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A B S T R A C T   

Floating platforms are an economical option for offshore energy harvesting in deep water sea. Lightweight design 
and structural stability are most important concerns in the design of floating foundations under the premise of 
ensuring load-bearing capacity. Topology optimization has proven to be a successful method for determining the 
optimal material distribution with the desired stiffness, strength, and robustness of the subjected design struc-
ture. In this paper, a novel lightweight multifunctional offshore floating platform design is proposed utilizing the 
density-based topology optimization method for the combined utilization of wind-solar-wave energy. Firstly, 
based on the extreme sea conditions in the South China Sea, the minimum compliance subject to the prescribed 
volume percentage is formulated and an innovative platform structure is carried out by interoperating the 
variable density method in the ANSYS AQWA module. Secondly, the optimized floating platform structure was 
strength-checked based on the maximum von Mises stresses under extreme loading conditions specified in the 
DNV code. The total mass of the novel optimized structure is 40.82% of the primary structure. Moreover, the 
platform stiffness and durability have been significantly enhanced.   

1. Introduction 

As fossil energy sources cause severe pollution to the environment, 
the development and utilization of green and clean renewable energy 
sources is an important tool for combating climate change and realizing 
carbon and emission reductions [1]. Wind energy is recognized as a 
primary source among renewable energy sources and it has grown 
significantly in recent decades in both onshore and offshore industries 
(Global Wind Energy Council, 2019) [2,3]. Compared with the devel-
opment of onshore wind energy, offshore wind energy has various ad-
vantages, such as a more stable wind resource, a larger geographic area 
that can be exploited, and less visual and noise interference, so it has a 
bright prospect for development and utilization [4]. With the develop-
ment of offshore energy to the deep sea (water depth over 60 m), the 
traditional fixed foundation is faced with technical challenges such as 
the use of more materials, high construction costs, construction diffi-
culties, etc. Therefore, the floating foundation form is an attractive 
choice for deep-sea wind energy development. The tension leg platform 

(TLP), barge, spar buoy, and semi-submersible are the four most 
frequent types of floating offshore wind turbines (FOWTs) foundation 
[5]. Due to the six degrees of freedom (DOFs) of the platform, FOWTs are 
more susceptible to damage by wind and wave forces compared to 
fixed-bottom offshore turbines [6]. Therefore, platform stabilization is a 
key consideration in substructure and controller design. Lack of control 
authority on the platform DOFs is a prevalent problem across various 
substructure systems [7]. 

Cost reduction is key to the development of floating wind turbines. 
The cost of floating wind turbines depends mainly on the characteristics 
of the floating infrastructure structure they use [8–10]. Floating wind 
turbine infrastructure design should take into account both cost issues 
and the impact of floating foundations on the operational stability of the 
overall power generation system [11,12]. The average levelized cost of 
FOWT energy can be attained via increasing annual energy production 
(AEP), minimizing the capital expenditures (CapEx), and decreasing 
operation and maintenance (O&M) expenses, all of which may be 
attained through the contributions of topology optimization (TO) based 
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innovative floating platform designs [13]. In structural optimization, 
topology optimization (TO) is a lightweight design method that can 
identify the optimal material distribution within a specific design 
domain subject to a particular set of loads and boundary conditions 
[14–19]. Bendsoe and Kikuchi were the first to introduce the TO 
approach in 1988 [20]. Later on, numerous TO approaches have been 
implemented [21–26], leading to tremendous advancements such as 
aircraft and aerospace [27,28], automobile [29], compliant mechanisms 
[30], battery [31] industries, and metamaterial designs [32]. Reviews 
on certain methods are provided by Sigmond et al. [33] for the variable 
density method. Despite the widespread recognition of the vital role of 
structural optimization, little attention has been placed on developing 
OWT foundations or subsystems using the TO paradigm [34–36]. 
Currently, floating platforms often rely on early empirical design-based 
prototypes, which have certain material redundancy. Therefore, opti-
mizing the platform structure with the goal of weight reduction will 
bring economic benefits. Zhang et al. (2022) [37] were the first in-
dividuals to recognize the relevance of the topological features in me-
chanical behavior and suggested an in-depth review of the OWT jacket 
platform structure. Tian et al. (2022a, 2022b) [38,39] implemented the 
combined size, shape, and topology optimization approaches to obtain a 
lightweight design for jacket structures. Karimi et al. [40,41] executed a 
multi-objective optimization approach aiming to minimize the con-
struction cost of a 5 MW FOWT. Yang et al. (2015) [42] proposed a 
topology optimization-based design approach for improving the OWT 
tripod platform while meeting dynamic response requirements. Gentils 
et al. (2017) [43] suggested an integrated optimization approach for 
OWT support structures using the genetic algorithm and parametric 
finite element (FE) analysis by optimizing the outer diameter and 
thickness simultaneously. Motlagh et al. (2021) [44] introduced a ge-
netic algorithm that exercised design factors including the members’ 
outer diameter and thickness to optimized the jacket platform structure. 
Song et al. [45] implemented a topology optimization approach to carry 
out a conceptual structural optimized design for the 10 MW FOWTs 
hybrid platform and obtained the bridge-like floating platform structure 
containing the impact of marine environmental loads and functional 
loads. Tian et al. [46] carried out variable density-based topology 
optimization for the jacket structure of the wind turbine. Compared with 
the original structure, the newly designed structure reduced the total 
weight by 13.7% and the maximum stress by 46.31%, increasing the 
bearing capacity of the structure. Structure optimization is an essential 
step during the design process for massive multifunctional floating 
offshore platforms. 

To the best of the authors’ knowledge, in-depth application of TO on 
the multifunctional floating platform structure has been systematically 
conducted that can effectively reduce the weight and can further 
improve the platform configuration design robustness, but the relevant 
research is still in the initial stage. The fundamental theme of this work 
focuses on maximizing the stiffness to address the challenges of poor 
stability and minimizes the cost of the proposed multifunctional floating 
optimized platform by utilizing the density-based topology optimized 
approach and proposed optimized platform incorporates various ocean 
energy power generation mechanisms, such as wind, solar, and wave 
energy equipment that all are combined installed on a single platform to 
increase the offshore green energy production. The following sections 
comprise the paper: Section 2 describes the layout of the proposed 
platform and the parameters of the reference power generation energy 
components that are installed at the proposed platform. Section 3 de-
scribes how to apply the TO technique to the proposed multifunctional 
platform structure design utilizing the commercial software ANSYS 
AQWA according to the extreme conditions of the South China Sea. In 
Section 4, a novel optimized platform structure is restructured. Section 5 
describes the static structural analysis and checks the strength verifi-
cation of the optimized platform by applying the static various load 
cases that meet the design requirements of DNV specifications. Subse-
quently, the main findings of this study are presented in the conclusion 

Section 6. 

2. Layout and parameters configuration of the multifunctional 
platform 

The suggested design of the multifunctional floating platform in-
tegrates the reference three wind turbines, wave energy power genera-
tion devices and solar panels. The preliminary design configuration of 
the hexagonal floating platform is depicted in the following Fig. 1. Based 
on the analysis of wake flow interference effects of wind turbines and the 
size characteristics of conical oscillating float, the side length of the 
proposed platform is set to be 215 m that carries wave energy devices, a 
large deck is at the top of the platform where photovoltaic panels will be 
installed and in detail information is given in Table 1. 

2.1. Wind turbine parameters and layout analysis 

Three DTU 10 MW OWTs as the reference models are equipped 
together at three corner columns of a single proposed multifunctional 
floating optimized platform and relevant key parameters are summa-
rized in following Table 2. 

The spacing of multiple wind turbines at the same platform is sub-
jected to various constraints such as, platform cost, towing installation, 
the operating sea area and other aspects [48]. It is impossible to deter-
mine the spacing of wind turbines by fully considering the wake effect 
like land wind farms. The spacing of the turbines needs to take into 
account the structure of the floating platform, the effect of wake, the cost 
of construction, etc. Therefore, it is recommended that the spacing of 
wind turbines in the same wind direction should be maintained at a 
distance of about two times the diameter of the wind turbine blades [49, 
50]. 

In this study, the Jensen wake model is utilized to analyze the 
shielding effect of upstream wind turbine on downstream wind turbine. 
It is assumed that the initial range of the wake influence is the diameter 
of the wind turbine, and the wake growth rate is linear, and the wind 
speed is eventually distributed in the transverse profile of the wake. The 
schematic diagram of the Jensen wake model is shown in Fig. 2.where v1 
is the wind speed from the upstream wind turbine, Rr is the wind turbine 
blade length,vx is the wind speed at the wake, x is the vertical distance 
between upstream and downstream wind turbines, Rw is the wake 
diameter, and K is the wake expansion coefficient, usually K≈0.1[51]. 

Three wind turbines will be symmetrically arranged on the three 
corner columns of the hexagonal floating platform at 120◦ intervals, 
spacing between wind turbines is twice the diameter of the wind turbine 
rotor. Consider the influence of upstream wind turbines on the down-
stream wind turbines in the range of 0◦~60◦, and take 0◦, 30◦ and 60◦ as 
the typical wind directions and the wake expansion coefficient K take 
0.07. The schematic diagram of wake occlusion under different wind 
directions is shown in Fig. 3. 

Fig. 1. Functional layout of Energy Floating Platform.  
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2.2. Parameters of wave energy power generation device 

According to different power generation principles, wave energy 
power generation devices can be categorized into point absorbers, 
oscillating water columns, attenuators, and oscillating wave surge con-
verters [51,52]. Considering the stability of captured energy and the 
influence of the operating environment, the conical point absorber wave 
energy generation device is adopted in this paper, with a single float 
capturing power of about 96 kW. The working principle of an oscillating 
float is mainly to collect wave energy through its movements at/near the 
water’s surface and then convert it into hydraulic or mechanical energy. 

The main factors affecting the hydrodynamic performance of oscillating 
point absorber are float size, shape, draft depth etc. The natural fre-
quency of a cone is greater than that of a hemisphere and a cylinder, 
which can capture higher frequency waves [53,54]. The hexagonal 
platform is arranged with 9 floats on one side, with a spacing of 20 m 
b/w the floats. Referring to the conversion rate of the Wanshan power 
generation device of Guangzhou Energy Research Institute (about 
85–90%) [55], the power generation capacity of the wave energy power 
generation device of the total 54 devices is about 4.4 MW. The specific 
parameters of the oscillating floats are shown in Table 3. 

2.3. Parameters of solar photovoltaic power generation device 

To capture solar radiation energy and transform it into electrical 
energy, photovoltaic power production mostly requires solar cells, and 
semiconductor electronic components [56]. The conversion rate of 
photovoltaic technology has further grown with advancements in the 
field, and the cost is also steadily declining. Solar cells can be divided 
into silicon solar cells, multi-compound thin-film solar cells, and poly-
mer solar cells [57]. Silicon solar cells convert solar radiation into en-
ergy with a high conversion rate of 15–20% and stable performance. 
Comprehensively, considering all factors, the 345WP polycrystalline 
silicon photovoltaic module is adopted as a reference model [58]. The 
output power of each 1 m2 of photovoltaic panels is about 170 W, the 
total captured area of photovoltaic panels is 67058.6 m2, and the 
anticipated power generation may be 11.4 MW. The main parameters 
are shown in Table 4. 

3. Topology optimization of the floating platform structure 

3.1. Topology Optimization 

The topology optimization approach is utilized to achieve the 
optimal material distribution and the optimal structure with the desired 
maximum stiffness, strength and robustness of the subjected design 
structure under multiple loads and boundary conditions. TO is applied to 
achieve the durable and lightweight design structure of the proposed 
multifunctional floating platform under the action of multiple wind 
turbines, solar, wave energy power generation devices, mooring lines 
loads, and working sea conditions are as shown in Fig. 4. In this study, 
the working condition of the floating platform is selected as the extreme 
sea state of the South China Sea under the action of wind, wave and 
current with the return periods of fifty years, which means that the wind 
speed of 39.2 m/s at the height of 10 m and 52.6 m/s at the height of the 

Table 1 
Main Dimension Parameters of Energy Floating Island Platform.  

Name Value 

Platform side length 215 m 
Platform draft 22 m 
Platform depth 33 m 
Outer column diameter 16 m 
Central column diameter 30 m 
Water depth 200 m 
Deck height 3 m 
Number of columns 7 
Float diameter 16 m 
Float height 33 m 
Distance from the center of the float 206 m 
Center of gravity of platform (x, y, z) -5.50 m  

Table 2 
Reference DTU 10 MW OWTs key parameters [47].  

Name Value 

Rated Power 10 MW 
Rotor diameter 178.3 m 
Number of Blades 3 
Cut-in wind speed 4 m/s 
Rated wind speed 11.4 m/s 
Cut out wind speed 25 m/s 
Hub diameter 5.6 m 
Tower Height 115.63 m 
Tower diameter at upper end 5.32 m 
Tower diameter at lower end 11.5 m 
Rotor weight 227.962 t 
Engine weight 446.036 t 
Tower weight 628.442 t 
Wind turbine weight 1302.44 t 
Total wind turbines weight 3927 t  

Fig. 2. Schematic diagram of Jensen wake model.  
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hub, and the parameters of the wave load condition are selected as the 
significant wave height of 12.5 m, a period of 13.7 s, and the surface 
current speed of 1.4 m/s. Due to the maximum area of wind and wave in 
the y-direction, the exerted pressure subjected to wind and wave influ-
ence at 90◦ of the floating platform. The gravity load of the photovoltaic 
panel and wave energy power generation devices in the internal load of 
the platform is far less than the wind turbine load, mooring loads and 

wave load. 

3.1.1. Wind load of wind turbines 
The offshore floating platform not only bears environmental loads 

Fig. 3. Schematic diagram of wake occlusion under different wind directions.  

Table 3 
Main parameters of oscillating float.  

Name Value 

Cone bottom angle 90◦

Draft 2 m 
Radius 5 m 
Distance between the floats 20 m 
Single float mass 134 t 
Number of floats on each side 9 
Total number of floats 54 
Center of gravity (0,0,− 1.20)m 
Total weight 7236 t  

Table 4 
345 Wp Polycrystalline Silicon PV Module.  

Name Value 

Maximum output 345 W 
Open circuit voltage 46.4 V 
Short circuit current 9.62 A 
Working voltage 37.7 V 
Working current 9.15 A 
Conversion rate 17% 
Output power difference 0-5 W 
Operating temperature -40-80 C0 

Overall dimensions (l,w,h) 2024 * 1004 * 35 mm 
Weight 22 kg 
Center of gravity (0,0,11.02)m 
Total Weight 2.84 × 106 t  
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but is also subjected to the loads transmitted from the upper wind tur-
bines to the top of the platform, including the turbines’ weight, shear 
and bending moments. The loads of the three DTU 10 MW wind turbines 
on the upper part of the platform was simulated using the open FAST 
software developed by the Renewable Energy Laboratory (NREL). The 
open FAST software simulated 700 s of load data and intercepts 
100–700 s, and the statistically extreme values of the load at the bottom 
of the tower are shown in Table 5. 

3.1.2. Mooring system and wave loads 
In this study, ANSYS AQWA is used to calculate the mooring load and 

wave load of the platform. Since the platform subsequently needs to 
optimize the internal arrangement of the solid hexagonal platform 
model, to obtain the mooring load and wave load of the platform, the 
outer surface model of the hexagonal body is established in AQWA as a 
simplified model for the floating body motion analysis. Six corners of the 
platform are used as fairleads for mooring arrangements. Each fairlead is 
connected with four catenary mooring lines. The incorporated angle of 
mooring lines in the same fairlead is 20◦, and the length of mooring lines 
is 1020 m, as shown in Fig. 5. 

The time domain calculation step is 0.2 s, and the simulation time is 
3 h. Due to the symmetry of the platform, the mooring tension of node 5 
is the same as that of node 6, with the maximum total mooring tension of 
node 6. The mooring tension time history curves of the four mooring 
lines at node 5 are shown in Fig. 6. The maximum mooring tensions of 
mooring lines # 5–1, # 5–2, # 5–3, and # 5–4 are 2.09 × 107 N, 
1.85 × 107 N, 1.34 × 107 N, 8.63 × 106 N, with a maximum total 
mooring tension of 6.14 × 107 N. 

The wave load is calculated by sharing the Geometry in the Hydro-
dynamic Diffusion module of ANSYS workbench with the Static Struc-
tural module, and the wave surface pressure load is shown in Fig. 7. The 
maximum wave load surface pressure is about 2.51 × 105 Pa, select the 
wave load value and applied it onto the outer surface of the model below 
the cutting surface. 

The flowchart of the proposed multifunctional floating platform 
embedded with the TO of this paper is shown in the following Fig. 8. 

3.2. Topology optimization on the proposed multifunctional platform 
design 

In this section, TO will be applied to achieve a durable and light-
weight design. As the proposed design domain of the floating offshore 
platform structure is depicted in Fig. 9, the platform model has partic-
ipated in two regions. The exclusion region is reserved by the deck plane 
for the photovoltaic panel and the lower beam supports the oscillating 
float power generation devices and the remaining areas are devoted to 
topology optimization. The platform model used ultra-high strength 
steel EH36, the material density is 7850 kg/m3, the elastic modulus is 
2.1 × 1011 Pa, Poisson’s ratio is 0.3, and the yield stress is 355 MPa. 

The purpose of topology optimization is to meet the best material 
distribution for the proposed model through the given design domain, 
constraints, and force transmission path. Considering the maximization 
of stiffness in static problem. Minimize compliance may be expressed as, 

l(u) =
∫

Ω
FudΩ

∫

Γt

Tuds+
∑n

i
Fiui (1)  

where external force and displacement vectors are denoted by F and u; T 
is the boundary distributed force. The expression of the topology opti-
mization problem can be expressed as, 

min c = l(u(x))

s.t.
∑n

j=1
xjvj ≤ V0

0 < xmin ≤ xj ≤ 1 j = 1, 2, 3, ., n

(2) 

Here, the objective function l concerning minimizing compliance; xis 
the density design variable vector; vjis the solid structural volume of the 
element j, and V0is the volume of the design domain. The variable 
density method known as the pseudo-density material, takes the hypo-
thetical material relative density as the design variable for optimization 
design iteration, and the relative density ranges from 0 to 1 respectively. 

Xi(x) =
{

1 x ∈ Ωs
0 x ∈ Ω/Ωs

(3) 

Density and elasticity matrix expressions are: 

p(x) = Xi(x)ρo

E(x) = Xi(x)Eo (4)  

Fig. 4. Forces at platform.  

Table 5 
Extreme value statistics of tower bottom load.  

Name Simulated result 

X-direction load/kN 4152 
Y-direction load/kN 690.5 
Z-direction load/kN -20780 
Bending moment at X /kN⋅m -65010 
Bending moment at Y /kN⋅m 300800 
Bending moment at Z /kN⋅m -7552  
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where, ρo and Eo represent the density and elasticity matrix respec-
tively. 

3.2.1. Modified solid isotropic material with penalization (SIMP) 
In the optimization process, many intermediate densities between 

0 and 1 will be generated. In reality, this material does not exist. A 
critical aspect of the density-based method is the selection of an 
appropriate function and penalization technique to express the physical 
quantities. Here modified SIMP is employed to interpolate Young’s 
modulus function of these intermediate densities. It operates on a fixed 
domain of the FE to identify each element. 

E
(
xj
)
=

[
xmin − xp

i

1 − xp
min

(

1 − xp
j

)

+ xp
j

]

E1 (0 <xmin ≤ xj ≤ 1
)

(5)  

where, xj is the relative density, p is the penalty factor, E1 is Young’s 
modulus of the solid material. 

3.2.2. Topology-optimized platform structure 
TO process is evaluated utilizing the commercial engineering soft-

ware Ansys to consider the wind turbines, oscillating float devices, solar 
panels, gravity, mooring lines, and aero-hydrodynamic ultimate loads 
scenarios. Fig. 9 shows the design domain of the proposed platform. 

In the TO setting, the proposed model is divided into 177720 finite 
elements by using a hexahedral mesh with each element size of 3 m.  
Fig. 10 depicts the topology optimized layout of the platform model with 
different cell densities after 55 iterations and taking 31 h calculation 
time. The cell density threshold range of 0–0.4 is to be removed, while 
the range of 0.4–0.6 is the transition zone, and if it exceeds 0.6, it will be 
retained. The following results show that the materials around the 
central column in the platform are distributed in a regular hexagon. The 
force transmission path between the central and the outer columns is 
mainly transmitted through the three transverse braces and the bottom 
plate extending from the middle hexagon. 

4. Reconstruct the topology optimized proposed platform 

The model after topology optimization is often not a regular and 
easy-to-manufacturing configuration, so it is necessary to redesign the 
model manually according to the results of topology optimization. The 
truss structure is used to model the results of the design area, and the 
connections between the columns and the lower beam. Inner and outer 
hexagonal trusses are used as the main supports in the middle hexagonal 
coated by a light blue zone, and a diagonal web member is used to in-
crease the internal stiffness. Three longitudinal braces are designed in 
the orange zone as the connection between the bottom of the outer 
column, lower beam and the middle blue zone, as well as two transverse 
braces are added in the middle to replace the gray density unit at the 
bottom. At the same time, vertical braces are added to connect the top 
deck, diagonal braces are designed between the vertical brace and the 
transverse brace to increase the stiffness of the bar connection. The 
diameter of transverse and vertical bracing is 5 m, and the diameter of 
slant support is 4 m respectively. The preliminary model of the topology 
optimization area of the floating platform is shown in Fig. 11. 

4.1. Deck 

The main function of the deck is to carry the upper solar photovoltaic 
panels and other supporting equipment. The side length of the hexag-
onal deck is about 215 m and the height is 3 m with 100 mm thickness. 
Hexagonal transverse ribs are arranged at an interval of 6 m along the 

Fig. 5. Platform mooring arrangement.  

Fig. 6. Time history curve of mooring tension at node 5.  

Fig. 7. Wave load surface pressure (T = 13.7 s, Hs=12.5 m, wave incidence 
angle 90◦). 
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circumferential direction inside, and longitudinal ribs are arranged at an 
interval of 5◦ along the circumferential direction of the central column. 
Transverse ribs near the outer columns are locally densified based on the 
distribution of the vertical ribs inside the outer column. Here, longitu-
dinal ribs are connected with the internal longitudinal ribs, and trian-
gular diagonal support is added at the corner connection of the 
longitudinal ribs connecting the central and outer columns. The internal 
structure of the deck is shown in Fig. 12. 

4.2. Outer column 

The columns are mainly used to support the upper part of the plat-
form deck, and can also be arranged in the cabin for ballast water. The 
floating platform model is equipped with a 6 m ballast tank at the lower 
part of the outer column to achieve the effect of an offshore platform’s 
heave by adjusting the height of the water wave. The upper section of 
the outer column has a diameter of 16 m, the lower ballast tank has a 
diameter of 22 m, the outer wall thickness is 100 mm, and the inner rib 
plate has a thickness of 30 mm. Longitudinal ribs are arranged vertically 
at 30◦ intervals along the circumference, and the spacing between 
circumferential ribs is 6 m, 9 m and 9 m from top to bottom respectively. 
In addition, reinforcement materials are placed along the outer surface, 
steel ribs are positioned vertically at 10◦ intervals around the circum-
ference, flat steel is positioned internally at 10◦ intervals on the upper 
and lower surfaces of the vertical tank, and flat steel is positioned at 2 m 
intervals as reinforcement material. The internal structure of the outer 
column is shown in Fig. 13. 

4.3. Middle column 

The internal structure layout of the central column is shown in  
Fig. 14. The diameter of the central column is 30 m, the outer wall 
thickness is 100 mm, and the thickness of the inner rib plate is 30 mm. 
Vertical longitudinal ribs are arranged at 30◦, and the spacing between 

Fig. 8. Flowchart of the proposed multifunctional floating platform embedded with TO.  

Fig. 9. Design domain of the proposed platform.  

Fig. 10. Material density distribution.  
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the circumferential rib plates is 6 m, 9 m, 9 m, and 3 m from top to 
bottom. Arrange angle steel 10◦ along the outer surface of the column, 
and arrange circumferential flat steel 500 mm vertically as reinforce-
ment material. The bottom surface radiates outward along the center of 
the circle with circular flat steel 3 m. 

4.4. Lower beam 

The main role of the lower beam is to carry the conical point absorber 
wave energy generation devices and interconnect the ballast tank under 
the adjacent outer column, cross section of the beam is 8 × 6 m and the 
rectangular section with an outer wall thickness is 100 mm. A transverse 
rib is 5 m along the longitudinal direction, a longitudinal rib is arranged 
in the longitudinal centerline, and the thickness of the rib plates is 

Fig. 11. Comparison of topology reconstruction models in the design area.  

Fig. 12. Deck internal structure.  

Fig. 13. Outer Column structure.  

N. Saeed et al.                                                                                                                                                                                                                                   



Engineering Structures 306 (2024) 117782

9

30 mm. The internal structure is shown in Fig. 15. 
Table 6 shows the dimensional parameters of the optimized 

platform. 

5. Structural strength and safety analysis of the optimized 
floating platform 

5.1. Strength verification method for the multifunctional floating 
platforms 

The design load of marine infrastructure is relatively complex, the 
accurate estimation and assessment of the load magnitude and action 
mode are of great significance for evaluating the strength of large 
platforms. To verify the structural strength of the optimized platform, a 
strength verification analysis was conducted on the reconstructed plat-
form model. The loads acting on the floating platform structure include 
permanent loads, variable live loads, environmental loads and inci-
dental loads, etc. The DNV-OS-J101 standard [59] stipulates that the 
design load condition of the floating platform structure should consider 
the combination of the ultimate limit state, fatigue limit state, accidental 
limit state and serviceability limit state. Focuses on the loads and 
bending moments in the x, y, and z directions transmitted by the wind 
turbines, wave energy generation devices, and solar photovoltaic panels. 
The design draft of the model is 22 m, and the water injection height for 
the six degrees of freedom compartments and the lower portion of the 
central column is 4 m. The hydrostatic pressure is computed. The spe-
cific load conditions are shown in Table 7. 

5.2. Calculation of wave load on the optimized platform 

The calculation method of wave loads is mainly based on the design 
wave method to select the most severe conditions of typical wave con-
ditions to obtain the design wave parameters such as meaningful wave 
height, period, wave direction angle, and phase of the corresponding 
wave spectrum. Common wave load calculation methods include the 
deterministic design wave method, stochastic design wave method, and 
long-term prediction method [60]. ANSYS AQWA is utilized to calculate 
the wave load acting on the platform exercising the deterministic design 
wave method, the hydro surface model of the platform is established 
since the internal structure and material properties of the platform will 

Fig. 14. Internal structure of the central column.  

Fig. 15. Internal structure of Beam.  

Table 6 
Dimensional parameters of the optimized platform.  

Name Specification Size unit 

Column diameter 16 m 
Column height 27 m 
Heave chamber diameter 22 m 
Heave chamber height 6 m 
Middle column diameter 30 m 
Middle column Height 30 m 
Cross brace diameter 5 m 
Slant diameter 4 m 
Water depth 200 m 
Design water 22 m 
Platform mass 297818 tons 
Drainage capacity 313467 tons 
Longitudinal ribs 30◦
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not affect the calculation results of the hydrodynamic performance of 
the model. The hydrodynamic model platform is established as shown in  
Fig. 16, with a total of 38447 model finite elements. 

In combination with the DNV specification and the selection of key 
profiles of relevant offshore engineering examples [61,62], the platform 
mid transverse section xoz plane and mid-longitudinal section yoz plane 
are taken as key profiles, and the origin coordinates are the intersection 
points of the mid-transverse section, mid-longitudinal section, and hy-
droplane. To calculate the wave load in ANSYS AQWA, the wave inci-
dence angle is set up from − 180◦ to 180◦ with intervals of 15◦ and the 
wave period is set up from 4–18 s, with intervals of 0.5 s between 7–15 s 
and 1 s interval is set between other wave period ranges in the Hydro-
dynamic Diffraction module. However, the floating optimized platform 
model is symmetrical about the x and y axes, therefore we specifically 
choose the wave incidence angle from 0◦ to 90◦, and the calculated 
hydrodynamic characteristics response of each profile are shown in  
Table 8. The Response Amplitude Operator (RAO) represents the 
response amplitude of the floating optimized platform structure to 
waves and the maximum response value is known as the response peak. 

By comparing the maximum forces and moments in each section, 
three typical hydrodynamic characteristic parameters corresponding to 
the design wave parameters and acceleration were selected. A total of six 
design wave parameters were selected as the most dangerous operating 
condition control parameters, and the relevant parameters are shown in  
Table 9. 

5.3. Analysis of strength verification results for the platform 

Based on the obtained six design wave parameters, the correspond-
ing wave loads on the platform were calculated using Hydrodynamic 
Diffraction. The wave loads were mapped to the outer surface of the 
platform using the ANSYS workbench. Calculate the Equivalent (von 

Mises) Stress cloud map of each component of the platform by 
combining other loads. 

From Fig. 17, it can be seen that the overall structure of the platform 
exhibits stress concentration in key areas where components are con-
nected. Among them, the maximum equivalent stress 352.76 MPa oc-
curs at the connection between the cross brace, slant support and the 
central column respectively. 

The maximum equivalent stress 283.56 MPa occurs on the shell of 
the platform at the outer surface of the lower crossbeam, that is the 
intersection of the transverse brace and the lower crossbeam, as shown 
in Fig. 18. The stress on the lower crossbar is generally high and is 
mostly affected by wave power generation devices and wave loads. 
Furthermore, maximum equivalent stress areas appeared at the junction 
between the outer, central columns and the top plate, as well as at the 
connection between the vertical support and the bottom of the deck. 

It can be seen from Fig. 19 that the maximum equivalent stress occurs 
at the corner of the cross brace and slant support that is connected to the 
lower part of the central column, and the maximum value is 
181.57 MPa. The equivalent stress value of slant support near the center 
connected with the deck is about 160 MPa, and the equivalent stress of 
slant support connected with each outer column can reach 120 MPa. 

From Fig. 20, it can be seen that the maximum equivalent stress of 
the internal rib of the deck structure occurs at the diagonal of the central 
column and the outer columns, where the vertical support is connected 
to the bottom of the deck. The vertical support transfers the load through 
the outer surface of the deck to the internal rib, with a maximum 
equivalent stress of 215.05 MPa. 

As shown in Fig. 21, due to the influence of the static water pressure 

Table 7 
Ultimate state operating conditions of bearing capacity.  

LCs Permanent Load Environmental loads 

LC1  External static water 
load+design wave 1 

LC2 Internal static water load External static water 
load+design wave 2 

LC3 +Wind turbine load External static water 
load+design wave 3 

LC4 +Gravity of wave energy power 
generation equipment 

External static water 
load+design wave 4 

LC5 +Photovoltaic panel gravity External static water 
load+design wave 5 

LC6  External static water 
load+design wave 6  

Fig. 16. Hydrodynamic platform model.  

Table 8 
Parametric statistics of hydrodynamic characteristics.  

Hydrodynamic 
characteristic 
parameters 

Period Angle Height RAO Response 
Peak 

Axial force at mid- 
transverse 

8 s 00 12.775 m 1.19E+ 07 7.62E+ 07 

Transverse shear 
force at mid- 
transverse 

11.5 s 900 17.300 m 1.83E+ 07 1.58E+ 08 

Vertical shear force 
at mid-transverse 

8.5 s 300 13.992 m 6.98E+ 06 4.89E+ 07 

Longitudinal torque 
at mid transverse 

7.5 s 900 11.561 m 9.37E+ 08 5.41E+ 09 

Transverse bending 
moment at mid- 
transverse 

10.5 s 450 15.998 m 8.47E+ 08 6.78E+ 09 

Vertical bending 
moment of mid- 
transverse 

8.5 s 00 13.993 m 1.85E+ 09 1.29E+ 10 

Longitudinal shear 
force at mid- 
longitudinal 

8 s 00 12.775 m 1.49E+ 07 9.54E+ 07 

Axial force at mid- 
longitudinal 

7.5 s 900 11.561 m 1.22E+ 07 7.06E+ 07 

Vertical shear force 
at mid 
longitudinal 

8.5 s 750 13.992 m 6.18E+ 06 4.32E+ 07 

Longitudinal 
bending moment 
at mid- 
longitudinal 

10.5 s 450 15.998 m 8.51E+ 08 6.81E+ 09 

Transverse torque at 
mid longitudinal 

8.5 s 300 13.993 m 8.36E+ 08 5.85E+ 09 

Vertical bending 
moment at mid- 
longitudinal 

8 s 450 12.776 m 1.37E+ 09 8.76E+ 09 

Lateral acceleration 10.5 s 900 15.998 m 0.067 0.536 
Longitudinal 

acceleration 
10.5 s 300 15.998 m 0.058 0.465 

Vertical acceleration 18 s 90◦ 17.300 m 0.048 0.418 

Note: Peak response units of force, torque, and acceleration are N, Nm, and m/s2. 
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Table 9 
Design wave parameters.  

Number Hydrodynamic parameters Period Angle Height Phase Response Peak 

Design Wave 1 Transverse shear force 11.5 s 90◦ 17.30 m -30.68◦ 1.58E+ 08 
Design Wave 2 Longitudinal torque 7.5 s 90◦ 11.56 m -25.61◦ 5.41E+ 09 
Design Wave 3 Vertical bending moment 8.5 s 0◦ 13.99 m -77.09◦ 1.29E+ 10 
Design Wave 4 Lateral acceleration 10.5 s 90◦ 15.00 m -81.06◦ 0.536 
Design Wave 5 Longitudinal acceleration 10.5 s 30◦ 15.00 m -81.06◦ 0.465 
Design Wave 6 vertical acceleration 18 s 90◦ 17.30 m -89.97◦ 0.418 

Note: The peak response units of force, torque, and acceleration are N, N⋅m, and m/s2. 

Fig. 17. Cloud Chart of Equivalent Forces on the Overall Structure of the Platform.  

Fig. 18. Cloud diagram of equivalent force on the shell of the platform structure.  

Fig. 19. Cloud chart of equivalent stress of transverse brace/slant support.  
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and wave load of the lower ballast tank, the equivalent stress of the 
components below the shear surface is significantly higher than that of 
the upper components. The von Mises stress value at the junction of the 
pressurized water tank and the upper column is the highest 234.17 MPa. 
In addition, due to the randomness of wave loads, the stress distribution 
behavior of the six outer columns is slightly different. 

It can be seen from Fig. 22 that the maximum Von Mises stress inside 
the central column is 352.76 MPa, which occurs at the junction of the 
lower vertical rib plate and the lower circumferential rib plate. This is 
the stress concentration phenomenon caused by the force transmission 
path formed by the connection between the central column, the trans-
verse brace, and the slanted support. 

The corresponding stress cloud maps of the internal structures of the 
six lower beams display an asymmetric distribution, as illustrated in  
Fig. 23. Among them, in the LC5 working condition, the maximum 
equivalent stress value of the internal structure of the lower crossbeam is 
191.50 MPa, which occurs at the connection between the lower cross-
beam and the transverse brace. 

Figs. 17–23 show the equivalent stress cloud map of LC5 corre-
sponding to the maximum stress value of the optimized platform, with 
the maximum equivalent stress value 352.76 MPa. Finally, Table 10 
displays the maximum equivalent stress statistical values of each 
component of the platform under six operating load conditions. 

5.4. Improve the strength verification results 

The simulated results indicate that the maximum von Mises stress 

under all working conditions occurs at the circumferential rib plate at 
the lower part of the central column because this is the intersection 
between the outer surface of the lower part of the central column and the 
transverse support. It not only bears the action of wave loads but also 
receives axial loads from the transverse support, resulting in stress 
concentration. 

According to the "Rules for Classification of Maritime Movements 
(2017)" [63], the yield failure criterion is used to perform strength 
testing at the floating platform structure. The allowable stress calcula-
tion formula for the components involved in structural analysis is as 
follows: 

σeq ≤
σs

S
(6) 

In the formula σsis the yield strength of the material is 355 MPa, and 
S is the safety factor 1.11, hence, the equivalent stress of EH36 steelσeqis 
320 MPa. 

The maximum stress of the central column in working conditions 
LC1, LC3, and LC4 is slightly greater than the material allowable stress 
of 320 MPa, but all are within the allowable range of 5% safety limit, 
while the maximum equivalent stress of the central column in operating 
condition LC5 is 352.76 MPa, as shown in Fig. 22, exceeding the 
requirement of 10% safety limit. 

To reduce the phenomenon of local stress concentration on the 
platform, it is possible to add rib plates, thicken plates, or change 
structural components within the structure. Due to the maximum 
equivalent stress of the selected working conditions occurring at the 
internal circumferential rib plate of the central column, this article 

Fig. 20. Cloud chart of equivalent stress of internal structure of the deck.  

Fig. 21. Cloud chart of Equivalent forces on the internal structure of the outer column.  
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adopts the following two schemes to reduce the local stress of the 
component:  

1. Add two identical circumferential rib plates with a spacing of 1.5 m 
between the upper and lower circumferential rib plates with high 
stress range;  

2. Increase the thickness of the circumferential rib plate at the stress 
concentration point to 40 mm. 

Figs. 24 and 25 show the equivalent stress cloud diagrams of the 

internal structure of the central column reflecting the two schemes’ 
outcomes. By adding circumferential ribs and increasing the thickness of 
the ribs, the maximum equivalent stress has been significantly reduced. 
Among them, the maximum equivalent stress of scheme 1 is 
303.19 MPa, with a decrease of approximately 14%;. 

The maximum equivalent stress of scheme 2 is 312.72 MPa, with a 
decrease of approximately 11%, which meets the limit requirements for 
allowable stress. By adding circumferential ribs, the range of high stress 
areas can be dispersed, but it cannot effectively solve the problem of 
stress concentration caused by the force transmission. Due to the small 
difference in stress reduction between the two schemes and considering 
factors such as platform cost, Scheme 2 is adopted to increase the 
thickness of the circumferential rib plate to reduce the equivalent stress 
of the entire platform. Table 11 presents the statistical results of the 
maximum equivalent stress values of the platform under various work-
ing conditions after the scheme 2 execution. Results show that this 
scheme effectively reduces the maximum stress of the columns under 
various operating conditions. The technical roadmap of this paper is 
shown in Fig. 26 respectively. 

6. Conclusion 

Aiming at the integrated development and utilization of energy in 
the deep ocean, this study proposes a conceptual design of a 

Fig. 22. Equivalent stress forces on the internal structure of the central column.  

Fig. 23. Equivalent stress of internal structure of the lower cross bar.  

Table 10 
Maximum Equivalent (von Mises) Stress of main components of semi- 
submersible platform (Mpa).  

LCs Shell 
body 

Transverse 
Braces 

Internal Structure 

Outer 
Column 

Central 
Column 

Crossbeam Deck 

LC1  315.23  184.52  255.27  321.47  207.99  208.18 
LC2  239.74  176.37  214.24  303.54  153.40  210.65 
LC3  251.83  180.39  241.71  325.19  153.89  209.87 
LC4  281.99  189.54  231.64  321.38  190.99  222.77 
LC5  283.56  181.57  234.17  352.76  191.50  215.05 
LC6  269.21  183.14  223.48  316.04  171.33  224.46  
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multifunctional floating optimized platform structure, which integrates 
three DTU 10 MW wind turbines, a 4.4 MW wave energy device and an 
11.4 MW solar energy generation devices to achieve the goal of wind- 
solar-wave power generation. 

In addition, calculates the wave load at the optimized floating plat-
form through the deterministic design wave method according to the 
relevant specifications of DNV and China Classification Society for col-
umn stabilized platforms, and uses the ANSYS workbench to analyse the 
strength verification by mapping the wave load in the form of surface 
load combined with other loads, and draws the following conclusions:  

1. Based on the environmental conditions of the South China Sea, the 
variable density-based topology optimization approach is carried out 
to find the optimal material distribution inside the proposed multi-
functional platform to accomplish the lightweight design and maxi-
mize the stiffness. The topological configuration of cells with a 
density between 0.6-1 has a clearer force transfer path. The truss 
structure is used to re-design the topological optimized results, 
accomplish the lightweight design and maximize the stiffness to 
improve the overall stability. 

2. By using the Hydrodynamic Diffraction module, the required hy-
drodynamic characteristic parameters for the design wave method 
are determined, and the amplitude frequency function of the hy-
drodynamic characteristic parameters for the response of the pro-
posed floating platform is calculated in the frequency domain. 
According to the amplitude transfer function of each section load, it 
can be seen that the floating platform is mainly affected by lateral 
acceleration force, bending moment, and torque.  

3. Based on the design wave method and static analysis, the strength of 
the proposed multifunctional optimized platform is checked, and the 
maximum von Mises stress of each component is obtained. From the 
stress results, it can be seen that the von Mises stress of the compo-
nent is less than the allowable stress of high-strength steel EH36 of 
320 MPa. The weak area of the platform stress mainly occurs in the 
connection between components, including the transverse brace and 

Fig. 24. Equivalent (von Mises) stress at the internal structure of the central column (Scheme 1).  

Fig. 25. Equivalent (von Mises) stress at the internal structure of the central column (Scheme 2).  

Table 11 
Maximum equivalent stress of main components of platform (Improved) (MPa).  

LCs Shell 
body 

Transverse 
Brace 

Internal Structure 

Outer 
Column 

Central 
Column 

Crossbeam Deck 

LC1  315.20  184.97  255.25  285.76  207.98  208.24 
LC2  240.04  176.57  214.23  270.13  153.38  210.71 
LC3  251.97  180.59  241.70  307.24  153.89  209.90 
LC4  281.94  189.74  231.64  275.68  190.97  222.84 
LC5  283.35  181.78  234.18  312.72  191.48  215.12 
LC6  269.13  183.24  223.48  281.45  171.29  224.52  
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the central column, the slant support/transverse brace and the bot-
tom of the deck, the deck and the central/outer column intersection 
between the slant support/cross beam and lower cross beam. 

4. The maximum stress of the proposed multifunctional floating opti-
mized platform structure occurs under the LC5 load combination 
condition, with a maximum stress value of 352.76 MPa, which ex-
ceeds approximately 10% of the allowable stress safety limit. By 
adding circumferential rib plates and increasing the thickness of 
local rib plates, the maximum equivalent stress can meet the safety 
limit requirements of allowable stress. The overall stress reduction of 
the two improvement schemes is 14% and 11%. Considering factors 
such as cost, the internal structure of the central column was 
improved by increasing the thickness of local rib plates. The stress 
results of all calculation conditions in the improved model were 
lower than the allowable stress. 

Finally, the conceptual proposed design model of the large multi-
functional floating optimized platform was obtained to carry out the 
subsequent research work of strength verification, and stability analysis 
of the platform. 
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