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ABSTRACT 
 

     The platform and floating structure of a Spar type offshore wind turbine system 
should be designed in order for their 6-DOF motions to be minimized by a 
hydrodynamic analysis, considering diverse loading environments such as the ocean 
wave, wind, and current conditions. 
     The objective of this study is to optimally design the platform and substructure of a 
3MW Spar type wind turbine system with the maximum postural stability in 6-DOF 
motions. Therefore, design variables of the platform and substructure were first 
determined and then optimized by a hydrodynamic analysis. 
     For the hydrodynamic analysis, the body weight of the system was considered, and 
the ocean wave conditions were quantified to the wave forces using the Morison's 
equation. Moreover, the minimal number of computation analysis models was 
generated by the Design of Experiments (DOE), and the design variables of the 
platform and substructure were finally optimized by using a genetic algorithm with a 
neural network approximation. 
 
 
1. INTRODUCTION 
 
     Since wind power generation has relatively high efficiency and market 
competitiveness among the new renewable energy sources, global technology 
development and market expansion are now underway in this area (Agarwal and Jain 
2003). The early market development of wind power generation mostly focused on wind 
power generation on land, but these days, because of problems, such as large-size 
turbines, environmental issues and locational limitations, offshore wind power 
generation is receiving much attention as a new alternative (Ma and Patel 2001). An 
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on-land wind turbine system consists of a rotor that transmits wind energy, a drive train, 
a power generator and a nacelle where diverse electrical and mechanical devices are 
installed, as well as a tower that supports the thrust from the blade and the body weight 
of the structure (Hong 2006). In addition to these devices of an on-land system, an 
offshore wind turbine system has an undersea substructure (Wang and Sweetman 
2012). On the contrary, because floating-type wind turbines are not fixed on the seabed, 
their fatigue life is highly dependent on the dynamic motion stability. Therefore, the 
exact evaluation of postural behavior for the floating-type wind-turbines is very 
important and should consider the superstructure and substructure weights and 
variable ocean conditions such as wind, wave, and tidal currents. 
     This study analyzed the postural behavior of the floating substructure when it was 
exposed to an offshore environment, and optimally designed the substructure with high 
postural stability using a genetic algorithm. 
 
 
2. FINITE ELEMENT 3-DIMENSIONAL MODEL 
 
     For the hydrodynamic analysis, ANSYS AQWA (version 14.0) was used to generate 
the substructures as the Shell model, and the total number of nodes and elements for 
the 3D model are 18000 and 22000, respectively, due to the mesh number limitation of 
the software. 

Fig. 1 Finite Element 3D Model 
 
     The mesh size was controlled by the element size with a maximum element size of 
3m, a defeaturing tolerance of 1m, and a maximum allowed frequency of 0.294 Hz. The 
mesh type was Quad mesh and generated by ignoring the modeling rule violations to 
increase the overall accuracy in the shape of the structures. 
The inertia, mass and the center of gravity of the superstructure are shown in Table 1. 
 
 
 



 

 

Table 1 Superstructure Information 
Superstructure Specification 

Mass 356500 kg 
Center of Mass (X, Y, Z) (-0.00035932 m, -0.00041835 m, 33.077 m) 

Inertia 
Ixx = 275800000 kg.m2 
Iyy = 275800000 kg.m2 

Izz = 2028000 kg.m2 
 
     A Spar-type platform has a structure with relatively high postural stability when 
exposed to ocean waves since the area touched by the sea surface is smaller than 
other floating-type substructures (Andreas 2000), which makes the platform subject to 
smaller wave loads with a relatively deep draft. 
 
Table 2 3-dimensional model dimensions 

 
     Therefore, for this study, a Spar-type platform was selected as the substructure of 
the offshore wind turbine system. As for the superstructure, a research model was 
constructed by referring to WinDS3000TM, a 3-MW wind power generator developed 
by Doosan Heavy Industries and Construction (DHIC). The dimensions of the 
superstructure and 3D Model are shown in Table 2. 
 
 
3. HYDRODYNAMIC DIFFRACTION ANALYSIS 

 
     In this study, only the wave loads were considered, because they provide the most 
significant effect on the postural behavior of offshore structures. Furthermore, the sea 
water was assumed to be an ideal fluid, non-rotational and incompressible. 
     The maximum wave height and pressure exerted to the structural change in 

Parts Category Specification 
Nacelle Weight 120 tons 

Height 3.2 m 
Tower Weight 180 tons 

Height 65 m 
Diameter Top 3 m 

Diameter Bottom 4.5 m 
Thickness Top 0.05 m 

Thickness Bottom 0.1 m 
Blade Weight 31.5 tons 
Hub Weight 25 tons 

Substructure Height 65 m 
Diameter Top 8 m 

Diameter Bottom 8 m 
Thickness Top 0.15 m 

Thickness Bottom 0.23 m 



 

 

accordance with the wave frequency of 0.011 Hz, which causes the maximum dynamic 
motion, was selected for this analysis. The offshore environment is shown in Fig. 2, 
with the XY plane representing the sea surface and the -Z direction indicating gravity. 
Before conducting the analysis using ANSYS AQWA, the offshore geometry conditions, 
which assume a deep-sea environment, are shown in Table 3. The seawater depth and 
width were set to 200m and 300*300m2, respectively, with a density of 1025 kg/m3. The 
wave height and range were set to 3m and -180° to 180° (-PI to PI, means all 
directions), respectively. The number of wave frequency was 20 and wave was given in 
the X and Y directions (Haug and Fjeld 1996). 
     As for the wave power that was used in the hydrodynamic diffraction analysis, the 
wave power exerted to the structure can be calculated by using the Morison Equation 
(Yilmaz and Incecik 1996). The equation is shown below 
 
                                                 = u̇ + 0.5|u|                                              (1) 
 
where  is the Morison force,  is the water density,   is the inertia coefficient,   is 
the drag coefficient,  is the volume of the body,  is the reference area, and  is the 
flow velocity. 
 
Table 3 Offshore geometry 

Geometry Specification 
Water Depth 200 m 

Water Density 1025 kg/m3 
Water Size, X 300 m 
Water Size, Y 300 m 

Sea Grid Size Factor 15 
 
     The hydrodynamic diffraction analysis model and the static structural analysis model 
were constructed by using ANSYS Design Modeler, a general-purpose analysis 
program. First, the static structural analysis was conducted by using a substructure 
model consisting of a solid body with the purpose of finding out information on the point 
mass in the Shell model for hydrodynamic diffraction analysis. Second, the information 
on point mass obtained through the process above was applied to the Shell model, and 
the hydrodynamic diffraction analysis of ANSYS AQWA led to calculating the pressure 
and the postural behavior of the offshore structure exposed to such offshore conditions 
(i.e., wave loads). Finally, the hydrodynamic diffraction analysis results of 9 
substructure 3D models produced by the Design of Experiments (design variables, 
such as the diameter, the height, the weight of the concrete and water ballast) were 
used as the input of the optimal design with a genetic algorithm in order to obtain the 
optimal values of the design variables. 
 



 

 

Fig. 2 Hydrodynamic diffraction analysis model 
 

     Fig. 3 shows the flow chart of the hydrodynamic diffraction analysis. 
 

Fig. 3 Hydrodynamic Analysis Process 
 
     Details of the models are shown in Table 4 and Table 5 
 
Table 4 Design variable levels 

Height [m] Diameter [m] Ballast Concrete[%] Water[%] 
0 65 0 7 0 40 60 
1 75 1 9 1 60 40 
2 85 2 11 2 80 20 

 



 

 

     For the calculation of the ballast weight with concrete and water was computed to 
locate the platform of every model at the same mean water level by first calculating the 
weight of the substructure and superstructure and the amount of water displaced by the 
substructure. To increase the postural stability of the wind turbines, concrete was 
placed below water in the ballast due to higher density of concrete than water. 
Furthermore, all the mass information of the substructure, superstructure, concrete and 
water were inputted into the point mass for the hydrodynamic analysis. 
 
Table 5 Design of Experiments (DOE) 

 Height Diameter Ballast 
1 0 0 0 
2 0 1 1 
3 0 2 2 
4 1 0 1 
5 1 1 2 
6 1 2 0 
7 2 0 2 
8 2 1 0 
9 2 2 1 

 
 
4. ANALYSIS RESULTS 
 
     Response Amplitude Operators (RAOs), which provide the ratio of output to input 
amplitude for the resulting harmonic response output from the forced harmonic input, 
were obtained from the hydrodynamic diffraction analysis by using the hydrostatic 
analysis results which produced 3 by 3 stiffness matrix of the offshore structure. 
      RAOs of displacements and rotations for the first model (Model 1) among 9 models 
generated by the DOE were shown in Fig. 4 and Fig. 5. For all 9 models, the roll (GRX) 
and pitch (GRY) were symmetrical with regard to the incident wave angle, like the 
surge (GX) and sway (GY). Maximum GX and GY values ranged from 2.96 to 3.11 m/m 
for all 9 models, and the heave (GZ) was in the range of 1.01 to 2.60 m/m. Maximum 
GRX and GRY were ranged from 0.19 to 3.64 °/m with the yaw (GRZ) ranged from 
0.078 to 0.85 °/m. 
 
 



 

 

Fig. 4 RAOs of surge (GX), Sway (GY) and Heave (GZ) (Model 1) 

Fig. 5 RAOs of the Roll (GRX), Pitch (GRY) and Yaw (GRZ) (Model 1) 
 
     In the present study, considering both that the effect of surge and sway were not 
much different and the effect of the yaw on the damage of the offshore structure were 
not significant compared with the roll and pitch, the roll and pitch were chosen for the 
objective postural behavior index for optimizing design variables. 
 
 
5. MULTIPLE OBJECTIVE OPTIMIZATION 
 
     The design variables (i.e., the diameter, the height, the weight of the concrete and 
water ballast of the substructure) are optimized in terms of the postural behavior 
stability and raw material price index; the raw material price index is employed in order 
to easily calculate the total price of the substructure from the substructure weight. The 
optimization method is efficiently combined with a genetic algorithm and an artificial 
neural network as shown in Fig. 6 (Lee 2009). The hydrodynamic analysis results for 9 
finite element models produced by the design of experiments were provided for the 
learning inputs of the neural network with details shown in Table 6. 
 



 

 

Fig. 6 Flow chart of multi-objective optimization 
 
     Finally, the optimal design variable values as well as the concomitant postural 
behavior and raw material price index values (i.e., the best objective values) were 
obtained after 109th generation, as shown below. 
 
- Best objective value [RGX]: 0.193 °/m 
- Best objective value [Raw material price index]: 2.356E+07 
- Optimized design variables: 69.25m (Height), 7.0m (Diameter), 40.0% (Concrete ratio) 
- End generation: 109th generation 
 
Table 6 Optimization Conditions 

Category Value 
Neural network hidden layer 2 

Neural network hidden layer connection 10 
Learning coefficient 0.05 
Convergence ratio 0.02 

Genetic algorithm population 40 
Convergence condition 7 repetitions of the objective value 

Crossover rate 0.4 
Mutation rate 0.005 

Optimization range of design variables H: 65~85 m D: 7~11 m C: 40~80% 
Digitization number of design variables H: 160 D: 160 C: 120 

Design variables: Height (H), Diameter (D), Concrete ratio (C) 
 
     The best objective roll value (GRX) was 0.193 °/m, which is the roll and pitch of the 
substructure calculated by the optimization process after being converged (Fig. 7). To 



 

 

prove the accuracy of our optimization process, we performed another hydrodynamic 
diffraction analysis with the optimized design variable values, and the acquired roll 
(GRX) value was 0.213 °/m which is very close to the objective GRX value (0.193 °/m). 
 

Fig. 7 Convergence of design variables and multi-objective function during optimization 
 
 
6. CONCLUSIONS 
 
     The current study examined design optimization in the overall shape of the 
substructure for spar-type wind turbines by combining a genetic algorithm with a neural 
network to approximate the hydrodynamic analysis results of the substructure design 
models. The optimal design values for the height, diameter, ballast weight to determine 
the overall substructure shape to satisfy both the postural behavior stability and low 
material cost at the same time were proposed. The accuracy in our optimization 
process was also proved by comparing the roll calculated by the optimization process 
with the value computed from hydrodynamic analysis with the optimized design 
variables. 
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