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Abstract: Installing annular wave-energy converters (WECs) on the columns of floating wind platforms in the form of a 
coaxial-cylinder provides a convenient means of integration. Extant coaxial-cylinder-type wind-wave hybrid systems are mostly based 
on single-column platforms such as spars (‘single coaxial-cylinder hybrid system’ hereafter). Systems based on multiple-column 
platforms such as semi-submersible platforms (‘multiple coaxial-cylinder hybrid systems’ hereafter) are rarely seen or studied, 
despite their superiority in wave-power absorption due to the use of multiple WECs as well as in dynamic stability. This paper 
proposes a novel WindFloat-annular-WEC hybrid system, based on our study investigating its dynamic and power features, and 
optimizing the geometry and power take-off of the WECs. Our results show that the dynamic and power features of a multiple 
coaxial-cylinder hybrid system are different from those of a single coaxial-cylinder hybrid system, so the same optimization 
parameters cannot be directly applied. Flatter annular WECs absorb slightly more power in a wider wave-period range, but their 
geometry is confined by limitations in installation and structural strength. The overall effect of an oblique incident wave is 
greater intensity in the motions of the hybrid system in yaw and the direction perpendicular to propagation, although the 
difference is small and may be negligible.
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1 Introduction 

Ocean-wave energy is regarded as a promising 
renewable energy resource and a possible substitute 
for traditional fuels (Said and Ringwood, 2021). It has 
been widely explored in recent years, as reflected by 
numerous new wave-energy conversion technologies 
(Zhang YX et al., 2021; He et al., 2023). Despite the 
abundance of wave-energy converters (WECs) in the‐
oretical studies, model tests, and sea trails, their practi‐
cal application is still hindered by their low technology 
readiness level (TRL), which leads to high construc‐
tion and maintenance costs (Penalba and Ringwood, 
2019) for multivarious waves in realistic ocean (Wang 

et al., 2023; Zhou et al., 2023a). To reduce the cost, 
the prevailing approach is to install WECs on existing 
coastal and offshore infrastructures to utilize their foun‐
dations, moorings, maintenance, and power grids (He 
et al., 2013, 2019; Zhang HM et al., 2021a, 2021b; 
Zhou et al., 2022b, 2023c). Among such hybrid sys‐
tems, those consisting of floating offshore wind tur‐
bines and WECs provide the most effective scenario 
for co-located extraction of multiple sources of ocean 
renewable energy, exploiting the coherent strong winds 
and high waves in deep seas (Chen et al., 2017; Clem‐
ente et al., 2021). Innovative projects have been sup‐
ported by the government and industrial community to 
prompt the development of co-located offshore renew‐
able energy extraction (Jeffrey and Sedwick, 2011; Lu 
et al., 2014), and many wind-wave hybrid systems have 
been proposed (Kamarlouei et al., 2020; Gaspar et al., 
2021; Ghafari et al., 2021; Si et al., 2021).

Of the various hybrid systems, the coaxial-cylinder 
type is the most widely accepted. In most of these 
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systems, annular WECs are installed on the leg columns 
of the foundation of offshore wind platforms through, 
for example, a clamp mechanism (Muliawan et al., 
2012). The annular WEC can then slide along the 
column and generate wave power through a linear 
permanent magnet generator (Faiz and Nematsaberi, 
2017) power take-off (PTO) driven by the relative 
heave motion between the WEC and the column. Such 
hybrid systems use existing columns as an installa‐
tion foundation, which is convenient since no addi‐
tional modification of the structure is required. Repre‐
sentative designs are the spar-torus combination (STC) 
(Wan et al., 2016, 2020; Cheng et al., 2019; Lerch 
et al., 2019), tension leg platform (TLP)-wind turbine 
(WT)-WEC combination (TWWC) (Ren et al., 2020), 
and monopile-WT-WEC combination (MWWC) (Ren 
et al., 2019). In these three systems, the floating or fixed 
foundation of the platform has a single cylindrical 
column, which means they can be appropriately called 
single coaxial-cylinder hybrid systems. The design was 
originally inspired by a coaxial-cylinder WEC Wave‐
bob (Muliawan et al., 2013). Therefore, the annular 
WECs used in these hybrid systems were directly bor‐
rowed from the configuration of the outer cylinder of 
the Wavebob. The dynamic and power features of the 
single coaxial-cylinder hybrid systems have been exten‐
sively investigated in previous studies through numer‐
ical simulations and model tests, providing quite a bit 
of useful guidance for design and operation in both 
mild and extreme sea states.

Annular WECs are not only suitable for integra‐
tion into single-column offshore wind platforms such as 
spars. In fact, among floating offshore wind platforms 
employing three prevalent types of floating founda‐
tion (spar, tension-leg platform, and semi-submersible 
platform), semi-submersible foundations that contain 
multiple columns account for over 90% of the plat‐
forms in service (Wu et al., 2019), providing a much 
wider basis of choice for integration of annular WECs. 
WindFloat (Roddier et al., 2010) is a representative 
platform. It was developed in 2003 by the offshore 
engineering consulting company Marine Innovation & 
Technology (MI&T) as a foundation for multimega‐
watt offshore wind turbines from different manufac‐
turers. It aims to provide acceptable static and dynamic 
motion for the operation of large wind turbines, while 
limiting expensive offshore installation and maintenance 
procedures in deep-sea areas (Jensen and Mansour, 

2006; Jonkman and Sclavounos, 2006; Joensen et al., 
2007). Three annular WECs can be installed on the 
three columns of WindFloat, one on each. Such a con‐
figuration is referred to as a multiple coaxial-cylinder 
hybrid system hereafter, to distinguish it from single 
coaxial-cylinder hybrid systems.

Compared with single coaxial-cylinder hybrid sys‐
tems, multiple coaxial-cylinder hybrid systems may 
offer higher wave-power generation through the use 
of multiple annular WECs, and the motion can be more 
stable because of the use of a semi-submersible foun‐
dation instead of a spar. Despite these merits, multiple 
coaxial-cylinder hybrid systems are rarely seen and 
their dynamic features and power performance are 
poorly understood, hindering analysis and optimiza‐
tion. The reasons and specific gaps are as follows. The 
more complex configuration of the multiple coaxial-
cylinder hybrid systems causes difficulties in the anal‐
ysis of their dynamic and power features. Data from 
single coaxial-cylinder hybrid systems may be referred 
to, but the applicability is uncertain because the dynamic 
and power features of the two types of hybrid systems 
can be quite different. Turning to the optimization of 
annular WECs, in previous studies of single coaxial-
cylinder hybrid systems, the geometry of the WEC was 
primarily based on the Wavebob device, and the PTO 
parameters were assigned randomly chosen values. The 
optimization method proposed by Jin et al. (2019) for 
a coaxial-cylinder WEC could be useful, but it may 
or may not be suitable for a configuration with multi‐
ple annular WECs. These gaps are filled in this 
study. We propose a novel WindFloat-annular-WEC 
hybrid system. The dynamic and power features of 
the multiple coaxial-cylinder hybrid system not cov‐
ered in previous studies are unfolded here, showing 
that they are indeed quite different from those in a 
single coaxial-cylinder hybrid system. The dimensions 
and PTO damping of the annular WECs are also opti‐
mized based on our findings. The influence of incident-
wave direction was ignored in previous studies as a 
single coaxial-cylinder hybrid system is insensitive to 
this factor. However, it is emphasized in this paper as 
we found that the stability of a multiple coaxial-cylinder 
hybrid system can be affected by its centrosymmetric 
configuration.

The rest of the paper is structured as follows. In 
Section 2, the configuration of the WindFloat-annular-
WEC hybrid system is described and the key parameters 
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of the floating foundation of the platform are pro‐
vided. In Section 3, the constrained dynamics and 
power absorption that govern the hybrid system are 
mathematically modelled and validated against pub‐
lished results. In Section 4, the dynamic and power 
absorption features of the annular WECs are analyzed 
and the dimensions of the annular WECs optimized. The 
influence of incident-wave direction on the power per‐
formance and motion of the optimized hybrid system 
is also investigated.

2 Configuration of the WindFloat-annular-WEC 
hybrid system 

2.1 Hybrid system

The proposed wind-wave hybrid system consists 
of a WindFloat offshore wind platform and three iden‐
tical annular WECs (Fig. 1). WindFloat consists of an 
equilateral triangular semi-submersible floating foun‐
dation and a mooring system. The floating foundation 
has three cylindrical columns, each equipped with a 
heave plate to dampen the motion of the platform. 
The annular WEC, whose geometry is characterized 
by its inner radius r, outer radius R, and draft d, is 
installed on the column like a sleeve on a shaft. As 
the radius of the column is 5.35 m, the inner radius of 
the annular WEC is preset to 5.5 m to leave a narrow 
gap between the two. A linear permanent magnet gen‐
erator is embedded in the gap between the annular WEC 
and the column as a direct-drive PTO. The motions of 
the annular WEC in the other five degrees of free‐
dom (DOFs) are restricted by some mechanics, and 
only relative heave motion is allowed. Wave power is 
absorbed through the relative heave motion between 
the platform and the annular WEC.

2.2 Platform and mooring system

The key parameters of the WindFloat offshore 
wind platform are given in Table 1. The layout of the 
four catenary mooring cables is illustrated in Fig. 1 and 
the key parameters can be found in reference (Zhou 
et al., 2023b). To adopt the frequency-domain wave-
structure interaction method in the hybrid system sim‐
ulation, we made the mooring system equivalent to a 
matrix-mooring stiffness (Zhou et al., 2023b) calculated 
by the open-source tool Mooring Analysis Program 
(MAP) (Masciola et al., 2014).

Table 1  Detailed dimensions of WindFloat platform (Roddier 

et al., 2010)

Parameter

Column diameter (m)

Pontoon diameter (m)

Column center-to-center distance (m)

Height of hexagonal damping plate (m)

Length of heave-plate edge (m)

Total platform height (m)

Operating draft (m)

Displacement (t)

Center of gravity (m)

Value

10.7

1.8

56.4

0.1

13.7

33.6

22.9

7105

17.9

Fig. 1  WindFloat-annular-WEC hybrid system: (a) 3D 
rendered sketch; (b) side view; (c) top view. α is the incident-
wave angle
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3.1 Constrained motion equation

The WAFDUT numerical package used in this 
analysis, developed by the Dalian University of Tech‐
nology, China, is based on the potential flow theory of 
linear waves and the higher-order boundary element 
method (HOBEM). Its wave-structure interaction fun‐
damentals can be readily referred to in reference (Teng 
and Taylor, 1995). The WAFDUT numerical package 
can simulate the hydrodynamics of thin heave plates 
such as those in the WindFloat. Here, we highlight the 
constrained motion equation of the hybrid system and 
the wave-power absorption equation.

Identical PTO is applied to all three annular WECs 
and is simplified as linear damping, as in many previ‐
ous studies (Zhang HM et al., 2020a, 2020b; Zhou et al., 
2022a). The matrix form of the constrained motion 
equation of the hybrid system is

[ -ω2( M + a) - iω (b + bPTO + bvis ) + kr + km ]ξ =

Fwave +Fc (1)

where i is the imaginary unit, and ω is the angular fre‐
quency of the incident wave. M, a, b, bPTO, bvis, kr, and 
km are all 24×24 matrices of mass, added mass, radia‐
tion damping, PTO damping, fluid viscous damping 
correction of the platform, hydrostatic restoration 
coefficient, and mooring stiffness of the system, respec‐
tively. ξ, Fwave, and Fc are the vectors of displacement, 
wave excitation force, and constraint force, respec‐
tively. M, a, b, kr, and Fwave are all calculated in the 
WAFDUT numerical package. In the matrix of PTO 
damping bPTO, the values of part of its elements are 
bPTO,3,3=bPTO,9,9=bPTO,15,15=bPTO and bPTO,3,21=bPTO,9,21=bPTO,15,21=
bPTO,21,3=bPTO,21,9=bPTO,21,15=−bPTO, with bPTO representing the 
value of the PTO damping. The values of the other 
elements in bPTO are all 0. bvis is obtained without con‐
sidering the couplings between motions in different 
DOFs or between different floating bodies through the 
method proposed by Zhou et al. (2023b). As demon‐
strated by Zhou BZ et al. (2020), the viscous correc‐
tion of a WEC buoy can be almost negligible when its 
radius to draft ratio is large; the viscous effect on the 
annular WECs is therefore not considered since all of 
the WECs used in this study had a large radius to 
draft ratio. The vector of the system displacement ξ is 
unknown in the constraint motion equation. By apply‐
ing the augmentation formulation associated with an 

unknown Lagrangian multiplier λ based on multi-body 
dynamics (Shabana, 2020), the constrained motion 
equation can be reformed as

é
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where Fd is the generalized force vector associated 
with the independent coordinates.

The constraint relations of the three annular WECs 
are identical, denoted as C(ξ), and can be expressed as

C (ξ )=[ C1( )ξ C2( )ξ C3( )ξ C4( )ξ C5( )ξ ]
T

= 0

(3)

corresponding to the constraints in the five DOFs 
except for heave. The superscript T represents the trans‐
formation of the matrix. C(ξ) can be deduced based 
on the theory of multi-body dynamics. Cξ is the 15×24 
linear-constraint Jacobian matrix of C(ξ). Letting the 
first three bodies be the annular WECs and the fourth 
body be the platform, by assuming small rotational 
motions of the system and zero Euler angles in the 
equilibrium position, Cξ can be written in the form of
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where (x0, y0, z0) is the rotation center of the platform 
and (xi0, yi0, zi0) is the rotation center of the ith annular 
WEC (i=1, 2, 3).
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The generalized force vector Fd associated with 
the independent coordinates has the form of

Fd = [ F T
d1 F T

d2 F T
d3 ]T (7)

with

Fdi =-ω2Cξξ =ω2[ ]xi0 - x0 yi0 - y0 0 0 0
T


i = 1 2 3. (8)

3.2 Wave-power absorption

The power absorbed by the ith annular WEC Pi(ω) 
is

Pi (ω)=
1
2
ω2bPTO| zi - z4 |

2
 (9)

where zi is the heave motion of the ith annular WEC, 
and z4 is the heave motion of the WindFloat platform. 
The total absorbed wave power Ptotal(ω) is

P total (ω)=∑
i = 1

3

Pi (ω). (10)

A numerical search method proposed and vali‐
dated by Zhou et al. (2023b) is employed here to cal‐
culate the optimal PTO damping bopt for maximum total 
wave-power absorption. The corresponding optimal 
wave power can then be calculated by Eqs. (9) and (10).

The main nomenclature used in this research is 
given in Table 2.

3.3 Validation

The WAFDUT hydrodynamic model and solution 
method have been long used in the investigation of 
various offshore structures, and their accuracy has been 
guaranteed and widely accepted (Zhou BZ et al., 2013; 
Zhou Y et al., 2020; Cong et al., 2022). We validated 

the proposed model of the constraint dynamics of the 
hybrid system by comparing it with the results for a 
spar-plate device (Fig. 2) from Ruehl et al. (2014). 
The water depth and wave amplitude were 49.50 and 
1.25 m, respectively. The wave periods were 8 and 12 s. 
Simulations were run with and without PTO damping 
of 1200 kN·s/m between the float and spar. The com‐
parative results are shown in Fig. 3. The time history of 
motion was calculated using the amplitude and phase 
of motion and the results were quite similar.

4 Numerical results and discussion 

The regular incident waves we employed were 
of unit amplitude. The wave period was from 3 to 25 s 
with an increment of 0.05 s and the water depth was 
325 m.

4.1 Dynamic features of WECs

We investigated the trend of the optimal PTO 
damping of the annular WECs in the frequency domain, 
and examined its relationships with the corresponding 
optimal total wave power and the motion of each 
annular WEC to (1) reveal the dynamic features of 
the annular WECs under their optimal conditions and 
(2) provide a reference for selecting the dimensions of 
the annular WECs. The incident waves propagated in 
the positive x-direction (α=0°). In order to make the 
findings readily generalizable to a wider range of cir‐
cumstances, we chose the outer radius and draft of a 
representative annular WEC to be R=11.5 m and d=
6.47 m, respectively. The natural period of an annular 

Fig. 2  Sketch of the spar-plate device. SWL is the still water 
level

Table 2  Main nomenclature

Item

WEC

Wave

Parameter

Outer radius

Inner radius

Draft

Power

General wave frequency

General wave period

Incident-wave angle

Peak wave period

Symbol

R

r

d

P

ω

T

α

Tp
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WEC in heave was 7 s. As elaborated in Section 3, 
the hydrodynamics of the floats were calculated using 
the WAFDUT numerical package. The constrained 
dynamics with fluid viscous correction and the wave-
power absorption were calculated using an in-house 
code based on the theory outlined in Section 3. The 
PTO damping and wave power were optimized with 
the numerical search method.

The comparative results of the trends for optimal 
PTO damping and optimal total power are shown in 
Fig. 4. The tendency of the optimal PTO damping shows 
a W-shaped pattern. As the wave period increases, it 
first reaches a local minimum value at T=6.8 s, then a 
local maximum value at T=10.5 s, and again a local 
minimum value at T=17.5 s. The tendency of the opti‐
mal total wave power shows an M-shaped pattern. The 
two peaks appear at T=6.8 and 10.2 s, respectively. The 
first trough of the optimal PTO damping coincides 
with the first peak of the optimal total wave power, 
and the peak of the optimal PTO damping coincides 

with the second peak of the optimal total wave power. 
The second trough of the optimal damping does not 
show an obvious relationship with any characteristic 
feature of the optimal total wave power.

The patterns of the optimal PTO damping and 
optimal total wave power, as well as the matching of 
peaks and troughs between them, can be seen from a 
closer examination of the motions of the platform and 
the annular WECs. The frequency-domain comparative 
results of the trends of optimal PTO damping, the heave 
motions of WEC #1 and WEC #2 and the platform, 
and the relative heave motion between the annular 
WECs and the platform, are shown in Fig. 5. As WEC 
#1 and WEC #3 were symmetrically arranged about 
the x-axis and the waves were normally incident, the 
results for the two WECs are identical. Comparing 
Figs. 5a and 5b, although the values of the heave 
motions of WEC #1 and WEC #2 are quite different 
within the same wave period, their overall tendencies 
are similar: two local peaks appear at T=6.8 and 10.5 s, 
respectively. The differences in the values are because 
the two WECs were deployed at different places and 
the local wave heights were influenced by the radiation 
and diffraction of the platform. Based on this under‐
standing, the formation of the two peaks of the total 
wave power can be analyzed.

At T=6.8 s, where the first peak occurs, the heave 
motion of the annular WEC reaches a sharp peak 
because it is resonant (the deviation from its natural 
period of 7 s is due to the couplings between the hydro‐
dynamic coefficients of the WEC and those of the plat‐
form or those of other WECs). The heave motion of 
the platform is quite small as it is only weakly excited 
by the wave. The relative heave motion reaches a sharp 
local peak due to the large difference in the heave 

Fig. 4  Optimal PTO damping bopt and optimal total power 
Ptotal

Fig. 3  Comparative results of Wave Energy Converter 
Simulator (WEC-Sim) and the proposed numerical model: 
(a) relative heave motion (bPTO=1200 kN·s/m, T=8 s); (b) pitch 
motion (bPTO=0, T=12 s)

530



J Zhejiang Univ-Sci A (Appl Phys & Eng)   2025 26(6):525-539    |

motions between the annular WEC and the platform. 
The other factor that guarantees the large relative heave 
motion is the small optimal PTO damping (a local 
minimum value). It prevents the annular WEC from 
being lagged by the platform through PTO force. 
Based on the above analysis, the occurrence mecha‐
nism of the first peak of the total wave power can be 
interpreted as follows. At its natural frequency, the 
annular WEC resonates and has a much larger heave 
motion compared with the platform. The small opti‐
mal PTO damping guarantees a large relative heave 
motion between the WEC and the platform. Eq. (9) 
shows that the total wave power is determined by the 
product of the relative heave motions and the PTO 
damping. The combined effect of a large relative heave 
motion and small PTO damping yields a local peak of 
the optimal total wave power.

At T=10.5 s, where the second peak of the total 
wave power occurs, the heave motions of the annular 
WEC and the platform reach a local peak because 
they are resonant. The relative heave motion between 
the two reaches a local trough (for WEC #2, due to the 
influence of the local wave height determined by the 
disturbance of the platform, the local trough of the rel‐
ative heave motion at 9.8 s deviates a bit from T=10.5 s). 

In this circumstance, the large action and reaction PTO 
damping forces on the two floating bodies exert a 
mutual lag effect that reduces the relative heave motion, 
making the two bodies heave very synchronously in 
a quasi-resonant state. This situation is analogous to 
the so-called synchronized mode of a single coaxial-
cylinder hybrid system (Jin et al., 2019), but there are 
some differences. Although a similar phenomenon 
occurs when the single WEC becomes an array of 
WECs and all of the WECs move synchronously with 
the platform, in the synchronized mode, the column and 
the ring are much more tightly adhered. The reason 
could be the greater number of WECs and the local 
wave field associated with each WEC being different, 
leading to different wave forces on and motions of the 
WECs. In this case, the synchronization cannot be so 
complete as when there is only one column and one 
ring. This situation can be called “sub-synchronization”, 
and the second peak of total wave power it induces 
can be interpreted as the combined effect of a large 
optimal PTO damping and small relative heave motion, 
as in Eq. (9).

At T=18.5 s, the heave motion of the platform 
reaches a mild peak because it is resonant, but no peak 
of the total wave power occurs. This is also different 
from the prediction of Jin et al. (2019) for a single 
coaxial-cylinder hybrid system, in which a power peak 
can be obtained. The reasons are as follows. On the one 
hand, while the platform resonates, its heave motion 
is not large because it is damped by the heave plates 
installed beneath the columns. On the other hand, the 
annular WEC also has a not inconsiderable heave 
motion due to being excited by long waves. These two 
effects prevent significant relative heave motion, and 
the relative heave motion is not necessarily maintained 
by a large optimal PTO damping. However, the rela‐
tive heave motion can still reach about 1 m, as shown 
in Fig. 5. To further interpret the cause of the low total 
wave power, note that Eq. (9) clarifies that the wave 
power is also related to the incident-wave frequency ω. 
In such a long wave with T=18.5 s, wave frequency 
can be quite small (ω=0.34 rad/s). The combination of 
the above three effects leads to the disappearance of 
the possible third peak of the total wave power, even 
when the platform is resonant.

From the above analysis, it is clear that the regu‐
larity found in a single coaxial-cylinder hybrid system 
cannot be directly applied to a multiple coaxial-cylinder 

Fig. 5  Optimal PTO damping and dynamic characteristics 
of the hybrid system: (a) WEC #1 or WEC #3; (b) WEC #2. 
Only the bopt curve corresponds to the right Y axis
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hybrid system due to the additional complexity in the 
configuration of the hybrid system and the radiated 
and diffracted local wave field. The first peak of the 
total wave power linked to the resonance of the annu‐
lar WEC and the second peak of the total wave power 
linked to the sub-synchronization of the system can 
both be used as objectives in tuning the geometry of 
the annular WECs. An analysis of the influence of the 
two scenarios on the dynamic features of the platform 
should be carried out for further evaluation.

The comparative results for platform surge, heave, 
and pitch motions in the frequency domain with (hybrid 
system) and without (single platform) integration of 
annular WECs are shown in Figs. 6a–6c. In Fig. 6a, 
the trends and values of the surge motions of the single 
platform and hybrid system are seen to be similar, indi‐
cating that the annular WECs have a limited effect on 
the surge motion of the platform. In Fig. 6b, the heave 
motion of the single platform is small in the waves 
from T=3 s to T=14 s. From T=14 s forward, the heave 
motion of the single platform darts up and reaches a 
peak of 1.65 m at T=18 s. In the hybrid system, the 
heave motion of the platform reaches a peak of 1.05 m 
at T=10.6 s due to stimulation by the large optimal 
PTO damping, which is much larger than that of the 
single platform (0.12 m). As the wave period increases, 
the heave motion of the platform reaches a second peak 
due to its resonance. The value of the second peak in 
the hybrid system (1.05 m) is smaller than that for a 
single platform (1.65 m) due to the lagging effect of the 
annular WECs. These results indicate that the annular 
WECs dramatically increase the heave motion of the 
platform under sub-synchronization but reduce the res‐
onant motion of the platform in the vicinity of its nat‐
ural frequency. In Fig. 6c, in the hybrid system, it is 
evident that the pitch motion increases in almost the 
entire wave-period range. A peak (0.06 rad/s) occurs 
under sub-synchronization. At the other wave periods, 
the increases are small. These results indicate that the 
annular WECs mainly influence the motion of the plat‐
form under sub-synchronization conditions, through a 
large PTO force. With regard to the stability of the plat‐
form, this sub-synchronization state should be avoided 
as it dramatically increases heave and pitch motions, 
especially the latter, although it helps reduce the reso‐
nant motion of the platform at its natural period. The fact 
that the increase in platform motion occurs in shorter 
waves that are commonly seen in real seas provides an 

additional reason to discard sub-synchronization. The 
first peak of the total wave power due to the resonance 
of the annular WECs can then be selected as an opti‐
mization objective for tuning its dimensions.

4.2 Effect of WEC dimensions

In this section, we discuss optimization of the 
outer radius and draft of the annular WECs. To make 
the method and findings more generally applicable, we 
randomly chose a target operational site in the North Sea 

Fig. 6  Motions of the hybrid system and single platform: 
(a) surge motion; (b) heave motion; (c) pitch motion

532



J Zhejiang Univ-Sci A (Appl Phys & Eng)   2025 26(6):525-539    |

as representative. The peak wave period there is Tp=7 s 
(data from MetOceanView:https://app.metoceanview.
com/hindcast-squared/#/). The draft d is obtained by 
presetting the inner radius to draft ratio r/d. It should 
be guaranteed that the natural frequency of the annular 
WEC in the heave mode is Tp. Because tuning the 
optimal PTO damping according to the immediate wave 
conditions is difficult to implement even when the 
most advanced control strategies are applied (Wang 
et al., 2018, 2020; Sergiienko et al., 2019; Gu et al., 
2021), we used a fixed optimal PTO damping obtained 
under the predominant wave conditions in the repre‐
sentative location (Zhou et al., 2023b) in all the inci‐
dent waves. Therefore, in the present analysis, for each 
model of an annular WEC, we used the bopt obtained 
at Tp=7 s as a universal optimal PTO damping level. 
The comparative results for total wave power of the 
annular WECs with r/d=0.80, 0.85, 0.90, and 1.00 are 
shown in Fig. 7. The detailed dimensions and optimal 
PTO damping (numerical search) of the four annular 
WECs are given in Table 3.

In Fig. 7, one can see that the general trends of 
the total wave power of the annular WECs with differ‐
ent r/d ratios are the same: they show a single-peak 
pattern. In the waves with T<Tp, the annular WECs with 
different r/d ratios absorb almost the same amount of 
total wave power. At Tp, the total wave power slightly 

increases as the r/d ratio increases. In the waves with 
Tp<T<15 s, the total wave power of annular WECs 
with a larger r/d ratio can be much higher than that of 
WECs with a smaller r/d ratio. From T=15 s on, the 
annular WECs with different r/d ratios again absorb the 
same amount of total wave power. Thus, as the inner 
radius to draft ratio r/d increases, or the annular WECs 
become flatter, the total wave power in waves longer 
than the predominant length increases in the opera‐
tional site, i.e., the wave-power absorption bandwidth 
expands to the long-wave region.

The surge, heave, and pitch motions of the plat‐
form integrated with annular WECs with r/d=0.80, 0.85, 
0.90, and 1.00 are shown in Figs. 8a–8c. The motions 
of a single platform are also given for comparison. 
Fig. 8a shows that changing the dimensions of the 
annular WECs in the given range hardly influences the 
surge motion of the platform. Fig. 8b shows that annu‐
lar WECs with a larger r/d ratio cause a greater increase 
of the heave motion in waves from T=3 s to T=16 s 
and a greater reduction of the heave motion in the vicin‐
ity of the natural period of the platform, revealing that 
a larger lagging effect is created by a flatter annular 
WEC. However, the difference in the heave motion of 
the platform between the four hybrid systems is small. 
Fig. 8c shows that the r/d ratio increases, and that the 
pitch motion of the platform slightly and gradually 
increases throughout the most wave-period range.

From Figs. 7 and 8, it is evident that as the inner 
radius to draft ratio r/d of annular WECs increases, a 
larger amount of total wave power can be absorbed in 
a wider wave-period band. The most serious effect is 
an increase in the pitch motion of the platform, which 
may affect its dynamic stability. A closer examination 
of the pitch motions of the hybrid systems with r/d=
0.80 and 1.00 shows that the maximum pitch motion 
increases by 0.29°. The difference between the hybrid 
system with r/d=1.00 and the single platform is 0.23°. 
Both of these values are negligible. The total wave 
power can be further increased by increasing the inner 
radius to draft ratio r/d of the annular WECs, but two 
possible circumstances should be mentioned. First, the 
distance between the columns is a constraint that pre‐
vents the outer radius from being larger, since colli‐
sion between two adjacent WECs cannot be allowed. 
Second, as the annular WEC becomes too flat, its con‐
struction and structural strength can become problem‐
atic. Therefore, the radius to draft ratio should be limited 

Fig. 7  Influence of WEC dimensions on total power

Table 3  Dimensions and optimal PTO damping of the four 

annular WECs

r/d

0.80

0.85

0.90

1.00

R (m)

10.5

11.5

12.5

14.0

r (m)

5.5

5.5

5.5

5.5

d (m)

6.88

6.47

6.11

5.50

m (kg)

1.77×103

2.12×103

2.47×103

2.93×103

bopt (N·s/m)

4.22×105

5.64×105

7.35×105

1.15×106
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according to the practical installation and manufacturing 
conditions. In the following analysis, we will use the 
optimal annular WEC among the four with r/d=1.00.

4.3 Effect of incident-wave angle

We investigated the influence of incident-wave 
angle on the wave-power absorption and motions of the 
hybrid system, because in real seas the waves are not 
always incident in the positive-x direction. The annular 
WECs discussed here have r/d=1.00, R=14.0 m, and 

d=5.5 m. The universal optimal PTO damping is fixed 
at 1.15×106 N·s/m.

The total wave power Ptotal and the wave power 
absorbed by WEC #1, WEC #2, and WEC #3 (P1, P2, 
and P3) with incident-wave angles α=0°, 90°, and 180° 
are shown in Figs. 9a–9d. Fig. 9a shows that the single-
peak pattern of the total wave power is not affected 
by variation in the wave direction. The peak power 
period drifts a bit due to the variation of the local 
wave field caused by variation in the wave direction. 
From Figs. 9b–9d, one can deduce that the drift of the 
peak total wave-power period is mainly caused by the 
drift of the peak power period of WEC #2, around 
which the wave field experiences the greatest variation 
due to changes in wave direction. Fig. 9a also shows 
that the total wave power has the greatest peak value 
for α=0° and the broadest band for α=90°. The former is 
due to the fact that two WECs (WEC #1 and WEC #3) 
directly face the incident wave and one (WEC #2) is 
affected by the so-called “shadow effect” when α=0°. 
The situation is reversed for α=90°. When a WEC is 
experiencing the shadow effect, the incident-wave en‐
ergy is absorbed by the WECs in front of it and at‐
tenuated by the floating structures in front of it. The 
number of WECs influenced by the shadow effect is 
smaller when α=0° ; therefore, it has a higher peak 
power (also evident from the changes in P1, P2, and P3 
in Figs. 9b–9d). The latter is due to the particular local 
wave field disturbed by the platform. From the view‐
point of better power absorption, it is better to avoid 
the α=180° situation for the platform, i.e., it should not 
be designed so that only one WEC directly faces the 
incident-wave train.

The motions of the platform in six DOFs with in‐
cident waves where α=0°, 90°, and 180° are shown in 
Figs. 10a–10f. Fig. 10a demonstrates that for α=90°, the 
surge motion of the platform almost vanishes, particu‐
larly in the long-wave region. The small surge motion 
in the waves from T=4.5 s to T=16.5 s is induced by 
the unequal wave excitation forces about the y-axis 
caused by the asymmetric configuration of the hybrid 
system. Fig. 10b shows that for α=0° and 180°, the sway 
motion of the platform vanishes because the hybrid 
system is symmetric about the x-axis. A comparison 
between Figs. 10a and 10b shows that the tendencies 
and values of the surge motions for α=0° and 180° 
and the sway motion for α=90° are almost equal. This 
indicates that the oscillating motions of the hybrid 

Fig. 8  Influence of WEC dimensions on the motions of the 
hybrid systems and single platform: (a) surge motion; 
(b) heave motion; (c) pitch motion
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system along the wave direction are affected very lit‐
tle by the axis-asymmetric configuration of the hybrid 
system. Fig. 10c shows that the heave motion of the 
platform is hardly affected by variations in wave direc‐
tion. Fig. 10e illustrates that when the wave angle 
changes from α=0° or 180° to α=90°, the pitch motion 
can be reduced. The wave force on WECs is more bal‐
anced in the x-direction for α=90° than for the other 
two angles, which produces a lesser fluctuation of the 
wave torque in pitch. Figs. 10d and 10f show that for 
α=90° , additional motions in roll and yaw are pro‐
duced due to the asymmetric configuration of the hybrid 
system. Compared with the other two angles, the over‐
all effects of an incidence oblique to the x-axis are 
produced by additional motion in yaw and the direc‐
tion perpendicular to the wave direction. The former 
effect may put a slight burden on the servo system, 
since the maximum yaw angle is about 0.4° and the 
direction of the nacelle will always be under adjust‐
ment. The latter effect has little negative influence on 
the stability of the hybrid system since the additional 
motion is quite small.

5 Conclusions 

In this study, we proposed a novel hybrid system 
consisting of a WindFloat platform and three annular, 
sliding WECs, one on each of its columns. The wave-
structure interactions were simulated using a WAFDUT 
package developed by the Dalian University of Tech‐
nology. The constrained dynamics of the hybrid system 
were solved and optimal PTO damping was obtained 
through a numerical search for maximum power absorp‐
tion. The dynamic and power absorption features of 
the annular WECs were investigated and the geometry 
of the annular WECs was optimized based on a dimen‐
sionless method. In addition, the influence of incident-
wave direction on the optimized hybrid system was 
studied. The major conclusions are as follows:

(1) There are two peaks of the total wave power. 
One is caused by the resonant heave motion of the 
annular WECs, and the other is obtained under sub-
synchronization conditions where the heave motions 
of the annular WECs and the platform are partly syn‐
chronized by the mutual lagging effect caused by a 

Fig. 9  Influence of incident-wave angle α on the power performance of the hybrid system: (a) Ptotal; (b) P1; (c) P2; (d) P3
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very large PTO damping. Findings based on a single 
coaxial-cylinder hybrid system cannot be directly 
applied to this multiple coaxial-cylinder hybrid system 
due to the complexity of the configuration of the pro‐
posed hybrid system and the wave field disturbed by 
the platform.

(2) The peak of the total wave power produced 
by resonant heave motion of the annular WECs is most 
suitable for optimizing the geometry of the annular 
WECs as it does not damage the dynamic stability of 

the platform. We found that among the candidate sce‐
narios, a flatter WEC absorbed more power in a wider 
period range than a slimmer annular WEC, despite it 
giving slightly more stimulation to the platform motion. 
However, practically speaking, the annular WEC cannot 
be made too flat due to limitations in installation and 
structural strength.

(3) When deploying the hybrid system, it is better 
to let the side with two WECs face the incident waves 
rather than single WEC. When the incident-wave 

Fig. 10  Influence of incident-wave angle α on the motions of the platform in six DOFs: (a) surge motion; (b) sway motion; 
(c) heave motion; (d) roll motion; (e) pitch motion; (f) yaw motion
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direction does not coincide with the axis of symmetry 
of the hybrid system, a small additional yaw motion 
and a small motion along the direction perpendicular 
to the wave direction will be produced due to the asym‐
metric configuration of the hybrid system. The overall 
effect is a small increment in the motion of the hybrid 
system, which may be negligible.

The application of these findings may have limita‐
tions due to the assumptions and idealizations employed. 
The investigation was carried out using numerical sim‐
ulations in linear regular waves, based on potential 
flow theory. It does not consider all real-world physical 
phenomena that would affect the hybrid floating wind-
wave system.
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