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ABSTRACT 
 

A spar-type substructure used in deep-water zones is one of the platforms with the 
most potential for floating offshore wind turbine systems. Understanding the dynamic 
motion response is critical for designing the substructures of spar-type wind turbines 
after considering all the environmental loads from waves, wind, and currents. Therefore, 
this study aims to provide design guidelines for the substructure in terms of its multi-
DOFs dynamic behavior under all the environmental conditions. Three design variables 
(total draft, diameter of spar, and ballast weight) with 3-levels were selected and 13 
models were generated using the design of experiments (DOE). An integrated design 
and analysis method including the finite element method and statistics was applied. 
First, coupled dynamic behavior analysis considering the environment loads from wind, 
waves and currents as well as the mooring loads was conducted in the time domain to 
obtain the displacement in surge, pitch and heave. Regression analysis was performed 
based on the results, and mathematical regression models were retrieved to describe 
the motions in each degree of freedom. The residua analysis was conducted to justify 
the validity of the developed regression models. Finally, the dominant design variables 
of each degree of freedom were determined. 

 

1. INTRODUCTION 
 

Wind energy offshore has exclusive advantages over onshore wind, such as higher 
and less variable wind speed, large exploration potential and more favorable policy 
provided by government (Esteban et al., 2011). Therefore, increasing attention has 
been paid to the development of offshore wind. Currently, more than 5,400MW of 
offshore wind power has been installed, most of which is within a water depth less than 
60 m with a fixed bottom supporter, such as a monopole, Jacket, etc. (GWEC, 2012). 
Currently, increasing efforts have been made to develop wind energy in deeper water 
areas. The literature shows that the fixed bottom foundations have no advantages in 
term of the cost compared to floating foundations as the water depth increases (Musial 
et al., 2004). Therefore, floating foundation concepts for offshore wind turbines have 
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been proposed. Currently, there are three types of floating offshore wind turbines 
(FOWTs) proposed for offshore wind utilization in deep water: the tension leg platform 
(TLP), semi-submersible platform and spar-type platform. Butterfield, et al. (Butterfield, 
et al., 2005) conducted economic viability and technical challenges analyses for the 
three types of floating structures. In this study, a spar-type floating structure was 
adopted as the foundation supporting the superstructures mounting on it. 

Compared to the wind turbine system installed inland, however, the working 
environment of the FOWT system is much more sophisticated. Therefore, an 
understanding of the dynamic motion response of FOWT is important. For spar type 
FOWT, there are reports focusing on dynamic behavior analysis. Based on the world’s 
first full scale spar type FOWT prototype, namely Hywind, Skaare, et al. (Skaare et al., 
2009) discussed the integrated dynamic analysis under wind and wave in both the 
frequency and time domain using two simulation programs, SIMO/RIFLEX developed 
by Marintek, and HywindSim, an in-house code generated using Matlab. Matsukuma 
and Utsunomiya (Matsukuma et al., 2008) performed a time domain analysis of a 2MW 
spar type floating wind turbine under steady wind conditions, considering the rotor 
rotation in still water. Karimirad and Moan (Karimirad et al., 2011) carried out dynamic 
behavior analysis of the National Renewable Laboratory (NREL) 5MW spar type FOWT 
in a harsh environment as a function of time. Jonkman, et al. (Jonkman et al., 2010) 
presented the results of the code-to-code verifications conducted by the Offshore Code 
Comparison Collaboration (OC3) operated by the International Energy Agency (IEA) 
Wind Task 23, the purpose of which is to evaluate the ability of various software tools, 
including FAST, GH Bladed, ADAMS, HAWC2, SIMO/RIFLEX, etc. The coupled 
dynamic response was based on the NREL 5MW spar type floating support structure, 
which was called OC3-Hywind. 

Fig. 1 Configuration of spar type FOWT 

On the other hand, limited studies of the design approaches for the spar type FOWT 
system has been performed. Most recent dynamic behavior studies of the spar type 
FOWT system are based on OC3-Hywind project. The design of experiment (DOE) 
method was introduced to determine which design variable of the spar type 
substructure is dominant. In this study, for the spar platform design, three design 
variables (total draft, diameter of the spar and concrete ballast ratio) were selected to 
generate models for dynamic behavior analysis. The superstructures (tower and turbine, 
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etc.) above the mean water level (MWL) were the same as the Pusan National 
University (PNU) 2.5MW wind turbine. The mooring lines of the OC3-Hywind were 
selected to all of the DOE generated models. Coupled dynamic analysis considering 
the environment loads from wind, wave and current as well as the mooring loads in the 
time domain were conducted on the models generated using ANSYS AQWA software. 
The dynamic responses in surge, pitch and heave were evaluated for each of the 
generated models. Fig.1 presents the configuration of a spar type FOWT system.

2. DESCRIPTION OF MODELS AND APPLIED LOADING CONDITION 

2.1 DEFINITION OF MOTIONS 

The Spar type FOWT is a compliant platform moored with mooring lines. The entire 
system can be considered to undergo rigid body motions (Agarwal et al., 2003; DNV-
RP-F205, 2010). A coordinate system (CS) is generally defined with the origin in the 
mean water level (MWL) when hydrodynamic problems are engaged. 

The rigid body motion of a floating platform consists of 6 DOFs. Three of them are 
translational, whereas the others are rotational. The following notation is used to 
denote the rigid body motion (see Fig. 2(a)).

 Translational motion: η1 = surge (along x); η2 = sway (along y); 
                                η3 = heave (along z).

 Rotational motion:    η4 = roll (about x); η5 = pitch (about y); 
                                 η6 = yaw (about z).

In this study, the directions of the environmental loads are defined as the angles 
between the propagation and positive x axis measured in the counter-clockwise 
direction (see Fig.2 (b)).

Fig. 2 Description of :(a) definition of motion  and (b) loads direction  

2.2 DESIGN BASIS 

Basically, DOE is a methodology for systematically applying statistics to examine the 
influence of different variables on the outcomes of the experiment. For the design 
variables with 3-levels, the response surface methodology (RSM) is normally adopted 
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because a mathematical model can be constructed easily, requiring fewer experiments, 
and reducing both the cost and time of the simulation. Several RSM design methods 
are available. The Box-Behnken Design (BBD) method was selected. Fig.3 shows the 
geometric representation of BBD for the three factors. Montgomery provided details of 
the RSM and the theoretical background on the BBD (Montgomery, 2001).

Table 1 Design variables and levels for spar platform design 

Factor Notation Unit
Levels

Low
(-1)

Medium
(0)

High
(+1)

Total Draft TD m 100 110 120
Spar Diameter SD m 8 9 10
Concrete Ratio CR - 0.4 0.7 1.0

In this study, 3 design variables or factors (total draft, diameter of spar, concrete 
ratio) with 3-levels were selected to generate spar type substructures for dynamic 
behavior analysis. Table 1 lists the design factors with their levels, notations and units 
used this study. 

Fig. 3 Geometric representation of BBD for three factors 

The wind turbine used in this study is the PNU 2.5MW wind turbine. For rigid body 
motion analysis, only the main properties related to mass and dimension are specified 
(Table 2). The thrust forces acting on the wind blades were considered. Fig. 4 shows 
the relationship between hub wind speed and thrust force. 

Table 2 Mass and dimensional properties of PNU 2.5MW wind turbine 
Elevation to Tower Top Above MWL 78 m

Hub Height Above MWL 80 m
Overall Mass (Tower, Turbine, etc.) 2.642E5 Kg

Nacelle Height 4 m
Tower Diameter at Base 5 m
Tower Diameter at Top 3 m

In this study, all the spars were moored to the sea bed by three catenaries. The 
specification of mooring catenary is the same as that used in the OC3-Hywind project 
(Jonkman, 2010). The connection points of the catenary lines were spread equally 
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around the exterior surface of the spar hull at a depth of 70 m below the MWL. The first 
connection point was located at the positive x-axis. The anchors were placed at the 
sea-bed at a radius of 853.87 m from the center line (CL) of the spar platform at a water 
depth of 320 m. The catenary lines had an un-stretched length of 902 m. 
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Fig. 4 Thrust curve of PNU 2.5MW wind turbine 

 
For dynamic behavior analysis of the rigid body, only the mass and inertia properties 

are required (Table 3). These properties include a contribution from the superstructure. 
The inertial properties of the models were calculated considering the center of gravity 
(COG). 
   
Table 3 Mass and inertia properties of structures 

Model 
No. 

Factors Mass 
(Kg) 

COG (m) 
(z-axis) 

Inertia w.r.t COG (Kg.m2) 
TD SD CR Ixx Iyy Izz 

1 -1 0 -1 6.523E6 -57.410 9.997E9 9.997E9 1.015E8 
2 -1 -1 0 5.162E6 -53.836 8.785E9 8.785E9 6.632E7 
3 -1 +1 0 8.063E6 -61.211 1.160E10 1.160E10 1.492E8 
4 -1 0 +1 6.532E6 -58.397 1.034E10 1.034E10 1.015E8 
5 0 0 0 7.185E6 -64.848 1.273E10 1.273E10 1.117E8 
6 0 +1 -1 8.869E6 -66.789 1.399E10 1.399E10 1.642E8 
7 0 -1 +1 5.679E6 -60.491 1.092E10 1.092E10 7.299E7 
8 0 +1 +1 8.869E6 -68.465 1.462E10 1.462E10 1.642E8 
9 0 -1 -1 5.679E6 -59.902 1.067E10 1.067E10 7.299E7 
10 +1 -1 0 6.195E6 -66.804 1.328E10 1.328E10 7.967E7 
11 +1 0 -1 7.838E6 -70.553 1.519E10 1.519E10 1.220E8 
12 +1 0 +1 7.838E6 -71.826 1.578E10 1.578E10 1.220E8 
13 +1 +1 0 9.675E6 -74.850 1.782E10 1.782E10 1.793E8 

 
2.3 SIMULATION CONDITIONS 
 

In this study, only the loading environmental case in operating condition was studied. 
The operating environmental parameters were selected from the 3-D contour surface of 
the joint distribution for wind and waves (Johannessen et al., 2001). The simultaneous 
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wind and wave measurements from the Northern North Sea during between 1973 and 
1993 were used to generate the 3-D contour surface. Typical current speed in this 
region was selected based on offshore regulations (DNV-OS-E301, 2010). An irregular 
wave is described by the JONSWAP wave spectrum in this study (Fig. 5).  
 
  Table 4 Environmental parameters 

Thrust 

Force (N) 

Wind Wave Current 

Reference Height (m) Speed (m/s) Hs (m) Tp (s) Speed (m/s) 

2.37E5 10 11.3 3.1 10.1 1.0 

 
The thrust force was applied to the center of the nacelle (hub height). The incident 

direction of the environmental loads was 0° (Table 4). 
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Fig 5 Applied wave spectrum in simulation 

 

3. ANALYSIS PROCEDURE 
 

Two software packages, ANSYS AQWA, were used in dynamic analysis. A diffraction 
analysis solver in the frequency domain (FD) named AQWA-LINE was used as a 
preprocessor to obtain the hydrostatic loads, first order wave exciting forces and the 
quadratic transfer functions (QTFs) for a slow varying wave drift force calculation in the 
next step (Fig. 6).  

The output data of AQWA-LINE was then used as the input along with other 
environmental loads (wind, current, mooring, etc.) to the AQWA Time Response solver. 
The equation of motion in the time domain was solved to obtain the time series for the 
interested dynamic behavior. A time step of 0.5 second was selected in this study. Half-
an hour simulations were run. 
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Fig. 6 Procedure of dynamic behavior analysis 

4. RESULTS AND DISCUSSION 

4.1 TIME DOMAIN SIMULATION RESULTS 

Only the wave load was considered in the frequency domain, which cannot reflect the 
dynamic behavior of a structure completely. In time domain analysis, all the 
environment loads, including the wave force, current force, wind and the coupling effect 
between the structure and mooring system can be accounted for. 

Table 5 Statistical results of motion in time domain 
Model

No.
Run
No.

Factors
COG 
(m)

(z-axis)

Displacement

TD
(A)

SD
(B)

CR
(C)

Surge 
(m)

Heave 
(m)

Pitch 
(°)

1 11 100 9 0.4 -57.410 27.465 75.020 4.833
2 1 100 8 0.7 -53.836 40.859 72.513 10.542
3 2 100 10 0.7 -61.211 23.015 76.384 2.684
4 13 100 9 1 -58.397 27.512 75.360 4.317
5 3 110 9 0.7 -64.848 24.363 75.033 3.316
6 12 110 10 0.4 -66.789 22.880 76.222 2.283
7 8 110 8 1 -60.491 33.068 73.410 7.178
8 10 110 10 1 -68.465 22.158 76.218 1.996
9 7 110 8 0.4 -59.902 34.945 73.143 7.912
10 6 120 8 0.7 -66.804 29.055 73.510 5.341
11 4 120 9 0.4 -70.553 23.896 74.824 2.823
12 5 120 9 1.0 -71.826 23.088 74.879 2.508
13 9 120 10 0.7 -74.850 22.082 76.066 1.619

In this study, wind, wave and current propagate din the same direction, i.e. 0° along a
positive x-axis. The motions in the DOFs of surge, pitch and heave were significant 
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under the selected loading condition. Table 5 lists the mean displacements in the 
specific DOFs for all the models. The reference point is the center of the simplified 
nacelle with a coordinates (0 m, 0 m, 80 m) defined in the Fixed Reference CS. 
 
4.2 REGRESSION ANALYSIS RESULTS 
 

The RSM is the production combined among mathematics and statistics. For most 
RSM problems, the relationships between the response and variables are unknown. 
Normally, a 1st, 2nd or higher polynomial can be used to form the mathematical model 
that can describe the approximate relationship between the responses and variables. 
The mathematical model is only reasonable in certain range of variables, not in the 
overall domain. If the response is well modeled by a linear function of variables, the 
approximating function is the first order-model, as follows (Montgomery, 2001): 

0 1 1 2 2 k ky x x x                                              (1) 
If there is curvature in the system, a higher order polynomial, such as a second-order 
model must be used, as follows (Montgomery, 2001): 

2
0

1 1

k k

i i i i i i j i j
i i i j

y x x x x    
  

                              (2) 

where xi or j stand for the variables, βi and βij are the regression coefficients for the main 
effects of the variables and interaction effects between the variables, respectively. The 
coefficients in Eq. (1) and Eq. (2) can be estimated using the least squares method, 
see (Montgomery, 2001) for details. The last term, ε, is the stochastic error. Almost all 
RSM problems use one or both of the aforementioned models. 

Using the data in Table 5 as well as the aforementioned mathematical models, the 
regression models were proposed for the displacements in surge, heave and pitch. The 
regression coefficients were calculated using Design Expert software. The generated 
regression models termed in the coded factor for each of the displacements in 
respective DOFs are as follows: 

 
 Regression model for surge 

 
1/ (Surge) = 0.040 + (3.023E-3)*A + (7.478E-3)*B + (5.560E-4)*C – (2.027E-3)*A*B 
          – (3.009E-3)*B2 – (4.357E-4)*C2 
           
 Regression model for pitch 
 
1/ SQRT (Pitch) = 0.55 + (0.074)*A + (0.16)*B + (0.016)*C + (0.013)*A*B 
          + (7.051E-3)*B*C – (0.016)*B2 – (9.263E-3)*C2 
  
 Regression model for heave 
 
Heave = 74.81 + (1.992E-4)*A + (1.54)*B + (0.082)*C 
 

The analysis of variance (ANOVA) was conducted to justify the validity of the 
developed regression models. The adequacy of the models was assumed at the 95% 
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confidence level. Tables 6, 7 and 8 present the ANOVA tables of the surge, pitch and 
heave, respectively. In the ANOVA tables, SS is the sum of squares, DF is the degree 
of freedom, and MS denotes the mean square. MS is the SS to DF ratio. The F-value is 
the ratio of MS of the regression model to MS of the residual error. According to this 
method, the calculated F-value of the developed models should be larger than the 
tabulated value of the F-table for the 95% confidence level, which can ensure that the 
generated regression model is adequate. The calculated F-values were 234.18, 2912.6 
and 50.46, which were significantly larger than the tabulated F-table: 4.28, 4.88 and 
8.81 for surge, pitch and heave, respectively. 

 
Table 6 ANOVA table for surge motion 

Source of variation for 1/ (surge) DF SS MS F-value P 
Regression model 6 5.65E-4 9.42E-5 234.18 <0.0001 
Residual Error 6 2.41E-6 4.02E-7   
Total 12 5.68E-4    
Adjusted R-squared 99.15%     
Predicted R-squared 98.22%     
F-table (0.05, 6, 6) = 4.28      

 
  Table 7 ANOVA table for pitch motion 

Source of variation for 1/ Sqrt(Pitch) DF SS MS F-value P 
Regression model 7 0.26 0.037 2912.6 <0.0001 
Residual Error 5 6.31E-5 1.26E-5   
Total 12 0.26    
Adjusted R-squared 99.94%     
Predicted R-squared 99.80%     
F-table (0.05, 7, 5) = 4.88      

 
  Table 8 ANOVA table for heave motion 

Source of variation for Heave DF SS MS F-value P 
Regression model 3 19.01 6.34 50.46 <0.0001 
Residual Error 9 1.13 0.13   
Total 12 20.14    
Adjusted R-squared 92.52%     
Predicted R-squared 87.86%     
F-table (0.05, 3, 9) = 8.81      

 
In addition, the P values of all the regression models were much lower than 0.05, 

which indicates that the regression models are adequate at the 95% confidence level. 
The validity of the developed models can also be proved by the adjusted correlation 
coefficient (Adjusted R-squared). This coefficient is an indicator of the variability in the 
observed output and can be explained by the factor and interaction of the two factors. 
The coefficients of the regression models for the surge, pitch and heave were 99.15%, 
99.94% and 92.52%, respectively, which shows that the predictive ability of the 
regression models is high. 

Residual analysis of the regression models was conducted to check their accuracies. 
Essentially, the residual errors should show a normal distribution. The residuals were 
distributed almost along straight lines, which indicate that the residual errors are 
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distributed normally (Fig. 7). Meanwhile, the scatter diagrams of the residuals versus 
the predicted values show that the residual are distributed evenly on both sides of the 
reference line. 

 
(a)                                                                                (b) 

 
                                                       (c)                                                               (d) 

 
                                                      (e)                                                                    (f) 
Fig. 7 Residual analysis plots of regression models: (a,b) surge, (c,d) pitch, (e,f) heave  

Fig. 8 shows the actual versus predicted values for the regression models of the 
selected DOFs. As shown in the figure, the points are distributed almost along straight 
lines, which mean that the developed models are reasonable, particularly in surge and 
pitch. Residual analyses as well as prediction ability analyses show that the developed 
models are reasonably accurate. 
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          (a) 

         (b) 

        (c) 
Fig. 8 Actual versus predicted values for response: (a) surge, (b) pitch, (c) heave 

Perturbation analyses were conducted to determine which values are significant for 
the displacement in the respective DOFs. The perturbation plots help compare the 
effects of all factors at a particular point in the design space. In this study, the midpoint 
(coded 0) of all the factors was selected as the reference point. The responses were
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plotted by changing only one factor over its range while holding the other factors 
constant. A steep slope or curvature in a factor shows that the response is sensitive to 
that factor. A relatively flat line shows insensitivity to change in that particular factor. The 
dynamic responses in surge and pitch were both sensitive to the total draft and spar 
diameter, whereas the concrete ratio is relatively insensitive to the two responses. For 
the displacement in heave, the spar diameter is dominant over the remaining factors, 
total draft and concrete ratio (Fig. 9). 

(a) 

(b) 
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(c) 
Fig. 9 Perturbation plots for the design factors: (a)surge, (b) pitch, (c) heave 

The dynamic behaviors in surge, pitch and heave were also analyzed through the 
developed RSM models by generating 3-D surface plots. The 3-D surface plots are 
used to examine the relationship between a response and a set of factors, which can 
be found in the respective regression models. Fig. 10 depicts the relationship between 
the surge displacement and two interacted factors, spar diameter and total draft. Similar 
conclusions as those from perturbation plots can be drawn, i.e. the surge motion is 
sensitive to the total draft and spar diameter. When the spar diameter and total draft 
become larger, the structure will experience smaller motion in surge, and vice versa. 

Fig. 11 and Fig. 12 present the 3-D surface plots for the relationships between the 
pitch and two sets of design factors: the interaction between the spar diameter and total 
draft, and interaction between spar diameter and concrete ratio, respectively. The spar 
diameter and total draft are significant to the pitch motion, which can also be seen from 
a perturbation plot for pitch. The motions in pitch decrease with increasing spar 
diameter and total draft and vice versa. In particular, Fig. 12 shows that the concrete 
ratio is relatively insensitive to pitch motion. 

Fig. 13 presents the 3-D surface plot for the relationship between heave and the 
interaction between the spar diameter and total draft. The spar diameter is dominant 
over the others for heave motion. The displacement in heave increases substantially 
with increasing spar diameter.
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Fig. 10 3-D response surface for surge 

Fig. 11 3-D surface plots for pitch, interaction between SD and TD 
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Fig. 12 3-D surface plots for pitch, interaction between SD and CR 

Fig. 13 3-D surface plots for heave 

5. CONCLUSIONS 

This study examined the dynamic behaviors of spar type floating offshore wind 
turbines. The integrated design and analysis method, including the FEM and statistics, 
were introduced to determine which design factor dominates the dynamic behaviors in 
a specific DOF. The Box-Behnken Design, which is a widely used response surface 
design method, was applied to generate the models for dynamic behavior analysis. 
Coupled dynamic behavior analysis considering the environment loads for wind, wave 
and current as well as the mooring loads was conducted as a function of time using 
ANSYS AQWA software. The displacements in surge, pitch and heave were selected 
as indicators for evaluating the dynamic behavior of the BBD generated models. Based 
on the results in these DOFs, as well as the statistical method, regression analyses of 
the results were conducted and regression models were developed for the motions in 
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surge, pitch and heave. The analysis of variance (ANOVA) was performed to justify the 
validity of the developed models. The models were sufficiently accurate. Perturbation 
plots and 3D surface plots in surge, pitch and heave were generated based on the 
developed models. According to the results from dynamic behavior analyses as well as 
the ANOVA results, the following conclusions could be drawn: 

Both surge and pitch motions were sensitive to the total draft of the platform and the 
spar diameter. The motions in surge and pitch increase substantially when the total 
draft and spar diameter decrease and vice versus. The motions in surge and pitch were 
relatively insensitive to the concrete ratio. 

The spar diameter appeared to dominate the heave motion. The heave motion 
increased with increasing spar diameter, whereas the other two factors had 
comparatively small effects on the heave motion. 

In this study, the regression models developed showed reasonable accuracy under 
the selected environment conditions. On the other hand, the dominant design factors in 
surge, pitch and heave were correct, so more attention should be paid to these 
parameters when designing spar structures. The introduction of a response surface 
design method may bring convenience to the structure design and the mathematical 
regression models generated under different loading conditions can be used to obtain 
the optimal structures. In future, more loading conditions ranging from operating 
conditions to survival conditions will be selected for dynamic analyses in the time 
domain. The regression models under each loading condition will be used for the 
optimal spar substructure design. Furthermore, a proper analysis tool will be needed to 
take the rotation of the turbine rotor into consideration. 
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