWAP —Joint North Sea Wave Project
Kp —Damping coefficient
MEFS —Modular floating structure
My —Pitch bending moment of connector
PTO —Power take-off
T —Wave period
TLP —Tension-leg platform
WEC —Wave energy converter
VLEFS —Very large floating structure
0 —Incident wave angle
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