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Abstract 

This thesis deals with design and analysis of steel semi-
submersible hulls for supporting MW-level horizontal axis wind 
turbines. The thesis address the following four topics: 1) conceptual 
design methods, 2) conceptual design of a steel braceless hull for 
supporting a reference wind turbine (denoted as 5-MW-CSC), 3) 
development, verification and validation of numerical approaches for 
analyzing global structural responses of structural components of 
semi-submersible hulls in wind and waves, and 4) case studies 
related to numerical simulations and experimental measurements for 
load and load effects on semi-submersible wind turbines.  

Simplified design procedure, criteria and design check 
approaches for conceptual design with respect to safety have been 
systematically presented and discussed based on publicly accessible 
publications and the author’s experience and practice in the past six 
years.  

The 5-MW-CSC is developed based on the simplified design 
procedure, criteria and design check approaches. Numerical analysis 
shows that the 5-MW-CSC has very good intact stability, well 
designed natural periods and modes, moderate rigid-body motions in 
extreme environmental conditions and a reasonable structural design.  

The structural design of the 5-MW-CSC is checked by using 
simplified ULS and FLS design checks. Two time-domain 
approaches, which can be easily implemented in various state-of-the-
art computer codes to extend their capabilities to analyze sectional 
forces and moments in structural components of generic and specific 
floaters subject to environmental loads from wind and waves, were 
developed by the author. The developed approaches focus on 
modeling of inertia and external loads on the floaters and mapping of 
the loads in finite element model of the floaters. The floaters are 
considered as an assemblage of several structural components. The 
conventional hybrid frequency-time domain approach is extended to 
model the external loads on and inertia loads of each structural 
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component.  Limitations of the developed time-domain approaches 
and future work for solving these limitations are discussed. 

The developed approach for generic floaters were verified and 
validated by comparing with simulated responses given by other 
reference numerical models and measurements from a 1:30 scaled 
model test campaign using the ReaTHM® testing approach to 
overcome the limitations of conventional model test approaches. The 
verification and validation consist of five comparisons. Objectives 
and expected results of the five comparisons are illustrated. In 
general, the comparisons agree with the expectations while possible 
reasons for the deviations are thoroughly and quantitatively analyzed. 

Effect of non-linear wave excitation loads, drag forces, each load 
component, and steady wind and wave loads induced by changes of 
the mean wetted body surface on rigid-body motions and sectional 
bending moments in five specified cross-sections on the hull of the 
5-MW-CSC were analyzed by comparing the measurements of the 
model test campaign and carrying out numerical sensitivity study. 

These analyses shed more light on features of the loads and load 
effect on and critical structural components of the hull of the 5-MW-
CSC, and critical environmental conditions for the 5-MW-CSC with 
respect to fatigue damage and extreme load effects. The obtained 
understanding was used to simplify complexity of numerical models 
of the 5-MW-CSC to reduce computational cost of the design checks, 
and is helpful for reducing design conditions required by ULS and 
FLS design checks and structural optimization.  

Experience acquired from design and analysis of the 5-MW-CSC 
and development of the time-domain approaches will promote 
development of novel and cost efficient designs of semi-submersible 
wind turbines; while the 5-MW-CSC and developed approaches can 
be used as reference to validate other computer codes for analyzing 
global responses of floating wind turbines.  
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Preface 

This thesis is submitted to Norwegian University of Science and 
Technology (NTNU) in partial fulfilment of requirements for degree 
of Doctor of Philosophy. 

The thesis is a result of my research work carried out at the 
Department of Marine Technology at NTNU, supervising by Prof. 
Torgeir Moan (my major supervisor) and Prof. Zhen Gao (my co-
supervisor) from August 2011 to May 2018. 

One objective of my Ph.D study is to develop a novel, cost 
effective and reliable design of semi-submersible hull for supporting 
wind turbines.  This is a very challenge task which needs a huge 
effort since 1) design is an iterative process, 2) development of 
floating wind turbines is in its early stage, and 3) floating wind 
turbines are complex system with strongly coupled subsystems, i.e. 
the wind turbine, control system, hull and mooring system. 
Consequently, significant efforts were needed in addition to a normal 
3-year Ph.D program. 

 To solve this challenge, in additional to the funding for my 3-
year Ph.D study by the Norwegian Research Centre for Offshore 
Wind Technology (NOWITECH), additional funding was obtained 
from the Research Council of Norway through the Centre for Ships 
and Ocean Structures (CeSOS) and the Centre for Autonomous 
Marine Operations and Systems (AMOS), and the EU FP-7 project 
MARINA Platform project to contribute to these projects.  

In the framework of CeSOS and NOWITECH, I cooperated with 
other researchers. By now, as first author or co-author, I have 
published five journal papers and seven conference papers while 
there is a paper has been submitted to a journal for review. 

This thesis is paper-based and composed of a summary of five 
attached papers and an attached report. The summary highlights my 
contribution with respect to 1) conceptual design methods, 2) 
conceptual design and analysis of semi-submersible wind turbine 
hulls and 3) development, verification and validation for numerical 
approaches for analyzing global structural responses. While detailed 
information is referred to the attached papers and report.  
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I intend to make the summary easy to read, and to be a helpful, 
informative and suitable reference for readers of this thesis, in 
particular for inexperienced researchers, students and engineers who 
are working on or would like to work on design and numerical and 
experimental analysis of global responses of floating wind turbine 
hulls in wind and waves. Consequently, relevant background 
information is highlighted in the summary, while some detailed 
information with respect to the differences between the developed 
numerical approaches and conventional approaches and the 
procedure for verifying and validating the developed approach are 
included in the summary as well.  
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Chapter 1  

Introduction 
Development of wind energy is driven by the fact that wind 

energy is an attractive solution to feed the huge demand of energy 
consumption in future.  By now, onshore wind energy has been well 
developed. Wind power industry is moving from on-shore to 
offshore, from on-land and shallow water to deeper water, from 
bottom fixed wind turbines to floating wind turbines. Background 
information of these issues is introduced in Section 1.1 in together 
with a brief introduction (more details are given in later chapters of 
this thesis) with respect to the state-of-the-art knowledge, limitations 
and challenges about design and analysis of semi-submersible wind 
turbines.  The research work included in this thesis intends to give 
contributions to solve these limitations and challenges. Four 
specified objectives and interconnection between the objectives and 
the appended papers are presented in Section 1.2. 

1.1 Background 

1.1.1 Wind Energy: An attractive solution to feed the huge demand 
of energy consumption in future 

The 2017 Revision of World Population Prospects published by 
United Nations (2017) shows that the world population of 7.6 billion 
in the year 2017 is expected to reach 8.6 billion in 2030, 9.8 billion 
in 2050 and 11.2 billion in 2100. While, the United States Energy 
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Information Administration (IEO, 2017) projects that world energy 
consumption will grow by 28% between 2015 and 2040, from 575 
quadrillion British thermal units (Btu) to 736 quadrillion Btu. Wind 
energy, which is clean and renewable, is more and more attractive to 
human civilizations to feed the huge demand of energy consumption 
in future as concern with sustainable development, global warming 
and climate change, and environmental protection keep increasing. 
As released by the Global Wind Energy Council (GWEC 2016) 
“more than 54 GW of clean renewable wind power was installed 
across the global market in 2016, which now comprises more than 90 
countries, including 9 with more than 10,000 MW installed, and 29 
which have now passed the 1,000 MW mark. Cumulative capacity 
grew by 12.6% to reach a total of 486.8 GW”. As shown in the 
WindEurope’s Central Scenario (Wind Europe 2017) “323 GW of 
cumulative wind energy capacity would be installed in the EU by 
2030, 253 GW onshore and 70 GW offshore.  

By now, onshore wind energy has been well developed. Arup, a 
leading engineering consultant firm, discovered that cost of onshore 
wind energy development now competitive with gas in the UK 
(Energy Manager Today, 2017). While, the potential of offshore 
wind energy is substantial, particularly in relatively deep water (e.g. 
deeper than 50 m (EWEA 2013)). 

1.1.2 On-shore MW-level wind turbines 
A modern on-shore MW-level horizontal axis wind turbine is 

composed of a Rotor Nacelle Assembly (RNA) and a tower. As 
shown in Figures 1.1 and 1.2, the tower is mounted on a foundation 
on ground and is used to support the rotor and nacelle. The rotor is 
composed of a hub and several blades, e.g. three blades or two blades. 
The blades are attached on the hub. A drive train system and a 
generator are located in the nacelle. The drive train is used to connect 
the rotor and generator. For a conventional generator, a speed 
increasing gearbox is needed. This means the drive train includes a 
low speed shaft, a high speed shaft and a speed increasing gearbox. 
One end of the low speed shaft is connected to the hub while one end 
of the high speed shaft is connected to the generator. The rest ends of 
the low speed and high speed shafts are connected to the gear box 



3 
 

which is used to transfer kinetic energy of the shafts. In additional to 
the conventional generator, there has been considerable development 
of generators driven directly by the wind turbine rotor without a 
speed increasing gearbox. For these generators, the hub is directly 
connected to the generator by a shaft.  

Aerodynamic loads on the blades result in a torque which rotates 
the hub with respect to the axis of the low speed shaft while the 
generator provides a resistant moment on the high speed shaft and 
convert kinetic energy to electrical power. The blades are rotatable. 
A control system is used to adjust the pitch angle of the blades, see 
Figures 1.2, and the resistant moment provided by the generator to 
start-up and shut down the wind turbine, and to optimize output 
electrical power. A yaw drive, which is located on tower top, is used 
to rotate the nacelle to insure that, for an upwind rotor, the rotor 
plane is facing to the direction of incident winds and on the upwind 
side of the tower. Similarly, for a downwind rotor, the rotor plane is 
on the downwind side of the tower. The blades are deformed by 
external and inertial loads on the blades. Upwind rotor should be 
designed to have sufficient clearance between the blades and the 
tower. For downwind rotor, deformation of the blades induced by 
mean component of the external loads will increase the clearance 
between the blades and tower. However, for downwind rotor, effect 
of aerodynamic loads on the blades, which are induced by wake of 
the tower, needs to be appropriately analyzed. 

In addition to MW-level horizontal axis wind turbines, which 
have been well developed, some conceptual designs of MW-level 
vertical axis wind turbines, see Figure 1.3, have been developed and 
analyzed by some researchers. Detailed information of vertical axis 
wind turbines is referred to (Wang et al., 2014).     
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Figure 1.1 Configuration of on-land wind turbines  

(Renewable Energy Bangladesh, 2018) 

 
Figure 1.2 Rotor nacelle assembly (Wind Energy 

Programmatic EIS, 2018)                                      
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Figure 1.3 Configuration of a vertical-axis semi-submersible 

wind turbine (Wang et al., 2014) 

1.1.3 Trend for developing offshore wind energy 
Offshore wind power has several advantages over onshore wind 

power (Twidell and Gaudiosi, 2009). First, offshore wind sites 
generally produce stronger winds with less turbulence on average 
because sea surface is considerably smoother than land surface. 
Second, effects of noise and visual pollution from these sites on 
humans are negligible because of their distance from populated areas. 
Third, in most countries, sea is owned by government rather than 
private landlords, which allows for development of large offshore 
wind farms. Finally, good sea transport capabilities allow for 
construction of large wind turbines with high rated power (e.g., 5-10 
MW). 

1.1.4 Offshore fixed wind turbines 
Offshore fixed wind turbines, which could be considered as a 

wind turbine mounted on a supporting structure fixed on sea bed, 
have been used by offshore wind industry to harvest wind energy in 
offshore sites. The supporting structure could be a monopile, a Tri-
Pod structure, a jacket, a suction caisson or a gravity based structure, 
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see Figure 1.4. Compared to the on-shore wind turbines, hydrostatic 
and hydrodynamic load effects on the offshore fixed wind turbines 
must be appropriately accounted for.  

 
Figure 1.4 Configurations of five fixed offshore wind turbines 

(Edenhofer et al., 2011) 

1.1.5 Motivations for developing floating wind turbines 
With increase of water depth, cost of construction, installation 

and maintenance of the supporting structure will increase 
significantly since the supporting structure has to be designed to have 
sufficient global stiffness to avoid large amplitudes of global 
structural vibrations excited by first order wave loads. Large 
amplitudes of the global structural vibrations are not preferred to in 
view of design for safety and functionality as the structural vibrations 
could result in considerable fatigue damage on structural components 
of the offshore wind turbines. As the global stiffness of the 
supporting structure increases, the cost of installation and 
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maintenance may increase correspondingly. For example, for a 
monopile wind turbine, increasing the diameter of the monopile is an 
effective way to increase the global stiffness of the supporting 
structure. However, the difficulty for piling the monopile on the sea 
bed will increase with increase of the diameter of the monopile.  

Floating wind turbine concepts are considered an attractive 
solution for harvesting offshore wind energy in relatively deep water, 
e.g. deeper than 80 m. By now, the offshore wind industry is moving 
from pilot prototype field tests to pilot commercial size floating wind 
farms while structural optimization for cost reduction is a focus of 
these pilot projects (Statoil As, 2017) (Principle Power Inc., 2017). 

1.1.6 Floating wind turbines 
Floating wind turbines could be considered as a wind turbine 

mounted on a hull (floater) that is moored by a mooring system, see 
Figure 1.5. According to different approaches for obtaining 
resistance with respect to overturning moments, floating wind 
turbines can be classified into spar-type, tension leg platform (TLP) 
and semi-submersible (which is also known as column 
stabilized)/barge wind turbines. More discussions with respect to 
classification of floating wind turbines are referred to (Butterfield et 
al., 2007). 

 
Figure 1.5 Configurations of three floating offshore wind 

turbines (Edenhofer et al., 2011) 
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1.1.7 Motivations for developing semi-submersible wind turbines 
In general, semi-submersible wind turbines are expected to have 

better performance when compared to barge wind turbines which are 
considered as counterparts of the semi-submersible wind turbines. 
This is because the barge wind turbines may have relatively larger 
water plane area which means larger amplitudes of wave excitation 
loads and dynamic responses. Compared to spar-type or tension leg 
platform wind turbines, the advantages of semi-submersible wind 
turbines include, but are not limited to, 1) greater flexibility in terms 
of varying sea bed conditions and drafts and 2) significantly reduced 
installation costs due to their simpler installation, with full assembly 
at dock (Roddier et al., 2010). Some conceptual designs of semi-
submersible wind turbines are shown in Figure 1.6. 

Figure 1.6 Configuration of 5-MW-CSC (left), OC4-Semi 
(middle) and WindFloat (right) 

1.1.8 Design of semi-submersible wind turbine hulls 
To enable semi-submersible wind turbines for harvesting wind 

energy in offshore wind farm, analyzes and tests must be 
appropriately carried out to demonstrate that 1) levelized cost of 
energy for development of semi-submersible wind farms can be 
reduced to a profitable level, and 2) developed semi-submersible 
wind farms achieve a desired level of reliability. 

The IEC 61400-1 design standard (IEC 2005) specifies the 
design requirement for land-based wind turbines. The IEC 61400-3 
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design standard (IEC 2009) supplements the IEC 61400-1 design 
standard with design requirements for bottom-fixed offshore wind 
turbines. Current design standards for floating wind turbines, e.g. 
DNV-OS-J103 (DNV, 2013a), ABS #195 (ABS, 2013) and ClassNK 
guideline (ClassNK, 2012), are developed on base of combination of 
successful experience accumulated by the offshore oil and gas 
industry and wind power industry over the past decades.  

In general, semi-submersible hulls for supporting offshore wind 
turbines are designed for serviceability and safety. The main 
serviceability criterion relates to stable power production, while the 
safety is specified as an agreed acceptable failure probability of 
failure events, such as capsizing/sinking and local and global 
structural failures, that may lead to catastrophic consequences, e.g. 
fatalities and environmental damage, and property damage of the 
floating wind turbines during their design lifetime. The design 
lifetime is composed of development of design, fabrication, 
operation and removal and reuse. 

In general, cost of developments of floating wind turbines 
increases significantly when higher safety levels are incorporated. 
Reducing the costs of the produced power to a competitive level is an 
important challenge for the offshore wind energy development. 
Unlike offshore oil and gas platforms, floating wind turbines are 
unmanned during operation, limiting the consequences of failures to 
economic losses rather than loss of human life and/or environmental 
damage. In addition, these floaters are designed for different 
functionalities. For example, semi-submersible hulls used in the 
offshore oil and gas industry may need to be designed to have large 
space of upper deck to accommodate living and production facilities, 
equipment and buildings, and to have moderate motions in operating 
conditions as required by the compensator of risers. While the hulls 
of semi-submersible wind turbine should be designed to have a 
relatively large second moment of water plane area to ensure 
sufficient intact stability. Consequently, trade-off between the safety 
levels and the levelized cost of energy should be considered and 
addressed, while a significant reduction of the levelized cost of 
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energy is expected to be achieved by developing novel design of 
semi-submersible hulls (EWEA, 2013).  

Note that hull design should not be performed in isolation; rather, 
the interactions of the subsystems, i.e., the wind turbine, control 
system, hull and mooring system, should be appropriately considered. 
This is because floating wind turbines have strongly coupled system 
behavious. 

As pointed in (Wind Energy Programmatic EIS, 2018) (Moan, 
2016), the accumulated experiences show that the requirements of 
serviceability and safety can be achieved by implementing risk 
control of accidental events and use limit states, i.e. ultimate 
equilibrium limit state (UELS), ultimate limit state (ULS), fatigue 
limit state (FLS), serviceability limit state (SLS) and accidental limit 
state (ALS)/ progressive failure limit state (PLS), as design criteria. 

1.1.9 Conceptual designs of semi-submersible wind turbines 
Most of the proposed MW level horizontal axis steel semi-

submersible wind turbine concepts feature either three columns with 
a wind turbine on one side column or four columns with a wind 
turbine on the central column. The columns could be connected by 
braces (as in WindFloat (Roddier et al., 2010) (Roddier et al., 2011) 
and OC4-Semi (Robertson et al., 2012)) or pontoons (as in the 5-
MW GustoMSC Tri-Floater (Huijs et al., 2013) and 5-MW-CSC 
concept (Paper A1)). Meanwhile, concrete semi-submersible wind 
turbines, e.g. VolturnUS (Viselli et al. 2014) and Dr.techn.Olav 
Olsen’s concept (Dr. techn.Olav olsen As, 2018), multi-turbine 
concepts, e.g. Hexicon (Hexicon AB, 2018) and WindSea (WindSea 
AS, 2018), MW level vertical axis semi-submersible wind turbines, 
e.g.  (Wang et al, 2014), and wind-wave hybrid concepts (for which 
semi-submersible wind turbines are combined with wave energy 
convertors), e.g. (Luan et al., 2014) (Michailides et al., 2014), are 
proposed and analyzed by designers and/or researchers from industry, 
research institutes and/or universities. Among existing concepts of 
semi-submersible wind turbines, by now, three full scaled prototype 
semi-submersible wind turbines (Roddier et al., 2017), i.e. the 2-MW 
WindFloat prototype semi-submersible wind turbine (Cermelli et al., 
2010) (Cermelli et al., 2012), the Fukushima Mirai 4-column 
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prototype semi-submersible wind turbine (Saeki et al., 2014) 
(Ishihara, 2013),  and the Fukushima Shinpuu V-shape prototype 
semi-submersible wind turbine (Komatsu et al., 2016), have been 
constructed and operated in real to prove technical and economic 
feasibility of development of semi-submersible wind turbines. The 2-
MW WindFloat prototype semi-submersible wind turbine has been 
successfully operated for its design life (Roddier et al., 2017), from 
offshore commissioning (in December 2011) to decommissioning 
(July 2016 (4COffshore, 2018)), and demonstrates the technical and 
economic feasibility.  

 
Figure 1.7 Environmental loads subjected on floating wind 

turbines (Butterfield et al., 2007) 
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Figure 1.8 Description for the approaches for analyzing 

responses of semi-submersible wind turbines 

1.1.10 Loads and load effects 
Floating wind turbines operate in complex environmental 

conditions, see Figure 1.7. Design checks for serviceability and 
safety are carried out on base of analyses with respect to subjected 
loads and load effects. The load effects could be obtained by carrying 
out numerical simulations, experimental tests in laboratory and/or 
prototype tests in real, see Figure 1.8.  

Meanwhile, the analyses with respect to subjected loads and load 
effects shed light on responses of semi-submersible wind turbines in 
environmental conditions. To develop a cost-effective design with an 
acceptable level of reliability and simplified numerical approaches 
for simulating responses of semi-submersible wind turbines, an in-



13 
 

depth understanding with respect to responses of semi-submersible 
wind turbines is needed. 

As mentioned in (EWEA, 2013), development of floating wind 
turbines is still in its young stage and facing considerable technical, 
economic and political challenges. Consequently, numerical 
simulations and model tests for analyzing global responses of 
floating wind turbines, which are in terms of motions and sectional 
forces and moments and required by relevant standards and 
guidelines for offshore wind turbines in wind and waves are hot 
research topics.  

Due to limitations of conventional frequency-domain and time-
domain numerical modelling approaches, which have been illustrated 
in detail in Chapter 4, numerical simulations with respect to 
responses, in terms of sectional forces and moments or stresses, of 
structural components of semi-submersible hulls in wind and waves 
are very limited. However appropriate design checks for structural 
design of semi-submersible hulls must be carried out while structural 
optimization for cost reduction is identified as a major focus of the 
existing pilot floating wind turbine projects for commercializing 
floating wind turbines (Statoil As, 2017) (Principle Power Inc., 2017). 

1.2 Motivation and thesis objectives and organization 

1.2.1 Motivation and thesis objectives 
The author is motivated to give contributions for overcoming the 

challenges and existing limitations described in Section 1.1.8 and 
Section 1.1.10, and to promote large-scale development of semi-
submersible wind turbines. Consequently four objectives are 
specified by the author and tabulated in Table 1.1. 

Development of novel designs of floating wind turbines is 
encouraged and is expected to significantly reduce cost of 
development of floating wind turbines. Therefore, Objective 1 is to 
develop a novel conceptual design of semi-submersible hull for 
supporting a 5-MW horizontal axis reference wind turbine. 
Meanwhile, the developed design is planned to be published to 
public and be used as a reference semi-submersible wind turbine. 
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Table 1.1 List of thesis objectives 
Objective 1 to develop a novel conceptual design of semi-submersible 

hull for supporting a 5-MW horizontal axis reference wind 
turbine (the developed design is considered as a reference 
model and used in numerical analysis and experimental 
model test) 

Objective 2 to make contributions to the development of simplified 
design method and analysis approaches 

Objective 3 to shed more light on the response characteristics of the 
reference semi-submersible wind turbine in wind and 
waves 

Objective 4 to develop and validate a time-domain numerical approach 
for analyzing sectional forces and moments in hull of a 
generic floating wind turbine 

The background information mentioned in Section 1.1 is used to 
guide the design work carried out by the author for developing the 
novel conceptual design. Design is an iterative process while 
simplified design approaches for developing conceptual designs are 
needed. Consequently, Objective 2 is to make contribution on 
development of simplified design method and analysis approaches. 

The simplified design method and analysis approaches should be 
developed on base of an in-depth understanding with respect to 
features of responses of semi-submersible wind turbines in 
environmental conditions. However, floating wind turbines could be 
a complex system, operate in complex and harsh environmental 
conditions, and have the strongly coupled system behavious. While, 
development of floating wind turbines is still in its young stage. 
These facts mean that huge effects are still needed to shed more light 
on responses of floating wind turbines in wind and waves. 
Consequently, Objective 3 is to shed more light on responses of the 
reference semi-submersible wind turbine in wind and waves. 

 Objective 4 is to develop and validate a time-domain numerical 
approach for analyzing sectional forces and moments in generic 
floating wind turbine hulls to overcome the limitations of the 
conventional frequency-domain and time-domain numerical 
modelling approaches and to enable straightforward time-domain 
numerical simulation for the sectional forces and moments in 
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structural components of the floating wind turbines hulls with 
reasonable accuracy. 

1.2.2 Thesis organization  
The objectives of the thesis and interconnection between the 

appended papers are shown in Figure 1.9. 

 
 

Figure 1.9 Objectives of the thesis and interconnection 
between the appended papers 
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Simplified design approaches implemented by the author for 
estimating mass and determining overall dimensions (e.g. the 
dimensions of the columns, pontoons and braces) of the hull of initial 
designs of semi-submersible hulls and discussions with respect to 
simplifications for design checks are illustrated in Paper B1 and 
summarized in Chapter 2. 

The simplified design approaches presented in Chapter 2 serve as 
a base of development of the novel conceptual design which is a steel 
braceless semi-submersible hull for supporting a 5-MW horizontal 
axis reference wind turbine. The developed reference semi-
submersible wind turbine is named 5-MW-CSC and corresponds to 
Objective 1. Design of the 5-MW-CSC, relevant design 
considerations, and methods and results of simplified design checks 
are published in Paper A5 and summarized in Chapter 3. 

To achieve Objective 4, time-domain numerical approaches for 
generic and specific floating wind turbines were developed by the 
author to analyze sectional loads in floating wind turbine hulls in 
wind and waves, while conventional numerical approaches and their 
challenges and limitations are discussed, see Paper A1 and A4, and 
summarized in Chapter 4. 

Comparisons of numerical simulations and experimental 
measurements were used to verify and validate the developed 
numerical approach for generic floating wind turbines step by step. 
Responses of a 1:30 scaled experimental model of the 5-MW-CSC in 
wind and waves were tested by SINTEF Ocean in its ocean basin via 
cooperation frame of (NOWITECH 2018) while the  
testing approach (Chabaud, 2016) was used to overcome challenges 
in conventional experimental tests for floating wind turbines in ocean 
basin. The challenges result in uncertainties in measurements and 
should be considered in the validation for the developed numerical 
approach. Differences in spectral densities of the measurements and 
simulations were quantified while the reasons for the differences 
were thoroughly analyzed and discussed. Details of the issues 
mentioned in this paragraph are available in Papers A1, A2 and A3, 
and summarized in Chapter 5. 
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The developed numerical approach for generic floating wind 
turbines was used to simulate rigid-body motions and sectional loads 
in five specified cross-sections in the hull of the 5-MW-CSC. 
Numerical parametrical study and measurements of the experimental 
model in difference design conditions were compared and analyzed 
to shed more light on rigid-body motions and structural responses of 
the reference model in wind and waves. Simplification for numerical 
modelling for short-term analysis was proposed based on results of 
the analysis. Details of the issues mentioned in this paragraph are 
available in Paper A3 and summarized in Chapter 6. 
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Chapter 2  

Conceptual design procedure 
and methods for semi-
submersible wind turbine 
hulls 

The current design standards, principles, methods and limitations 
for design of semi-submersible wind turbine hulls are introduced in 
Section 1.1.8. Design is an iterative process. Design procedure for 
developing a conceptual semi-submersible hull design, with respect 
to the safety, is shown in Figure 2.1. To control cost of conceptual 
design, simplified design methods need to be developed based on 
experience and understanding in design. 

In this chapter, the author intends to systematically present and 
discuss conceptual design procedure and simplified design methods 
for semi-submersible wind turbine hulls in view of design for safety 
based on a review of publicly accessible publications and the 
author’s experience and practice with respect to design and analysis 
of semi-submersible wind turbines in the past six years. 

The conceptual design procedure can be summarized as follows: 
As shown by the black lines in the Figure 2.1, Initial designs are 

selected from design base which is established on base of 
requirements stipulated by customer and authorities, and simplified 
design criterial and approaches. The requirements by the customer 
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(Party A) should be stipulated in contract between Party A and Party 
B (contractor). The requirements could be, but not limited to, 1) 
requirements with respect to certification, standards and regulations, 
2) requirements with respect to functionality and safety, 3) 
operational location of the design, 4) approaches for fabrication and 
installation, 5) accessibility for inspection and maintenance, and so 
on. Meanwhile, the design shall comply with rules, requirements, 
principles, guidance, standards, regulations, and law specified by 
involved authorities.  

The simplified design criteria and approaches are used in 
practice to improve work efficiency, and limit work effort and costs. 
Intact stability, natural periods and modes, and local and global 
structural strength of the selected initial design need to be 
appropriately analyzed to check whether or not the selected initial 
design satisfy the relevant stipulated requirements and criteria. If the 
selected initial design fails to satisfy the stipulated requirements and 
criteria, the design procedure will return back to make a new initial 
design as shown by the red dot-dash lines.  

In additional to requirements for the safety, cost of the selected 
initial design should be estimated and controlled. To analyze 
responses of the selected initial design, numerical simulations and 
experimental tests need to be carried out by using appropriate 
approaches. Reasonable assumptions and simplifications are needed 
to reduce computational costs of the numerical simulations to an 
acceptable level, while cost-effective computer codes need to be 
developed and validated appropriately, see the black dot lines.  

The state-of-the-art knowledge shows that the coupled system 
behaviours of semi-submersible wind turbines (see Paper B1) should 
be kept in mind in the design procedure in order to achieve a cost-
effective design.  

Accumulated design experience and understanding in responses 
of semi-submersible wind turbines in environmental conditions are 
continually used to support development of cost-effective designs 
and design methods, see the black dash lines. 
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Figure 2.1 Design procedure for developing a novel conceptual 

semi-submersible hull design, with respect to safety 
 

The simplified methods are composed of simplified criteria and 
analysis methods and as listed as follows: 
 Simplified stability criterion, natural period requirements and 

simplified steel mass estimation methods that are used to develop 
design space for overall dimensions of initial designs of semi-
submersible hulls. 

 Simplifications for analyzing intact stability, and natural periods and 
modes. 

 Simplifications for design conditions and numerical analysis 
approaches for analyzing structural responses that are required by 
design checks, such as ULS and FLS design checks. 
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More details about the simplified methods presented in this 
chapter is given in Paper B1 which served as a basis for the 
development of the 5-MW-CSC as required by Objective 1, see 
Section 1.2.  
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Chapter 3  

Conceptual design of a steel 
braceless semi-submersible 
wind turbine 

In this chapter, the author intends to present definition and 
design check results of the 5-MW-CSC, which is a conceptual design 
of a braceless steel 5-MW semi-submersible wind turbine developed 
by the author due to Objective 1. Detailed content of this chapter is 
referred to Paper A5 and Paper B1. 

The hull of the 5-MW-CSC is designed to support a 5-MW 
NREL offshore base line wind turbine (Jonkman et al., 2009) at a site 
in the northern North Sea (Li, et al. 2015), see Figure 3.1.  

The design work of the 5-MW-CSC started in April 2013 and 
initially inspired by the Dr.techn.Olav Olsen’s concept 
(Dr.techn.Olav Olsen AS, 2018). In 2013, conventional semi-
submersible hulls, such as the 5-MW WindFloat or the OC4-Semi, 
are consisted of pontoons and columns connected by braces. It can be 
very complex and expensive to weld the braces on the columns. 
Moreover, fatigue life of the brace-column joints can be a very 
critical issue due to stress concentration at the joints. In addition, to 
avoid heave resonant motions excited by first order wave loads, 
additional heave plates and/or pontoons may be needed. Construction 
of the additional heave plates can be complex and expensive as well. 
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In contrast to the conventional semi-submersible design with 
braces, a braceless concept may reduce design complexity and costs 
of the offshore wind turbine. By now, in addition to the 5-MW-CSC, 
other steel braceless semi-submersible wind turbine concepts, such 
as the 5-MW GustoMSC Tri-Floater (Huijs, et al., 2013), have been 
proposed.  

 
Figure 3.1 Location of the design site (the selected site) (Li, et 

al. 2015) 

3.1 Dimensions of the hull of the 5-MW-CSC 

As shown in Figures 2.1 and 3.2, the hull of the 5-MW-CSC is 
composed of a central column, three side columns and three 
pontoons. The side columns are connected by the pontoons to the 
central column at the bottom to form an integrated structure. The 
added mass in the heave, roll and pitch is mainly provided by the 
pontoons. There are no heave plates or braces. The box-shaped cross-
section of the pontoons could provide considerable viscous damping 
at the heave, roll and pitch resonant frequencies. Dimensions of the 
hull of the 5-MW-CSC are given in Table 3.1 
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Figure 3.2 Side (left) and top (right) views of the hull of 5-
MW-CSC 
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Table 3.1. Dimensions of the hull of the 5-MW-CSC 

 [m] 6.5 
 [m] 6.5 

 [m] 6 
 [m] 9 

 [m] 41 
 [m] 45.5 

Operating draft [m] 30 
Displacement [tonne] 10,555 
Steel weight [tonne] (hull) 1,804 
Equivalent thickness [m] 0.03 

3.2 Design checks 

Numerical analysis has been carried out to analyze the intact 
stability, natural periods and modes and structural strength of the 
design. Results of the numerical analysis show that the design has 
very good intact stability, well designed natural periods and modes, 
moderate rigid-body motions in extreme environmental conditions 
and a reasonable structural design.  

Note that the design criteria, methods and simplifications 
discussed in Chapter 2 (Paper B1) are used to guide design checks 
for the 5-MW-CSC. The design checks are briefly introduced as 
follows.  

3.2.1 Intact stability design check 
The intact stability could be checked based on the curves of the 

righting and design overturning moments. Overturning moments 
come from aerodynamic loads on the RNA, tower and hull and make 
the semi-submersible wind turbine rotate with respect to a heeling 
axis in water plane area of the hull. Righting moment is generated by 
hydrostatic pressure forces on wetted body surface of the hull and 
gravity of the semi-submersible wind turbine. To find the most 
critical situation, overturning moments and righting moments 
corresponding to several different heeling axes need to be calculated 
and checked. The righting moment curves corresponding to different 



27 
 

rotational axes (represented by ) and design overturning moment 
curve of the 5-MW-CSC are given in Figure 3.3. Standards, such as 
the DNV-OS-J103, require that the ratio of the area under the 
righting moment curve from 0 degrees heeling angle to the second 
intersection to the corresponding area under the design overturning 
moment curve should be more than a specified value, e.g. 1.3. 

Detailed analysis with respect to determination of the design 
overturning moment is referred to Paper A5.  

 

Figure 3.3 Righting moment curve (RMC) v.s. design 
overturning moment curve (DOM), intact stability analysis,  

represents different heeling axis.  
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3.2.2 Natural periods and modes 
Resonant responses excited by dynamic excitation can result in 

large amplitudes of sectional forces and moments, and expensive 
structures (in order to have sufficient structural strength). Therefore, 
natural periods and modes, i.e. six rigid-body motion modes and 
structural vibrational modes of the structural components, should be 
well designed to, at least, avoid resonant responses induced by 
excitations with considerable energy, e.g., first-order wave load (3-
25 seconds) and 1P (5-8.7seconds for the 5-MW-CSC) and 3P (1.7-
2.9 seconds for the 5-MW-CSC) effects (Twidell and Gaudiosi, 
2009). In general, a given 1-hour turbulent wind may include a wide 
range of frequency component. For semi-submersible wind turbines, 
resonant rigid-body motions excited by wind loads and low 
frequency wave loads cannot be avoid by tuning the natural periods, 
however, the resonance can be limited by aerodynamic and 
hydrodynamic damping which may be quite considerable (Papers A2 
and A3). In addition, vibration modes and frequencies should also be 
considered. The vibration (flexible) modes may be excited due to: 1) 
the motivation of cost reduction may result in a flexible hull; 2) high-
frequency rotor loads, e.g., the 3P effect; and 3) the modes and 
frequencies are affected by strong coupling effect between the hull 
and other components of floating wind turbines. If structural 
vibrations are excited by first-order wave loads, the effect of 
hydroelasticity on the hull must be considered. 

Natural periods of the rigid-body motion modes can be obtained 
by carrying out decay test while the periods and structural vibrational 
modes of the structural components, in principle, should be 
calculated by solving the eigenvalue problem. Lanczos' method 
(Nour-Omid et al., 1983) is widely used in commercial codes to 
solve the eigenvalue problem, which is related to generalized mass 
and stiffness. Stiffness of the pontoons and columns are represented 
by beam elements with simplified cross-sections. For example, 
Figure 3.4 shows a realistic cross-section (Cross-section 6 shown in 
Figure 3.2) of a pontoon with structural details of the 5-MW-CSC. 
The realistic cross-section is represented by a simplified box-shape 
cross-section. The mass of the hull is represented by mass points 
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attached to the beam elements. Similarly, the mass and stiffness of 
the RNA and tower could be represented by mass points and beam 
elements. Note that the natural frequencies for the natural modes of 
the generator and drivetrain are expected to be very high. Therefore, 
the nacelle could be simply modeled by a mass point attached to a 
beam element, which represents global structural stiffness of the 
nacelle. 

 
 

Figure 3.4 A realistic cross-section (left), stiffened plates 
(right top), and simplified box shape cross-section with 

equivalent thickness (right bottom) 

In analysis for natural periods and modes, it is important to 
appropriately account for effect of flexibility of the hull, tower, RNA, 
mooring system, added mass and fluctuations of hydrostatic pressure 
and gravity on the natural modes and frequencies. For instance, as 
shown in Figure 3.5, numerical analysis shows that natural period of 
the side-to-side tower central column bending mode of the 5-MW-
CSC is reduced from 3.08 seconds to 2.16 seconds if real flexibility 
of the hull is replaced by an assumption that the hull is considered as 
a rigid body. Rigid-body assumption for the hull is used in some 
conventional time-domain computer codes for analyzing global 
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responses, e.g. bending moment in tower base, rigid-body motions of 
the hull and mooring line tensions (Paper A1). The rigid-body 
assumption may result in artificial resonant structural vibrations 
exited by, for example, the 1P and 3P effects 

 

 

Figure 3.5 Side–to-side tower central column bending mode 

3.2.3 Simplified ULS and FLS design check based on a limited 
number of design conditions 

The pontoons of the 5-MW-CSC are composed of stiffened 
plates, girders and bulkheads. A stiffened plate is shown in Figure 
3.4 and is assumed to be located in between of two transverse girders 
and the side surfaces of the pontoon. The stiffened plate is subjected 
to , ,  and  which are explained in Table 3.2. 

Buckling utilization factors for the stiffened plate in all the 
combinations of the design loads, i.e. , ,  and , are 
calculated by using the S3 element code of PULS (DNV 2009). 
PULS is a computerized buckling code for thin-walled plate 
construction and accepted by DNV-RP-C201 (DNV 2010a) for 
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checking buckling strength of plated structures. The code 
implements the Marguerre’s non-linear plate theory in combination 
with stress control criteria. 

As explained in Table 3.2, ,  and  are derived from 
sectional forces and moments in structural components of the hull. 
Numerical models and development of numerical approaches for 
simulating rigid-body motions and sectional forces and moments are 
addressed in Chapter 4 while discussions with respect to 
simplifications for design conditions used in ULS and FLS design 
checks are referred to Chapter 2 (Paper B1) and Paper A5.  

Fatigue analysis for structural components of the hull is normally 
conducted by the S-N Palmgren-Miner rule approach. The stress 
ranges used in the S-N fatigue approach could be calculated by 
applying rainflow counting method to the time series of the hot-spot 
stress. Appropriate SN curves should be selected based on relevant 
standards, e.g., DNV-RP-C203 (DNV 2010b).  

The hot-spot stresses are induced by stress concentration in 
particular at structural intersections or joints. Fatigue life is very 
sensitive to the hot-spot stresses (in the order of 3-5 due to the slope 
of the S-N curves), which may appear at the joints between the 
columns, pontoons or braces. Therefore, the structural details need to 
be well designed to reduce the hot-spot stresses.  

For a complex joint or structural intersection, it is recommended 
that the hot-spot stress be calculated by finite element analysis (DNV 
2010b). Sectional forces and moments in ends of the joint, which are 
given by carrying out global response analysis, are used as boundary 
conditions of the finite element model. Examples are referred to 
(Fredheim, 2012) (Marin, 2014).  

For the compartments of the pontoons and columns that are in 
between of the joints, in general, the stress concentration effect is not 
critical. Therefore, the fatigue life for such compartments could be 
estimated by normal stresses of several representative points in the 
corresponding cross-section on the pontoons or columns multiplied 
by a specified stress concentration factor (SCF). A sensitivity study 
for the fatigue damage with respect to SCF is needed. 
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Table 3.2 Nominal and shear stresses used in ULS design check 
 Hydro-pressure on the plate (including hydrostatic pressure and 

hydrodynamic pressure on the outer surface of the plate and the ballast 
water induced pressure on the inner surface of the plate) 

 Nominal uniform stress in stiffener direction 
 Nominal uniform stress in perpendicular to stiffener direction 
 Shear stress 

Note 
 and  can be derived from Eq.(3.1) and Eq. (3.2) which are established on 

base of Euler–Bernoulli beam theory and the simplification for which, in finite 
element analysis, beam elements with simplified cross-sections are used to capture 
global load effects on the pontoons and columns of the hull. A simplified box shape 
cross-section is shown in Figure 3.4 as an example. 

 , , , , , and  are obtained by solving the beam element finite 
element model and represent sectional forces and moments at the geometrical center 
of the cross-section (the origin of the x_inp-y_inp-z_inp coordinate system). 

In Eq. (3.1) and Eq. (3.2),  is area of the cross-section.  and  are 
the corresponding section moduli.  is the circumscribed area of the cross-section. 

 is the equivalent thickness of the cross-section.  and   are static 
moments corresponding to the  and   axes and the position of the point on 
the cross-section.  and  are the second moments of area of the cross-
section. Compared with a realistic cross-section, which includes structural details, 
such as stiffeners, the thin wall box-shape approximation with  will underestimate 
the maximum shear stresses because the stiffeners carry the shear force inefficiently. 
Therefore, a reduction factor could be applied to  to compensate the 
underestimations for the shear stresses. 
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Chapter 4  

Development of time-
domain numerical 
approaches for determining 
sectional loads in floating 
wind turbine hulls 

As introduced in Section 1.1.10, floating wind turbines operate 
in complex environmental conditions, see Figure 1.7, while design 
checks for serviceability and safety are carried out on the basis of 
analyses with respect to subjected loads and load effects. In addition, 
to develop a cost-effective design with an acceptable level of 
reliability and simplified numerical approaches for simulating load 
effects of floating wind turbines, an in-depth understanding with 
respect to loads and load effects of floating wind turbines is essential. 

As shown in Figure 1.8, the load effects could be obtained by 
carrying out numerical simulations, experimental tests in the 
laboratory and/or prototype tests in the field. 

Numerical approaches for modelling and simulating loads and 
global load effects on floating wind turbines are systematically 
presented in this chapter. 
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To simulate global load effects which are in terms of, for 
instance, motions and sectional forces and moments in structural 
components, of floating wind turbines, finite element models and/or 
rigid-body motion equations need to be generated and solved in 
appropriate coordinate systems, while external and inertial loads on 
the floating wind turbines need to be appropriately modelled by 
using frequency-domain or time-domain approaches in 
corresponding coordinate systems.  

A general introduction with respect to numerical modelling 
approaches and their advantages and limitations is given in Section 
4.1. As addressed in Section 4.1.3, the state-of-the-art knowledge 
suggests using time-domain computer codes to analyze the aero-
hydro-servo-elastic responses of floating wind turbines and to 
account for nonlinear aerodynamic loads, automatic control and 
transient loading events. Consequently, the rest part of this chapter 
focuses on presenting two time-domain numerical approaches 
developed by the author.  

The developed approaches focus on modelling of inertia and 
external loads on floating wind turbine hulls, and mapping of the 
loads in finite element model of the hulls. The developed approaches 
are extension of the conventional hybrid frequency-time domain 
approach. In the developed approaches, floating wind turbine hulls 
are modelled as multi-bodies instead of single body with 6 d.o.f.s. 
The developed approaches can be easily implemented in various 
state-of-the-art computer codes for wind turbine analysis, e.g. 
Simo/Riflex/Aerodyn (Moriarty and Hansen, 2005) (MARINTEK, 
2011) (MARINTEK 2013) (Ormberg et al., 2011) (Luxcey et al., 
2011) (Ormberg and Bachynski, 2012), OrcaFlex (Robertson et al., 
2014) and FAST+CHARM3D (Robertson et al., 2014), to extend 
their capabilities to analyze sectional forces and moments in 
structural components of a generic floater and a specific floater, 
respectively. 

Detailed content of the conventional and developed numerical 
approaches in together with analysis for their advantages and 
limitations is referred to Papers A1 and A4, and summarized and 
highlighted in Sections 4.2-4.5. 
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4.1 General information for numerical approaches 

4.1.1 Coordinate systems 
In general, four types of coordinate systems, as shown in Figure 

4.1 and Table 4.1, could be used by time-domain and frequency-
domain numerical approaches. 

Table 4.1 Coordinate systems 
- - -  

coordinate system 
A global coordinate system for which the coordinate system 
is fixed.  could be fixed at an arbitrary position in space 

- - -  
coordinate system 

An earth fixed coordinate system located at mean position of 
geometrical center of water plane area of a floater, see 
Figure 4.1. 

- - -  
coordinate system 

A body-fixed coordinate system. Position of   and 
orientation of the body-fixed coordinate system rigidly 
follow rigid-body motions of the floater. 

- - -  
coordinate system 

A body-related coordinate system.  rigidly follows 
horizontal movements of  (the floater) but the orientation 
of the body-related coordinate system and vertical position 
of the  are fixed (as the same as the body-related 
coordinate system when the floater is located at its initial 
position). 

Note 
When the floater is located at its mean position, the - - - , - - -  
and - - -  coordinate systems are coincident. 

 
Figure 4.1 Definition of the coordinate systems for a floating 

body 
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4.1.2 Numerical approaches for analyzing load effects  
Finite element analysis (based on shell and/or beam elements) is 

normally carried out to determine the load effects with appropriate 
methods for modelling the loads.  

Shell elements might be employed to model structural details, e.g. 
bulkheads, girders and stiffeners in the hull, blades and tower; chains 
and wires of the mooring lines; and gear box, shaft and generator in 
nacelle.  

Alternatively, we might consider that the structure is composed 
of several structural components (based on a multi-body formulation).  
For instance, the blades, rotational shaft, nacelle, tower, mooring 
lines and columns, pontoons and braces of the hull can be considered 
as structural components. Beam elements can be used to account for 
global structural behaviors of these structural components, e.g. 
sectional forces and moments in the structural components. The 
sectional forces and moments might be used as inputs of design 
formulas for structural strength design checks specified by relevant 
standards and guidelines from the International Electrotechnical 
Commission (IEC), International Organization for Standardization 
(ISO), American Petroleum Institute (API), the Norwegian 
petroleum industry, class societies such as Det Norske Veritas and 
Germanischer Lloyd (DNVGL) and the American Bureau of 
shipping (ABS) and so on. For example, buckling strength of plates, 
stiffeners and girders in global and local loads can be checked by the 
formulas specified in DNV-RP-C201 (DNV 2010a) and Section 
3.2.3. The sectional forces and moments might be used in ULS 
design checks for tubular members and joints based on formulas 
specified in NORSOK-N004 (Standards Norway, 2004). An example 
is available in Paper A4. In addition, the sectional forces and 
moments might be used as boundary conditions in a sub-model finite 
element analysis to determine structural responses such as stresses, 
etc, see (Fredheim, 2012) (Marin, 2014). 

Note that, in addition to finite element analysis, load induced 
motions could be obtained by generating and solving corresponding 
rigid-body motion equations. More detailed discussions are referred 
to Section 4.2. For a static determined structure, which means that a 
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cross-section on the structure can be divided into two parts, see the 
cross-Section 6 in Figure 3.2 as an example, sectional forces and 
moments in the cross-section are in equilibrium to inertial and 
external loads on each of the two parts. Consequently, the sectional 
forces and moments could be obtained.  

4.1.3 Frequency-domain approaches versus time-domain 
approaches 

The state-of-the-art knowledge suggests using time-domain 
computer codes to analyze the aero-hydro-servo-elastic responses of 
floating wind turbines and to account for nonlinear aerodynamic 
loads, automatic control and transient loading events. Reasons are 
explained in this section. 

To explain the reasons, an introduction for a well-developed 
frequency-domain approach for modelling hydrodynamic loads is 
presented in this section. However, a focus of this thesis is on time-
domain approaches. Consequently, introduction to conventional 
time-domain approaches for modelling aerodynamic and 
hydrodynamic loads are given in Section 4.1.4 and Section 4.1.5.  

Frequency-domain approach for analyzing oscillating responses 
of a generic floater in waves with respect to its mean position has 
been well developed by the offshore oil and gas industry and 
implemented in computer codes, e.g. WADAM (DNV, 2013b). In 
these computer codes, perturbation analysis with the wave amplitude 
as a small parameter, Bernoulli’s equation and velocity-potential, 
which is obtained by generating and solving corresponding boundary 
problem are used to efficiently analyze hydro-pressure forces on 
mean wetted body surface of the floater and the resulting wave-
induced rigid-body motions. The hydro-pressure forces together with 
the inertial loads on the floater due to its motions can be used in a 
finite element analysis (DNV, 2013b) to efficiently determine 
structural responses such as stresses, etc. If the floater has a 
structural static determinate hull, sectional forces and moments in the 
hull can be obtained by integrating external and inertia loads which 
are acting on the corresponding structural components of the hull.  
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Finite element analysis in frequency-domain is very cost-
effective. However, as addressed in Chapter 2 (Paper B1), 
subsystems, i.e., the RNA, control system, tower, hull and mooring 
system, of floating wind turbines need to be appropriately modelled 
as these subsystems could be strongly coupled. As indicated by Eq. 
(4.1), the resultant thrust force on the rotor is proportional to square 
of  which is relative wind speed at the nacelle projected to the 
rotor plane.  is related to speed of incident winds, rigid-body 
motions of the hull, which are excited by environmental loads, e.g. 
wind and wave loads, and deflection of the tower, as the tower is a 
flexible and slender structure. While, aerodynamic loads on the 
blades are also related to rotational speed of the rotor and pitch 
angles of the blades which are controlled by the controller of the 
turbine timely. These facts are known as aero-hydro-servo-elastic 
feature (Jonkman, 2007).  

Consequently, it is a big challenge to develop a generic 
frequency-domain approach to model aerodynamic loads on the rotor. 
Instead, as shown in the work done by Kvittem and Moan (2015), 
relative wind speed to aerodynamic loads transfer functions could be 
derived from reference realizations of relative wind speed at the 
nacelle and aerodynamic loads on the rotor given by time-domain 
codes. However, validity of the derived transfer functions must be 
appropriately checked, in particular for novel designs of floating 
wind turbines, we still need to use time-domain simulations and 
model tests to shed more light on the aero-hydro-servo-elastic feature. 
Another limitation is that frequency-domain models cannot be used 
to account for transient loading events, e.g. wind turbine faults.  

4.1.4 Conventional time-domain approaches for modelling 
aerodynamic loads 

A general introduction with respect to conventional approaches 
for modelling aerodynamic loads on the RNA is available in De Vaal 
(2015). Environmental loads result in rigid-body motions in 6 d.o.f.s , 
i.e. surge, sway, heave, roll, pitch and yaw. The rigid-body motions 
could be described in a global coordinate system (denoted as - -

- ) as shown in Figure 4.2. Surge, sway and heave are oscillating 
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motions along the , , and  axes respectively while roll, pitch 
and yaw are oscillating rotational motions with respect to the , , 
and  axes respectively.  

To analyze wind loads induced rigid-body motions, aerodynamic 
thrust force (denoted as ), which is a resultant of aerodynamic 
loads on blades projected to the rotor, could in a simple and effective 
way be modelled by Eq. (4.1).  is air density.  is area of 
the rotor plane.  is a non-dimensional thrust coefficient 
which could be given as a function with respect to speed of the 
incident wind at the nacelle.  is relative wind speed at the nacelle 
projected to the rotor plane. This practical approach is developed on 
base of the actuator disc concept, as shown in Burton et al. (2011), 
and used by time-domain computer codes, e.g. TDHMILL (Yttervik, 
2009), to simulate the aerodynamic thrust force on the rotor. 
However, this approach cannot be used to simulate structural 
responses of the blades and variations in pitch angle of each blade 
due to pitch actual control (Jonkman et al., 2009) and rotational 
speed induced by difference between generator torque and 
aerodynamic torque on the rotor. Aerodynamic loads on the rotor are, 
in fact, resultants of aerodynamic pressure forces on the blades. 
Local peaks corresponding to NP frequency are observed in spectral 
densities of measured structural responses of prototype wind turbines, 
see Figure 4.3. P is equal to  which is rotational speed of the 
rotor. N is an integer and is related to number of blades. N, could be, 
for example, 1, 2, 3, 4, or even a higher value. NP, for example, 
means that the frequency of the local peak is N times . The 
local peaks are excited by fluctuation of aerodynamic loads on the 
blades as incident wind speed at a given position on the rotor plane 
varies with respect to time and space while the blades rotate with 
rotational speed . Resonant structural vibrations could be 
excited by the fluctuation of the aerodynamic loads and result in 
large fatigue damage on the vibrated structure if NP is close to 
corresponding eigen frequencies of corresponding modes with 
respect to the structural vibrations. However, this important effect 
cannot be captured by the simplified approach shown in Eq. (4.1).  
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Figure 4.2 Layout of the 5-MW-CSC 

 

 
Figure 4.3 Spectral densities of measured structural 

responses of the WindFloat prototype (Roddier et al., 2017) 
 
Time realizations of pressure and wind velocity vector of a given 

point in a wind field, for which floating wind turbine is operating in 
incident winds, could be obtained by using computational fluid 
dynamics method to numerically generate and solve corresponding 
Navier-Stokes equations (Matha et al., 2011). However, 
computational cost of this approach is extremely high and quality of 



41 
 

simulated result is very sensitive to quality of the generated 
numerical model.  

The state-of-the-art time-domain aerodynamic computer codes, 
e.g. Aerodyn (Moriarty and Hansen, 2005), use the blade element 
momentum theory with necessary engineering corrections and/or 
generalized dynamic wave theory to simulate distributed 
aerodynamic loads on rotor blades in a given wind field while effect 
of configuration of the blades on the wind field is accounted for. 
Note that, in addition to the blade element momentum theory which 
is based on momentum analyses, vorticity-based methods can also be 
used for study of wind turbine aerodynamics. More detailed 
information for modelling of aerodynamic loads on the rotor blades 
are referred to (Hansen, 2008) (Branlard, 2017), as the focus of this 
chapter is on development of numerical time-domain approaches for 
analyzing sectional loads in floating wind turbine hulls by solving 
the challenges that are recognized as 1) how to accurately calculate 
hydro loads on the hull and 2) how to effectively map the loads in the 
finite element model. 

4.1.5 Conventional time-domain approaches for modelling 
hydrodynamic loads  

A review of conventional time-domain approaches for modelling 
hydrodynamic loads on floating wind turbine hulls and mooring lines 
is available in (Paper A1). Features of some conventional time-
domain computer codes are tabulated in (Robertson et al., 2014). 
Morison formula and/or the conventional hybrid frequency-time 
domain approach (Paper A1) are used to model hydrodynamic loads 
on the floating wind turbine hulls. Note that computational fluid 
dynamic method is not considered to be practical due to its expensive 
computation cost and tens of thousands of time-domain simulation 
hours (IEC. 2005) (IEC. 2009) (Kvittem and Moan, 2015) as 
required by ULS and FLS design checks for floating wind turbines. 

The Morison’s formula is implemented in some cost effective 
computer codes (Robertson et al., 2014) to model the hydrodynamic 
loads. However, the Morison formula is an empirical formula. In 
general, it is applicable on a slender structure when wave length is 
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larger than five times diameter of the slender structure’s cross-
section (Faltinsen, 1990). Meanwhile, application of the Morison 
formula means memory effects of the hydrodynamic loads are 
neglected. In addition, additional pressure forces must be added to 
account for hydrodynamic loads in axial directions of the columns 
and pontoons (Robertson et al., 2014).  

The computer codes which implement the conventional hybrid 
frequency-time domain approach in combination with drag term of 
Morison formula can accurately model the hydrodynamic loads on 
offshore structures and is frequently used in the offshore oil and gas 
industry but cannot capture sectional forces and moments in floating 
wind turbine hulls since the hull is modelled as a rigid-body with 6 
d.o.f.s. 

To solve this limitation, two time-domain approaches are 
developed by the author. The developed approaches are extensions of 
the conventional hybrid frequency-time domain approach. More 
detailed information with respect to the conventional hybrid 
frequency-time domain approach and developed approaches are 
referred to Sections 4.2-4.5. 

4.2 Conventional hybrid frequency-time domain 
approach 

4.2.1 Frequency-domain approaches for motion equations of a 
genetic floater in waves 

As aforementioned, for a generic floater oscillating in waves 
with respect to its mean position, perturbation analysis with wave 
amplitude as a small parameter, Bernoulli’s equation and velocity-
potential can be used to effectively model potential hydrodynamic 
loads on hull of the floater. Consequently, if we assume that the 
floater is a rigid-body, linear motion equations in a sinusoidal wave 
in direction , see Figure 4.2, could be generated as shown in Eq. 
(4.2). The terms in Eq. (4.2) are explained in Table 4.2. More details 
with respect to the terms are referred to (Faltinsen, 1990). 

 and  represent linearized inertial loads and 
restoring loads of the floater, respectively, in the - - -  
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coordinate system with respect to . Second and higher order terms 
with respect to wave amplitude are not included in Eq. (4.2). While, 

, ,  and  are complex values.  
denotes the real part of the complex value inside the bracket. 

 
Table 4.2 Terms in linear motion equations of a generic floater in 
a sinusoidal wave in direction  

 Oscillation amplitude of the sinusoidal wave 
 Oscillation frequency of the sinusoidal wave 

 A  vector representing first order wave excitation 
loads on the floater 

 A  vector representing the linear rigid-body 
motions of the floater in 6 d.o.f.s with respect to its mean 
position. 

 is described in the - - -  coordinate 
system with respect to .  

 First derivative of  with respect to time (  
 Second derivative of  with respect to time (  

, , and 
 

Hydrodynamic coefficients that are known as added 
mass coefficient matrix, potential damping coefficient 
matrix and first order wave excitation load transfer 
function, respectively 

 Linearized mass matrix 
 Restoring coefficient matrix 

Note 
, , and  can be calculated by 1) solving the potential-flow 

boundary value problem with assumption that the hull of the floater is a rigid-body in 
the - - -  coordinate system, 2) calculating pressure forces on the mean 
wetted body surface of the hull based on the Bernoulli’s equation and corresponding 
velocity potential, 3) integrating the pressure on the wetted body surface of the hull 
using the coordinate system - - -  to obtain the integrated forces and 
moments acting on , and 4) derive the hydrodynamic coefficients based on the 
corresponding resultant forces and moments on the  in the - - -  
coordinate system.  
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4.2.2 Cummins’s hybrid frequency-time domain approach for 
motion equations of a generic floater in waves 

Cummins (Naess and Moan 2013) initially used a hybrid 
frequency-time domain approach to convert the motion equations 
from frequency-domain, as shown by Eq. (4.2), to time-domain, as 
shown by Eq. (4.3). Note that Eq. (4.3) does not include nonlinear 
wave loads, i.e. drag force and second and higher order wave loads. 

 
In Eq. (4.3), , , and  are time realizations of the 

position, velocity and acceleration of the floater in 6 d.o.f.s described 
in the - - -  coordinate system.  is the added 
mass matrix corresponding to infinite frequency. The radiation effect 
induced hydrodynamic loads, which are represented by 

 in Eq. (4.2), are converted 

into  in Eq. (4.3). 

 is a convolution term.  is known as 
retardation or memory function and determined by  or  
(Naess and Moan, 2013).   represents the 
resultants of first order wave excitation loads on the floater and is 
obtained by applying inverse Fourier transform on 

. Note that the  can also 
be expressed by a convolution term as 

.  is realization of incident wave elevation. 
 is determined by . 

4.2.3 Conventional hybrid frequency-time domain approach for 
modelling floating wind turbines in wind and waves 

 The Cummins equations are implemented in some widely used 
time-domain computer codes to simulate global responses of a given 
floater in wind, wave and currents, e.g. Simo (MARINTEK, 2011) 
and Orcaflex (Robertson et al., 2014).  
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The motion equations could be approximately be expressed by 
Eq. (4.4) with the assumption that the floater is considered as a rigid-
body with 6 d.o.f.s.  represents resultants of hydro drag 
forces on the floater induced by viscous effects of hydro fluid and 
could be modelled by the drag term of the Morison formula. Note 
that, for a floater, the hydro drag forces induce a quadratic damping 
effect which is shown mathematically in the Morison formula. 

 represents other resultant forces and moments on the floater, 
e.g. second and higher order wave excitation forces and moments, 
wind drag forces and moments, wave drift damping, forces and 
moments from the mooring lines and structures that are attached on 
the floater, and other specified forces and moments.  and 

 are dependent on states, e.g. motion, velocity and 
acceleration, of the floater. Note that, in principle, the motion 
equations could be generated and solved in an earth fixed coordinate 
system, while kinetics of the floater, and inertial and environmental 
loads on the floater could be appropriately modelled in appropriate 
coordinate systems, but be, eventually, transferred to the earth fixed 
coordinate system. 

 
 

For modelling of a generic horizontal axis floating wind turbine, 
the flow chart of a time-domain numerical model, which implements 
the hybrid frequency-time domain approach and is developed in the 
computer code Simo/Riflex/Aerodyn, is given in Figure 4.4 as an 
example. The hull of the floating wind turbine is considered as a 
rigid-body with 6 d.o.f.s, while the tower base and fairleads of the 
mooring lines rigidly follow the motions of the hull. Six motion 
equations that are composed of the resultant external loads, e.g. 
viscous loads, gravity loads and hydro loads, on and inertial loads of 
the hull are generated in Simo with necessary input, e.g. mass 
properties of the hull, drag coefficients, hydrodynamic coefficients, 
i.e. the added-mass coefficient matrices ( ), potential damping 
coefficient matrices ( ) and first order wave excitation load 
transfer function ( ), and specified forces, moments and 
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restoring stiffness matrix. A finite element model, for which the 
mooring lines, tower and RNA are modelled as bar and beam 
elements and coupled to the motion equations of the hull are 
generated and solved in Riflex (MARINTEK 2013) with necessary 
input, e.g. relevant mass and structural properties and drag and added 
mass coefficients. Aerodyn and a Java controller (Ormberg and 
Bachynski, 2012) are coupled to Riflex through a dll file (Ormberg 
and Bachynski, 2012) to account for the aerodynamic loads on the 
RNA and tower, effect of pitch control on aerodynamic loads on the 
three blades and effect of the generator inside the nacelle on the 
power production and generator torque. More details are available in 
the later part of this chapter and Bachynski (2014). 

 
Figure 4.4 The flow chart of a time-domain numerical model 

of a generic horizontal axis floating wind turbine developed in 
Simo/Riflex/Aerodyn (the conventional approach) 
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The conventional hybrid frequency-time domain approach is 

considered as the state-of-the-art approach and has been used by 
researchers, e.g. Bachynski (2014), (Nejad et al., 2015), Moan (2015), 
(Bachynski et al., 2013), to analyze structural responses of the RNA, 
tower and mooring lines and rigid-body motions of the hull of 
floating wind turbines. However, to calculate structural responses of 
the hull, we must develop a finite element model of the hull rather 
than a rigid-body formulation; while, to map the loads in the finite 
element model, we must develop accurate and effective time-domain 
approach to model the loads on the hull as distributed loads rather 
than three integrated forces and moments.  

To solve this challenge, time-domain approaches for modelling 
generic and specific floaters are developed by the author, see 
Sections 4.3 and 4.4.  

4.3 Development of a time-domain approach for generic 
floaters 

The developed approach for generic floaters is presented in this 
section and Paper A1. 

In general, numerical models in finite element codes are 
developed in an earth fixed coordinate system, such as the global 
coordinate system ( - - - ) shown in Figure 4.5.  

In the developed (proposed) time-domain approach for generic 
floaters, the hull of floating structures is considered as an assemble 
of  structural components.  is specified by designer. A beam 
element finite element model, which includes  nodes (red colored in 
Figure 4.5), can be developed in the global coordinate system to 
represent the global stiffness of the structural components. Each node 
has 6 d.o.f.s and corresponds to a structural component. The external 
loads on and inertia loads of each structural component are 
calculated, integrated and transferred to the node that corresponds to 
the structural component in the finite element model. In particular, 
hydrostatic and the hydrodynamic loads on each structural 
component are obtained by integrating hydrostatic and 



48 
 

hydrodynamic pressure loads on wetted body surface of the 
structural component. The pressure loads are normally calculated 
based on a frequency-domain hydrodynamic code using a panel 
method. Sectional forces and moments in structural components of 
the hull can be obtained by carrying out a finite element analysis 
using a time-domain code. Accurate sectional forces and moments 
are given at the cross-sections corresponding to the red dashed lines, 
see Figure 4.5. The number of the structural components and quality 
of the finite element model of the hull affect the accuracy of the 
sectional forces and moments. The beam element finite element 
model of the hull should accurately represent the global stiffness of 
the hull, in particular for static indeterminate structures.  

 
Figure 4.5 Definition of a finite element model of the hull 

The flow chart of a time-domain numerical model of a generic 
horizontal axis floating wind turbine which implements the proposed 
approach and is developed in the computer code 
Simo/Riflex/Aerodyn is given in Figure 4.6. Comparing to Figure 4.4 
(the conventional hybrid frequency-time domain approach), the 
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proposed approach models the hull as a beam element finite element 
model while detailed approaches for modeling the external on and 
inertia loads of each structural component are referred to Paper A1. 
The approaches are developed by extending the conventional 
approaches used in the state-of-the-art computer codes. Therefore, 
the proposed approach can be easily implemented in various state-of-
the-art computer codes to extend their capabilities. Note that 
different coordinate systems, as shown in Section 4.1, are used to 
describe the kinetics of the system and model each component of the 
inertial and external loads on the hull.  

 
Figure 4.6 The flow chart of a time-domain numerical model 

of a generic horizontal axis floating wind turbine developed in 
Simo/Riflex/Aerodyn (the developed approach) 
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 4.4 Development of a time-domain approach for specific 
floaters 

The specific floaters mentioned in this thesis are floaters for 
which columns and pontoons of floater hulls are connected by 
braces, e.g. the OC4 semi-submersible wind turbine and WindFloat, 
see Figure 1.6. The braces of the specific floaters are considered as 
critical structural components while global and local load effects on 
the braces need to be analysed. Consequently, the author developed a 
time-domain approach for simulating sectional forces and moments 
in the braces. The developed approach is presented in this section 
and Paper A4. Note that the developed approach can be used to 
simulate responses of a generic floater as long as corresponding 
hydrodynamic coefficients could be appropriately obtained, see more 
discussions in Section 4.5, the future work mentioned in Chapter 7, 
later part of the present section and Paper A4.   

For the specific floaters, Morison formula could be sufficient to 
model hydrodynamic loads on the braces since diameter of the braces 
could be very small when compared to wave length of the incident 
waves.  

Each of the columns and pontoons, for which the braces are 
attached on, could be treated as a structural component. In contrast to 
the wetted body surfaces of structural components of the hull of a 
generic floater illustrated in Section 4.3, e.g. Figure 4.5, wetted body 
surface of each of the columns and pontoons, itself or with the still 
water plane area, can be approximately considered as a closed 
surface in boundary value problem for solving velocity potential and 
hydro pressure forces on the wetted body surface, e.g. the OC4-semi. 
This is because that area of interfaces between the columns and 
braces is small when compared to area of wetted body surface of the 
columns, and has negligible effects on value and distribution of the 
corresponding velocity potential and hydro pressure forces on the 
wetted body surface. 

For such specific floaters, each of the columns and pontoons 
could be modelled as a rigid-boy with 6 d.o.f.s,, while the braces are 
modelled as beam elements attached on the columns. In another 
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word, the semi-submersible hull could be modelled as a multi-body 
system connected by beam elements. Motion equations for the multi-
body system could be established as shown in Eq. (4.5) by extending 
the Eq. (4.4). Dimensions of matrices and vectors in Eq. (4.4) are 

 and , respectively. The dimensions of these matrices and 
vectors are extended to  and .  is number of the 
rigid-bodies. For the OC4-semi submersible wind turbine,  is 4. 
Expression of the  is given in Eq. (4.6).  is a  
matrix.  is used to account for hydrodynamic loads on body u 
due to memory effect of hydrodynamic loads and rigid-body motions 
of body v.  can be calculated by  or .  
is added mass matrix of body  induced by motions of body . 

 is potential damping matrix of body  induced by motions 
of body .   represents the resultants of first 
order wave excitation loads on the structural components of the hull 
and is obtained by applying inverse Fourier transform on 

. 

 
 

 

 
Hydrodynamic coefficients, e.g. , , and 

, used in Eq. (4.5), can be easily calculated by 
commercial hydrodynamic codes, e.g. WAMIT, as long as the wetted 
body surface of each of the columns and pontoons can be 
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approximately considered as a closed surface or the wetted body 
surface with the water plane area can be approximately considered as 
a closed surface. 

Sectional forces and moments in braces that are attached on the 
columns and pontoons can be obtained by solving the motion 
equations as shown in Eq. (4.5). More detailed description of the 
developed approach and a case study, for which forces and moments 
in braces of the OC4-semi in wind and waves are calculated and used 
in ULS design check for the braces, are                     
referred to Paper A4. 

4.5 Summary of assumptions and limitations of the 
conventional hybrid frequency-time domain approach 
and the developed approaches 

The differences between the conventional hybrid frequency-time 
domain approach and developed approaches are related to 1) 
structural model of the hull and 2) numerical approaches for 
modelling hydro-pressure forces on wetted body surface of the hull. 
These differences are summarized and highlighted in Table 4.3 in 
together with corresponding implemented assumptions of the 
numerical approaches and their limitations. 

The structural model of the hull in the conventional hybrid 
frequency-domain approach is a rigid-boy with 6 d.o.f.s while, in the 
proposed (developed) approaches for generic and specific floaters, 
the hull is modelled as a multi-body system connected by beam 
elements which are used to model flexibility of the hull. 

The hydro-pressure forces on wetted body surface of the hull are 
composed of viscous drag forces, which are modelled by using the 
drag term of the Morison formula, and potential hydrodynamic loads 
and hydrostatic pressure forces. Summaries of approaches for 
modelling hydrostatic pressure forces and hydrodynamic loads are 
given in Section 4.5.1 and Section 4.5.2, respectively.  

Additional terms could be added in the motion equations or 
expressions of the hydrodynamic loads on each structural 
components mentioned by the conventional and proposed approaches 
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to account for second and higher order hydro load effects. Method 
for deriving the additional terms for the conventional approach is 
referred to MARINTEK (2011), while method for modelling second 
and higher order hydro loads on the structural components of the 
proposed approaches needs to be developed in the future. 

Accuracy of simulated motions given by the conventional 
approach for offshore platforms has been widely accepted by 
offshore oil and gas industry. Validations for the proposed approach 
for generic floaters are presented in Chapter 5. The proposed 
approach for specific floaters needs to be validated in the future. 

4.5.1 Summary of approaches for modelling hydrostatic pressure 
forces 

According to the Bernoulli’s equation, hydrostatic pressure on a 
given point on wetted body surface of the hull could be expressed as 

.  is density of the hydro fluid.  is gravity acceleration.  is 
vertical position of the point in an earth fixed coordinate system. The 
hydrostatic pressure on the point fluctuates when the hull oscillating 
around its mean position. 

The author derived a generic expression for the resultant forces 
and moments of the hydrostatic pressure forces on the outer surface 
and the atmospheric pressure forces on the inner surface of the 
structural component  when the structural component is located at 
its instantaneous position described by 

 in an earth fixed coordinate system. 
The resultant forces and moments are denoted as . By 
neglecting the second order and higher order terms with respect to 
wave elevation, the expression of the  is given by Eq. (4.7). 

 
 is a  vector.  is a  matrix with real coefficients. 

The expressions of  and  are referred to Paper A1. Eq. 
(4.7) could be used by the conventional hybrid frequency-time 
domain approach except that the hydrostatic pressure forces on the 
wetted body surface of the hull, instead of the wetted body surface of 
the structural component , are integrated. 
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We use the origin of a body-fixed coordinate system to represent 
rigid-body motions of a hull. As shown in Figure 4.1, when the hull 
is located at its mean position, the origin of the body-fixed 
coordinate system is located at center of water plane area, while the 
body-fixed coordinate system is coincident to the global coordinate 
system and the - - -  coordinate system. The instantaneous 
position of the body-fixed coordinate system is described by 

. The resultant of hydrostatic pressure 
forces on the hull is denoted as . Note that  is acting on 
origin of a body-related coordinate system, which corresponds to the 
body-fixed coordinate system as shown in Figure 4.1, and described 
in the body-related coordinate system. By using Eq. (4.7), an 
analytical expression of   can be easily derived due to the fact 
that the wetted body surface of the hull and the water plane area form 
a closed surface, see Eq. (4.8). 

 
 

We assume that the buoyancy of the hull is , pointing 
upward and acting on ( ) in the body-fixed coordinate 
system, when the hull is at its mean position.  is volume of 
displaced water. Then, 

 and  is 
expressed by Eq. (4.9). In Eq. (4.9),  is mean water plane area. 

 and  are second moment of water plane area with 
respect to the axes of  and , respectively. 

 

Eq. (4.8) can be used by the proposed approach for specific 
floaters since, in this approach, wetted body surface of each 
structural component is approximately considered as a closed 
surface. However, Eq. (4.8) cannot be used in the proposed approach 
for generic floaters.  
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4.5.2 Summary of approaches for modelling hydrodynamic 
pressure forces 

In the conventional approach, hydrodynamic pressure forces on 
wetted body surface of a hull are integrated and represented by three 
resultant forces and moments which are expressed in form of the 
convolution terms as shown in Eq. (4.4) and are determined by 
hydrodynamic coefficients ,  and . These 
coefficients are derived from resultant of corresponding 
hydrodynamic pressure forces on mean wetted body surface of the 
hull. 

In the proposed approaches, hydrodynamic pressure forces on 
wetted body surface of each structural component of the hull are 
integrated and represented by three resultant forces and moments 
which are expressed in form of the convolution terms as shown in 
Eq. (4.10) and Eq. (4.5), respectively, and are determined by 
hydrodynamic coefficients ,  and , and 

,  and , respectively.  

 
Note that, in the proposed approach for generic floaters, the 

resultants of the first order radiation and wave excitation loads on the 
structural component  are represented by , see Eq. (4.10). 

 is described in a body-related coordinate system of the 
structural component  and acting on the origin of the coordinate 
system.  and  represent velocity and acceleration of the 
structural component . , , and  are 
determined by the hydrodynamic coefficients, i.e. , 

 and .  
,  and , and ,  and 

 are derived from resultant of corresponding hydrodynamic 
pressure forces on mean wetted body surface of each structural 
component. 
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The hydrodynamic pressure forces are given by the Bernoulli’s 
equation on base of corresponding velocity potential which is 
obtained by solving the corresponding boundary value problem. In 
the conventional approach and the proposed approach for generic 
floaters, the corresponding boundary value problems are generated 
and solved by considering the hull as a rigid-body. This means that, 
in the proposed approach for generic floaters, the kinematics of 
different structural components is constrained by the rigid-body 
assumption. Consequently, although the hydrodynamic interaction 
effects between the structural components are included in the 
hydrodynamic loads on each structural component, the proposed 
approach for generic floaters may not be able to well model the 
hydroelasticity effect. Therefore, it is not recommended to be applied 
on floating structures with relatively large flexibility, for which 
hydroelasticity effect can be important. 

In contrast, in the proposed approach for specified floaters, the 
corresponding boundary value problem is generated and solved by 
considering the hull as a multi-body system for which each of the 
structural components of the hull is considered as an independent 
rigid-body with 6 d.o.f.s. This means the boundary value problems, 
for which one structural component is oscillating about its mean 
position while the rest structural components are fixed at their mean 
position, are generated and solved. Consequently, both of the 
hydrodynamic interaction effects between the structural components, 
and linear component of interaction effects between structural 
vibration of the hull and the structural vibration induced 
hydrodynamic loads are accounted for in the proposed approach for 
specific floaters. To solve the boundary value problems by using the 
state-of-the-art commercial hydrodynamic codes, e.g. WAMIT, the 
wetted body surface of each structural component must be a closed 
surface or the wetted body surface and the water plane must form a 
closed surface. However, this requirement cannot be satisfied by a 
generic floater. This limitation of the commercial hydrodynamic 
codes limits application of this approach. 
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Table 4.3 Summary of differences, assumptions and 
limitations of the conventional and proposed time-domain 

numerical modelling approaches 
 

 The conventional 
hybrid frequency-
time domain 
approach for 
generic floaters 

The proposed 
approach for 
generic floaters 

The proposed 
approach for 
specific floaters 
(Analysis for 
responses of 
braces) 

Structural model 
of the hull 

A rigid-body with 
6 d.o.f.s 
 

Multi-bodies 
attached on a beam 
element finite 
element model. 
Each body has 6 
d.o.f.s 

Each of the 
columns and 
pontoons is 
modelled as a 
rigid-body with 6 
d.o.f.s while the 
attached braces 
are modelled by 
beam elements 

Viscous drag 
forces 

Drag term of the Morison formula 

Hydrostatic 
pressure forces 

Eq. (4.7) or Eq. 
(4.8) 

Eq. (4.7) Eq. (4.7) or Eq. 
(4.8) 

hydrodynamic 
loads (based on 
potential flow 
theory) 

Three resultant 
forces and 
moments on the 
hull which are 
expressed by the 
convolution terms 
as shown in Eq. 
(4.4).. The 
convolution terms 
are related to 
hydrodynamic 
coefficients 

,  
and  
 
 
 
 
 
 

Three resultant 
forces and 
moments on each 
structural 
component which 
are expressed by 
the convolution 
terms as shown in 
Eq. (4.10). The 
convolution terms 
are related to 
hydrodynamic 
coefficients 

, 
 and  

Three resultant 
forces and 
moments on each 
structural 
component which 
are expressed by 
the convolution 
terms as shown in 
Eq. (4.5). The 
convolution terms 
are related to 
hydrodynamic 
coefficients 

, 
 and 
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Table 4.3 continuing 
Boundary value 
problem 

The boundary value problems are 
generated and solved by considering the 
hull as a rigid-body. 

The boundary 
value problems 
are generated and 
solved by 
considering the 
hull as a multi-
body system. 

Limitations Structural 
responses of the 
hull cannot be 
captured by the 
structural model 
of the hull except 
for the rigid-body 
motions in 6 
d.o.f.s 

Flexibility effects 
of the hull on the 
hydro loads are not 
accounted for. The 
approach may not 
be able to well 
model the 
hydroelasticity 
effect. 

The wetted body 
surface of each 
structural 
component is 
required to be a 
closed surface or 
the wetted body 
surface and the 
water plane are 
required to form a 
closed surface by 
state-of-the-art 
commercial 
hydrodynamic 
codes for 
generating and 
solving the 
boundary value 
problem.  

Notes Additional terms 
could be added in 
the motion 
equations to 
account for second 
and higher order 
hydro load effect. 

The hydrodynamic interaction effects 
between the structural components are 
included in the hydrodynamic loads on 
each structural component. 
Method for modelling second and higher 
order hydro loads on the structural 
components of the proposed approaches 
needs to be developed in future 

Validations Accuracy of 
simulated motions 
of offshore 
platforms has been 
widely accepted 
by offshore oil and 
gas industry 

The approach has 
been validated, see 
Chapter 5. 

The approach 
need to be 
validated in future 
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Chapter 5  

Numerical and experimental 
verification and validation 
for the developed numerical 
approach 

Several numerical models which implements the proposed 
approach for generic floaters as presented in Chapter 4 have been 
generated to analyze global responses, e.g. rigid-body motions and 
sectional forces and moments, of the 5-MW-CSC, which has a 
braceless and static determinate hull and been presented in Chapter 3. 
To verify and validate the proposed approach, the simulated 
responses of the numerical models are compared to simulations of 
the other reference numerical models and measurements of 
experimental tests, in a systematical way and step by step. An 
introduction for the procedure, results, analysis and limitations with 
respect to the verification and validation is presented in this chapter. 
Detailed information is referred to Papers A1, A2 and A3. Note that 
validation for the proposed approach for specific floaters is not 
included in this thesis but is proposed as future work. 

5.1 Summary of reasons for verifying and validating the 
developed approach for generic floaters  

The proposed approach for generic floaters is an extension of the 
conventional hybrid frequency-time domain approach which has 
been widely used by offshore oil and gas industry to simulate rigid-
body motions and mooring line tensions of offshore platforms in 
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waves, see Eq. (4.4). Although accuracy of simulated rigid-body 
motions by using the conventional hybrid frequency-time domain 
approach has been accepted by offshore oil and gas industry, still, 
there is a need to validate the proposed approach. The reasons are 
highlighted as follows: 

 Accuracy of the rigid-body motions is an indicator of 
resultant hydro loads on the hull. However, situation of 
sectional forces and moments in the hull could be more 
complicated. For instance, the cross-section 6, as shown in 
Figure 3.2 divided the hull into two parts. We denote the part 
without the tower as Part A. The sectional forces and 
moments ( , and inertial and external loads of the Part 
A (denoted as  and  respectively) are in 
equilibrium as the hull is a static determinate structure. This 
means accuracy of the sectional forces and moments is 
actually affected by accuracy of local inertial and external 
loads. Consequently, accuracy of distributions of the 
simulated inertial and external loads on the hull is important 
to the accuracy of the simulated sectional forces and 
moments, and need to be appropriately validated. 

 The resultant of hydro loads on the hull may be dominated 
by first order potential loads. However, second and higher 
order hydro load effect may be considerable for sectional 
forces and moments in some locations of the hull. To 
quantify this effect, comparisons between numerical 
simulations and experimental measurements are needed. 

 The  and  could be out of phase and result in a 
cancellation effect on  which means that, in some 
situations,   could be a small part when compare to 
either  or . Consequently,  may be more 
sensitive to relative differences between simulations and 
corresponding reference values of  and , 
respectively. 

 Due to limited profit margin, an over conservative structural 
design of the hull is not preferred by offshore wind industry. 
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Therefore, the structural design of floating wind turbines 
may be more sensitive to accuracy of relevant numerical 
approaches. Consequently, uncertainties of the numerical 
approaches need to be appropriately quantified. 

5.2 Verification procedure (comparisons in numerical 
simulations) 

The procedure of the verification discussed in this chapter and 
relevant numerical models are shown in Figures 5.1 and 5.2. Detailed 
information is referred to Paper A1. 

Three comparisons, i.e. Comparison A, Comparison B and 
Comparison C, have been carried out to verify the proposed 
approach step by step on base of numerical simulations given by five 
numerical models. These numerical models and the comparisons are 
briefly explained below and illustrated in Figure 5.1 and Figure 5.2, 
respectively.  

 

Figure 5.1 Numerical models developed in the verification 
procedure 
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Figure 5.2 Verification procedure 

5.2.1 Numerical models used in the verification 
FDM is a frequency-domain model of the 5-MW-CSC developed 

in WADAM to calculate wave induced sectional forces and moments 
by implementing a standard procedure used in the offshore oil and 
gas industry (DNV, 2013b). A summary of the features of the time-
domain models is available in Table 5.1. More details are referred to 
Paper A1. 

Among the time-domain numerical models, see Table 5.1, it is 
expected that the TDM-2B-N can calculate sectional forces and 
moments in the cross-section as shown by the dashed line in Figure 
3.2 while the time-domain model TDM-29B-N can calculate the 
sectional forces and moments in the same cross-section and the other 
twenty-seven cross-sections. 
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Table 5.1 Summary of the features of the time-domain models 
developed in the verification procedure 

Mass and 
structural 

models 

TDM-2B-L 
(Time-domain model, two rigid 

bodies for the hull, linear 
model) 

TDM-1B-C 
(Time-domain model, One 
rigid bodies for the hull, 
conventional approach) 

TDM-2B-N/ TDM-29B-N 
(Time-domain model, two/twenty 

nine rigid bodies for the hull, 
developed approach) 

 
The hull 

The floating wind turbine is 
divided into two parts: “Part A” 
and “Part B”. The two parts are 
modeled as two rigid-bodies. 
Each rigid-body has 6 d.o.f.s. 
The two rigid-bodies are 
connected by three artificial 
beam elements. Integrated mass 
(corresponding to each rigid-
body). 

The hull is modeled as one  
rigid-body with 6 d.o.f.s. 
Integrated mass. 

The hull is discretized as two rigid-
bodies: “Body1” and “Body2” / 
twenty-nine rigid-bodies. Each 
rigid-body has 6 d.o.f.s. The two 
rigid-bodies are connected by three 
artificial beam elements / The 
twenty-nine rigid-bodies are 
connected by beam elements. 
Integrated mass (corresponding to 
each rigid-body) 

Nacelle Rigid-bodies with integrated 
mass (Included in the rigid-body 
for the “Part B”). 

Mass point attached to 
tower top 

 
Identical to TDM-1B-C 
 
 

hub Mass point attached to shaft 

Tower Flexible bodies 
Beam elements 
Distributed mass 

Blades 
Shaft 

Mooring 
lines 

The finite element model of the 
mooring lines is not developed.  

External 
load 

model 

TDM-2B-L TDM-1B-C TDM-2B-N/ TDM-29B-N 

 
 

The hull 

1) Gravity loads 
2) Extended hybrid frequency-
time domain approach  
3)Hydrostatic pressure force  
4) Rayleigh damping (the part 
that is proportional to the 
structural stiffness) 
5) Linearized restoring forces 
and moments provided by the 
mooring lines.  

1)  Gravity loads 
2) Conventional hybrid 
frequency-time domain 
approach  
3) Viscous force (Drag term 
of the Morison formula) 
4) Hydrostatic pressure 
force 

1) Gravity loads  
2) Extended hybrid frequency-time 
domain approach  
3) Viscous force (Drag term of the 
Morison formula. The drag 
coefficients are identical to TDM-
1B-C) 
4) Hydrostatic pressure force  
5) Rayleigh damping (the part that 
is proportional to the structural 
stiffness) 

Nacelle  
1) Gravity loads 

1) Gravity loads 
2) Rayleigh damping (the 
part that is proportional to 
the structural stiffness) 

 
 
Identical to TDM-1B-C 

 

hub 
Tower 

Blades 1) Gravity loads 
2) Aerodynamic loads 
(Aerodyn) 
3) Rayleigh damping (the 
part that is proportional to 
the structural stiffness) 

Shaft 1)Generator torque 
Mooring 

lines 
None 1)  Gravity and Buoyancy 

loads 
2) Morison formula 
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Table 5.1 continuing 
Note 

 TDM-2B-L is a time-domain model of the 5-MW-CSC developed in Simo/Riflex. The proposed approach 
is implemented to calculate wave induced sectional forces and moments in the cross-section as shown by 
the dashed line in Figure 3.2. Aerodynamic loads are not available in the TDM-2B-L.  

 TDM-1B-C is a time-domain model developed in Simo/Riflex/Aerodyn. Aerodynamic loads on the RNA 
and tower are appropriately accounted for in the TDM-1B-C, while the conventional hybrid frequency-
time domain approach is implemented to model the hydro loads on the semi-submersible hull. The 
modeling approach implemented in the TDM-1B-C is considered as the state-of-the-art approach that has 
been used by researchers to analyze responses of floating wind turbines in wind and waves except for the 
sectional forces and moments in the hull since the approach models the hull as one rigid-body with 6 
d.o.f.s. 

 TDM-2B-N is an extension of the TDM-1B-C. The proposed approach is implemented to calculate 
sectional forces and moments in the hull (in the cross-section as shown by the dashed line in Figure 3.2). 
The TDM-1B-C and TDM-2B-N are identical except for the finite element model of the hull and method 
for modeling the external and inertial loads on the hull. 

 TDM-29B-N is an extension of the TDM-2B-N. The TDM-2B-N includes two rigid-bodies for the hull, 
while, the TDM-29B-N includes twenty-nine rigid-bodies for the hull, see Figure 5.3. The TDM-29B-N 
model is developed and compared to the TDM-2B-N model in order to show that the proposed method can 
be generalized to a model consisting of any number of structural components. From the practical use point 
of review, it is convenient to use the TDM-29B-N model to obtain the dynamic responses at any critical 
position of the hull by just one time-domain model. While, using the TDM-2B-N approach, many different 
numerical models need to be built and analyzed. 

 

 
Figure 5.3 The finite element model of the hull with twenty-nine 

bodies 
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5.2.2 Objectives and expectations of Comparison A, Comparison B 
and Comparison C 

Accuracy of the calculated responses is related to two modeling 
issues: 1) whether or not the computer codes can accurately calculate 
the wind and waves induced external and inertial loads on the 
floating wind turbines and map the loads to the generated finite 
element models of the floating wind turbines; and 2) whether or not 
the finite element models generated in the computer codes can 
accurately represent the global stiffness of the floating wind turbines 
and calculate the structural responses for given loads. These two 
features are coupled. 

The hull of the 5-MW-CSC is a static determinate structure. For 
a static determinate structure, in general, the accuracy of the 
responses in the structure is purely determined by accuracy of 
external loads acting on the structural components. In linear theory, 
hydrodynamic and hydrostatic loads on structural components of the 
hull are determined by two issues. We denote these issues as ISA and 
ISB, respectively.  

 ISA: Configuration and shape of mean wetted body surfaces 
of the structural components.  

 ISB: Motion responses of the structural components. 
The accuracy of the sectional forces and moments in the hull 

calculated by the TDM-2B-N is indicated by the results of 
Comparison A and Comparison B. Comparison A focuses on 
verifying that the influence of the ISA on the hydro loads on the 
structural components can be accurately modeled in finite element 
codes which implement the proposed approach. Comparison B 
focuses on verifying that finite element codes which implement the 
proposed approach can accurately predict motion responses of the 
structural components and responses of the RNA, tower and mooring 
lines of the reference semi-submersible wind turbine in wind and 
waves. Comparison C is carried out, to some extent, to address that 
the proposed approach can be applied to generic floating wind 
turbines, for which the hull may need to be modeled by any number 
of structural components. The proposed approach is not necessarily 
limited to two rigid-bodies for the hull. Due to the limitation of the 
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proposed approach, we do not account for the hydroelasticity effect 
in the comparisons discussed in the present paper. 

More explanations with respect to the comparisons and 
numerical models used in the comparisons are given as follows: 

In Comparison A, the FDM is used as a reference model for the 
transfer functions of wave to sectional forces and moments in the 
hull. While the transfer functions can also be derived from structural 
responses of the hull calculated by carrying out regular and/or 
irregular wave analysis in time-domain numerical models that 
implement the proposed approach, e.g. TDM-2B-L, TDM-2B-N and 
TDM-29B-N. The FDM is a linear system and does not account for 
non-linear effects on the sectional forces and moments, while TDM-
2B-L is developed to be, as much as possible, a linear system and 
equivalent to the FDM. The agreement in the transfer functions 
calculated in the FDM and TDM-2B-L is expected to be good if the 
proposed approach accurately models the hydro pressure forces on 
the structural components of the hull and maps the forces on the 
finite element model of the hull.  

TDM-2B-L models the 5-MW-CSC as two structural 
components connected by three artificial beam elements. 
Aerodynamic loads are not accounted for in the TDM-2B-L. In 
contrast, aerodynamic loads are accounted for in the TDM-2B-N 
while the TDM-2B-N models the hull of the 5-MW-CSC as two 
structural components connected by three artificial beam elements 
and the mooring lines, tower and blades as beam elements. The mean 
wetted body surfaces of the two structural components of the TDM-
2B-L are identical to the mean wetted body surfaces of the two 
structural components of the TDM-2B-N correspondingly and 
respectively. Consequently, if the influence of the ISA on the hydro 
loads on the structural components can be accurately modeled in the 
TDM-2B-L, the influence can be accurately modeled in the TDM-
2B-N as well. 

The motions of the hull and responses of the RNA, tower and 
mooring lines predicted by the TDM-2B-N and TDM-1B-C are 
compared in Comparison B. TDM-1B-C is used as a reference model 
except for the sectional forces and moments in the hull. TDM-1B-C 
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and TDM-2B-N are identical except for the finite element model of 
the hull and method for modeling the external and inertial loads on 
the hull. Therefore, agreement in the compared responses is expected 
to be good. 

Since the hull of the 5-MW-CSC is a static determinate structure, 
it is expected that the global structural stiffness of the hull does not 
affect the sectional forces and moments in the structural components 
of the hull except for the inertia loads and hydro loads induced by the 
flexible modes of the hull. The global structural stiffness of the hull 
is determined by properties of the equivalent cross-sections of the 
pontoons and columns and material properties, e.g. Young’s modulus 
and modulus of rigidity. In Comparison C, artificial material 
properties are implemented to make the global structural stiffness of 
the hull of the TDM-29B-N to be of the same magnitude as the one 
of the TDM-2B-N. Consequently, the sectional forces and moments 
calculated by the TDM-2B-N and TDM-29B-N are expected to be 
identical.  

5.3 Validation procedure (comparisons between 
numerical simulations and experimental measurements) 

In the validation procedure, comparisons between numerical 
simulations and experimental measurements, i.e. Comparison D and 
Comparison E, see Figure 5.4. Detailed information is referred to 
Papers A2 and A3. 
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Figure 5.4 Validation procedure 

5.3.1 Limitations of current model tests and uncertainties of 
measured data 

Global responses of floating wind turbines in wind and waves 
can be measured (and analyzed) by carrying out model tests. 
Limitations of the model tests and uncertainties of the measured data 
must be aware when measured data is used to validate numerical 
codes. 

Conventional model tests for measuring wave induced responses 
of a floating unit are designed to satisfy geometrical and kinematic 
similarities and equality according to Froude number ensure 
similarity between inertia and gravity forces of experimental and 
actual models. However, similarity between inertia and viscous 
forces of the models cannot be achieved since, in practice, equality in 
Reynolds number cannot be satisfied at the same time. Different 
Reynolds number may indicate different patterns of fluid flows 
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around the experimental and actual models. Necessary corrections 
are needed if the measurements are sensitive to the viscous forces. 
Due to the same reason, similarity between inertia and aerodynamic 
loads on the RNA, which are important to responses of floating wind 
turbines, cannot be achieved either, see (Goupee et al., 2012b) 
(Goupee et al., 2012a) (Koo et al., 2012). To solve this problem, 
various forms of “non-geometrical scaling” of the wind turbine rotor 
have been developed to improve the aerodynamic load modeling in 
wind-wave model tests. For example, one form of non-geometrical 
scaling is to replace the wind turbine rotor with a drag disk, e.g. 
(Roddier et al., 2010) (Wan et al., 2015). A more sophisticated 
method of non-geometrical scaling is to modify the wind turbine 
airfoil shape and chord length to obtain improved performance at low 
Reynolds numbers (Kimball et al., 2014) (Fowler et al., 2013) 
(Bottasso et al., 2014) (Fernandes et al., 2014). These non-
geometrical scaled wind turbines can be designed to achieve the 
same non-dimensional thrust coefficient as the reference full scale 
wind turbine in a specified steady condition (calm water, constant 
wind speed, and fixed rotational speed and pitch angle of blades). 
Therefore, the “non-geometrical scaled” wind turbines can be used to 
physically analyze static response of the experimental model of 
floating wind turbines in steady conditions. However, it is still a 
challenge, which has not been solved yet, to make a performance-
matched wind turbine model, which means to use the non-
geometrical scaled wind turbines in model tests to accurately mimic 
Froude scaled actual aerodynamic loads on the rotor of the 
corresponding full scale reference wind turbine in dynamic 
conditions (turbulent winds, and/or regular or irregular waves, and/or 
with or without controller for blade pitch angle and rotational speed). 
This is because it is a challenge to design a non-geometrical scaled 
wind turbine for which the non-dimensional thrust coefficient is 
always identical to the corresponding coefficient of the reference full 
scale wind turbine in an arbitrary steady condition. As shown in 
(Kimball et al., 2014), the non-dimensional thrust coefficient versus 
tip speed ratio curves of the non-geometrical scaled wind turbines 
can be very sensitive to wind speed (the Reynolds number). It is also 
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a challenge to generate and/or measure constant and turbulent wind 
fields in a classical towing tank or ocean basin (Helder and Pietersma, 
2013) as well. Implementation of real-time hybrid model testing 
approach, e.g.  (Sauder et al., 2016), and (Hall et al, 2017), 
is a recent development for accurate modelling the actual 
aerodynamic loads in ocean basin.  relies on assumption 
that actual aerodynamic loads on the full scaled reference wind 
turbine can be captured by state-of-the-art aerodynamic computer 
codes, e.g. Aerodyn. A numerical finite element model for the RNA 
and control system of the full scale reference wind turbine and 
numerical model of wind field are generated in a computer code 
which implements the state-of-the-art aerodynamic computer code to 
calculate aerodynamic loads on the RNA in the wind field. The 
resultants of the calculated aerodynamic loads are down scaled 
(based on Froude scale) and physically applied on a Froude scaled 
model of the floating wind turbine, while in the computer code the 
hub of the RNA rigidly follows measured rigid-body motions, which 
has been up scaled (based on Froude scale), of the experimental 
model. 

5.3.2 Experimental approach and measured data used in the 
validation  

Rigid-body motions and sectional forces and moments in tower 
base and base of a side column of a 1:30 scaled model of the 5-MW-
CSC in several wave-only and wind-wave conditions were measured 
by SINTEF Ocean in its ocean basin (Bachynski et al., 2016) by 
using the ReaTHM® testing approach. The  can 
appropriately address effects of the control system on aerodynamic 
loads while actual loaded forces can be measured in a straight-
forward manner. A detailed description of the approach and its 
feasibility is available in (Sauder et al., 2016) and Chabaud (2016). 
The measurements are used in Comparison D and Comparison E. 
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5.3.3 Comparisons of simulated and measured responses in 
moderate waves 

Comparison D focuses on comparisons of the responses of the 
semi-submersible wind turbine in moderate waves with less non-
linear effects for which frequency-domain commercial computer 
codes, e.g. WAMIT, WADAM, can be used as a reference model. A 
frequency-domain model is developed in WADAM. While a time-
domain model is developed in Simo/Riflex by using the proposed 
approach. Wave-induced transfer functions for rigid-body motions 
and fore-aft and side-to-side bending moments in base of the side 
column derived from time-domain and frequency-domain 
simulations and measurements are compared. The developed time-
domain model is expected to give the same results as the commercial 
computer codes, while the time-domain model can be further used to 
analyze the sectional forces and moments in the hull in combined 
wind and wave loads in a straightforward manner but the frequency-
domain codes cannot. 

5.3.4 Comparisons of simulated and measured responses in 
operational conditions (in wind and waves) 
 

Comparison E focuses on comparisons of the responses of the 
semi-submersible wind turbine in operational conditions (in wind 
and waves). 

In previous, comparisons of simulated and measured responses 
of floating wind turbines have been analyzed by some researchers, 
e.g. Wendt et al., (2017). Geometrical scaled or non-geometrical 
scaled wind turbine, which cannot correctly mimic the Froude scaled 
aerodynamic loads on the corresponding full scale reference wind 
turbine in dynamic condition, are used in the model tests mentioned 
by the researchers in their publications, while these model tests are 
not designed for capturing sectional forces and moments in hull of 
floating wind turbines. For each model test, the wind turbine of the 
experimental model is modelled in its corresponding numerical 
model to simulate aerodynamic loads on the wind turbine while 
numerical wind field is generated based on measured wind speed at 
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one specified fixed position in the model test. Consequently, the 
differences between the measurements and simulations are due to the 
differences between 1) the numerical wind field and actual wind field 
in the model test, 2) performance of the numerical and experimental 
models of the wind turbine and 3) mass properties of the numerical 
and experimental models and 4) hydro loads on the hull of the 
numerical and experimental models. These differences are mixed and 
make it be difficult to analyze the reasons for the differences 
between the measurements and simulations in quantity. To avoid this 
difficult situation, the aerodynamic loads which are actually loaded 
on the 1:30 scaled model analyzed in Comparison E are measured 
and loaded on its corresponding numerical model to ensure identical 
aerodynamic loads. Consequently, differences in simulated and 
measured responses only indicate differences in simulated and actual 
hydro loads on the hull, and differences in modeled and actual mass 
properties of the semi-submersible wind turbine.  

The differences in the mass properties can be reduced to a 
negligible level by carrying out quality control and calibrations. Note 
that the “model-the-model” principle, which means to simulate the 
actual model tests as closely as possible (Ormberg et al., 2003), is 
used in development of the frequency-domain and time-domain 
numerical models used in Comparison D and Comparison E. 
Rational calibration procedures are referred to Paper A2 and Paper 
A3. 

To analyze the differences between measurements and 
simulations, effects of components that may affect the rigid-body 
motions and sectional bending moments are analyzed in quantity. 
The results and conclusion of this analysis is summarized in Chapter 
6. Detailed information is referred to Paper A3.  

5.4 Summary of key results and conclusions with respect 
to the verification and validation 

5.4.1 Comparison of TDM-2B-L and FDM (Comparison A) 
As shown in Figure 5.2, objective of Comparison A is to validate 

the accuracy of the proposed approach for accounting for the 
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influence of the ISA issue by comparing transfer functions given by 
the FDM, which is a frequency-domain model and is considered as a 
reference model, and transfer functions that are derived from 
simulated realizations which are obtained by carrying out irregular 
wave analysis or regular wave analysis by using the TDM-2B-L. 

Regular wave analysis can directly give the moduli and phase 
angles of the transfer functions; however, the phase angles are very 
sensitive to numerical issues. Alternatively, wave induced transfer 
function ( )), which is composed of the response amplitude 
operator (RAO), which is also known as transfer function modulus, 
and phase angle ( ), can be derived from realizations of the incident 
waves (input, denoted as ) and corresponding responses (output, 
denoted as ), as shown in Eq. (5.1) and Eq. (5.2).  and  are 
one-side spectra that are derived from the corresponding cross-
correlation and autocorrelation with respect to the realizations of  
and , respectively (Bendat, 2010).  is a complex number. 
Real and imaginary parts are denoted as  and , respectively.  

 

 
 
Note that transfer functions of wave induced axial and shear 

stresses are determined by transfer functions of wave induced 
sectional forces and moments, as shown by Eq. (3.1) and Eq. (3.2). 

Good agreement in transfer function moduli for wave induced 
axial and shear stresses given by two models indicates that 
agreement in transfer function moduli and phase angle of wave 
induced sectional forces and moments given by these models is good. 
Therefore, we focus on comparing the transfer function moduli for 
wave induced sectional forces and moments, and axial and shear 
stresses. 

The relative difference ( ) in the obtained transfer function is 
employed to show the difference in two groups of data, see Eq. (5.3). 

 is used to address the relative difference with respect to 
corresponding maximum value in entire wave frequency range (from 
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0.35 rad/s to 2 rad/s). For 
example,  and 

 represent transfer function moduli for 
wave induced axial force.  and  are calculated by carrying 
out irregular wave analysis and regular wave analysis, respectively. 

 is a given frequency.  

        (5.3) 

We find that, as expected, agreement in transfer function moduli 
obtained by carrying out regular and irregular wave analysis in the 
TDM-2B-L is good. The largest  for the transfer function moduli 
for axial and shear stresses is less than 6%. For most of the transfer 
function moduli,  is less than 3%.  

Wave induced axial and shear stress transfer function moduli 
given by the FDM and TDM-2B-L are compared, while the transfer 
function moduli given by the TDM-2B-L are obtained by carrying 
out irregular wave analysis. The agreement is very good. The relative 
differences ( ) vary with respect to the wave frequency and wave 
direction. In general, peak values of  may appear at frequencies 
nearby troughs of the transfer function modulus curves. However, 
the effect of the peak values of  on the accuracy of the sectional 
forces and moments calculated by the TDM-2B-L is very limited. 
This is because, in the frequency range from 0.35 rad/s to 2 rad/s, for 
most of the transfer function moduli,  is less than 2.5%. The 
maximum value of  for the transfer function moduli for stresses 
and for sectional forces and moments is no more than 8% and 5.9% 
respectively. Two examples are available in Figures 5.5 and 5.6. 
Position of the points on the cross-section is shown in Figure 3.4. 
The difference is induced by: 1) inherent difference between 
frequency-domain and time-domain models; 2) accuracy limitation 
for the numerical solver and other numerical issues. Detailed 
discussions are referred to Paper A1. 
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Figure 5.5 Comparison of transfer function modulus curves for 
the axial stress at the point 6 given by the FDM and TDM-2B-L 

subjected to 120-degree-wave 

 
Figure 5.6 Comparison of transfer function modulus curves for 
the axial stress at the point 1 given by the FDM and TDM-2B-L 

subjected to 10-degree-wave 
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5.4.2 Comparisons of TDM-2B-N, TDM-1B-C and TDM-29B-N 
(Comparison B and Comparison C)  

As shown in Figure 5.2, objective of Comparison B is to verify 
the accuracy of the proposed approach for predicting responses of the 
RNA, tower, mooring lines and motions of the hull by comparing 
simulated realizations given by the TDM-2B-N and TDM-1B-C. The 
TDM-1B-C is developed by using the conventional hybrid 
frequency-time domain approach and considered as a reference 
model. 

Ten combined wind and wave conditions are selected from a site 
in northern North Sea (Li et al., 2015) and tabulated in Paper A1. 
The combined wind and wave conditions are composed of five 
different mean wind speeds covering below rated, at rated, above 
rated and parked wind speed and two wave directions. In addition, 
we also looked at wave only conditions by removing the winds from 
the combined conditions. For each condition, one 1-hour time-
domain simulation is carried out in the TDM-1B-C, TDM-2B-N and 
TDM-29B-N respectively. Identical random seeds are used to 
eliminate stochastic uncertainties. Responses, i.e. the pitch angle of 
each blade, azimuth angle and rotational speed of the rotor, 
aerodynamic forces and moments on the rotor, torque on the 
rotational shaft of the drive train, generator torque, generated power, 
sectional forces and moments in a given cross section of the tower, 
global rigid-body motions of the hull and mooring line tension at the 
top end (fairlead) of each mooring line, are calculated and compared. 

The responses of the TDM-1B-C and TDM-2B-N subjected to 
the wave only conditions are firstly compared. We find that the 
responses are identical to each other (the difference is negligible). 
Part of the realization of the fore-aft bending moment at the tower 
base, in EC02000 (wave only), is given as an example, see Figure 5.7.  

Detailed comparisons of responses of the TDM-1B-C and TDM-
2B-N in wind and waves are referred to Paper A1. 
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Figure 5.7 An example of the time series of the fore-aft bending 
moment at the tower base of the TDM-1B-C and TDM-2B-N, 

EC02000 (wave only) 

Regarding Comparison C, we compare the responses of the 
TDM-2B-N and TDM-29B-N in wave only and in combined wind 
and wave conditions. Observations of the comparisons of the 
responses of the RNA, tower and mooring lines of the TDM-2B-N 
and TDM-29B-N are similar to the observations of the comparison of 
the TDM-1B-C and TDM-2B-N which have been illustrated in above. 
For each condition, time realizations of the sectional forces and 
moments of the TDM-2B-N and TDM-29B-N are in phase and 
almost identical. An example is given in Figure 5.8.  

 

Figure 5.8 An Example of the time series of the  (bending 
moment) of the TDM-2B-N and TDM-29B-N, EC04000 
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5.4.3 Comparisons of simulations and measurements in moderate 
waves (Comparison D) 

 In Comparison D, measured and simulated responses, i.e. the 
fore-aft and side-to-side bending moments and rigid-body motions, 
of the 1:30 scaled model of the 5-MW-CSC in moderate wave-only 
conditions are compared. Note that necessary calibrations have been 
done as we follow the “model-the-model” principle (Ormberg et al., 
2003). Descriptions of the model test, post-processing for the 
measured data and development of time-domain and frequency-
domain numerical models are referred to Paper A2. 

Skewness and kurtosis (Bendat, 2010) of the measured and 
simulated realizations and waves are around 0 and 3, respectively, 
and indicate that, in moderate waves, the experimental model and 
time-domain model are linear systems with respect to waves (input, 
denoted as ) and corresponding response (output, denoted as ). 
Therefore, wave induced transfer function ( )), which is 
composed of the response amplitude operator (RAO) and phase 
angle ( ), are derived by using Eq. (5.1) and Eq. (5.2). The phase 
angle ( ) is derived based on the corresponding values of  and 

. A negative phase angle ( ) means the  lags the . 
Note that computation of the phase angle of the  derived 

from measurements of the incident waves and corresponding 
responses is very sensitive to the synchronization in particular for 
high-frequency components of the transfer functions. For example, a 
0.4 seconds mismatch means a 9-degree-shift and a 32-degree-shift 
of the phase angle for the wave components for which the frequency 
is 0.4 rad/s and 1.4 rad/s, respectively.  

The linear characteristic of the system can also be checked by 
calculating corresponding coherence function , see Eq. (5.4), 
(Bendat, 2010). The values of  will always satisfy . 
The  will equal to one for an ideal constant parameter linear 
system.  is one-side spectrum that is derived from the 
corresponding autocorrelation with respect to the realizations of . 
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Transfer functions are derived from 1-hour measurements of the 
pink noise and Jonswap spectrum model tests, i.e. model test 2310, 
2321 and 2420, and the corresponding simulations. Reasonably good 
agreement between the RAOs of the experimental and numerical 
models is observed, see Figure 5.9 for example.  

Figure 5.9 Transfer function for the fore-aft bending moment, 
derived from 1-hour realizations, pink noise,  (2310) 
and  (2321), and Jonswap spectrum,  and 

 seconds (2420) 
 

Some explanations for differences in the transfer functions 
between the time-domain model and experimental model are 1) some 
non-linear effects, e.g. second and higher order hydrodynamic loads 
and non-linear wave kinematics, which inherently exist in the model 
tests but are not modelled numerically, and 2) uncertainties, noise 
and unknown errors in the measurements. Some relevant 
observations are referred to Paper A2. 

Coherence functions are expected to equal to one when the time-
domain model and experimental model are subject to small incident 
waves, e.g. the pink noise model test 2310. However, as shown in 
Figure 5.10, significant deviations can be observed in the coherence 
function of the measurements in the frequency range from 1 rad/s to 
1.4 rad/s. The deviations indicate that one or more of three possible 
physical situations exist. The three possible situations are 1) 
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extraneous noise is present in the measurements; 2) the system 
relating the incident wave (input) and the corresponding response 
(output) is not linear; and 3) the response is an output due to an input 
of the wave elevation as well as to other inputs. 

 
Figure 5.10 Coherence functions between incident waves 

(input) and the fore-aft bending moment (output), derived from 
1-hour realizations, pink noise,  (2310) and  

(2321), and model test 2420,  and  
 

Spectral densities and realizations of the simulated and measured 
responses, i.e. the fore-aft and side-to-side bending moments and 
rigid-body motions, of the model in a moderate wave-only condition 
(model test 2420) are compared. The difference in the standard 
deviation of the simulated and measured fore-aft bending moment is 
1.4% and good agreement is seen in the spectrums and realizations, 
see Figure 5.11 and A30. In major wave frequency range of the 
simulated waves (from 0.4 rad/s to 1.4 rad/s), good agreement is seen 
in spectrums of measured and simulated rigid-body motions. Motions 
induced by the slow varying drift force on the experimental model 
can be observed in the low frequency range in the spectrums of the 
measurements, while second and higher order hydrodynamic loads, 
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expect for viscous drag forces, are not included in the time-domain 
model. 

 
Figure 5.11 Spectral density functions of the fore-aft bending 

moment, derived from 1-hour realizations, moderate wave only, 
 and  

 
Figure 5.12 Part of measured and simulated fore-aft bending 

moment, moderate wave only,  and  

5.4.4 Comparisons of simulations and measurements in 
operational conditions (Comparison E) 

In Comparison E, measured and simulated responses, i.e. the 
fore-aft and side-to-side bending moments and rigid-body motions, 
of the 1:30 scaled model of the 5-MW-CSC in several operational 
conditions (operating in wind and waves, including three different 
turbulent wind conditions, which includes turbulent winds with mean 
wind speed below (8 m/s), at (11 m/s) and above (25 m/s) the rated 
wind speed of the 5-MW wind turbine) are compared. Note that 
necessary calibrations have been done as we follow the “model-the-
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model” principle (Ormberg et al., 2003). Descriptions of the model 
test, post-processing for the measured data and development of time-
domain numerical models are referred to Paper A3. 

The relative difference ( ) of standard deviations of simulations 
and measurements are calculated based on the area under the 
corresponding spectral density curves in the corresponding specified 
frequency range, see Eq. (5.5) and Naess and Moan (2013),. In Eq. 
(5.5),  represents the area of the part under the spectral density 
curve of a simulated response in a specified frequency range, i.e. full 
frequency-range, low frequency-range (defined as from 0 rad/s to 0.3 
rad/s) and wave-frequency-range (defined as from 0.3 rad/s to 2 
rad/s). Similarly,  represents the area of the part under the 
spectral density curve of a measured response in a specified 
frequency range. 

 

In general, agreement between simulated and measured rigid-
body motions, in terms of spectral densities and phase angle, is very 
good. The relative difference of standard deviations of simulated and 
measured pitch in full frequency-range is less than 4%, see Figure 
5.13 for example. The differences in phase angle between simulated 
and measured motions are no more than 20 degrees, see Figure 5.14. 
For the phase angles, we focus on the differences in frequency range 
from 0 rad/s to 1 rad/s since the responses in the rest frequency range 
are very limited. 
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Figure 5.13 Comparisons of spectral densities of simulated 
and measured pitch motions in operational conditions 

 

  
 
Figure 5.14 Difference in phase angle between simulated and 

measured surge (Left Figure) and pitch (Right Figure) motions 
in operational conditions 

 
In general, agreement between simulated and measured fore-aft 

bending moments, in terms of spectral densities and phase angle, is 
very good.  for standard deviations of simulated and measured 
fore-aft bending moment in full frequency-range in tower base and 
base of the side column 1 are less than 4% and 10%, respectively. 
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While the differences in phase angle between simulated and 
measured bending moments are no more than 25 degrees, see Figures 
5.15 and 5.16 for example. 

  
 

Figure 5.15 Comparisons of spectral densities of simulated 
and measured fore-aft bending moments in base of side column 

1(S1) 

 
Figure 5.16 Comparisons of simulated and measured 

realizations of fore-aft bending moments in base of side column 
1(S1) (mean values have been removed) 

 The external loads are composed of aerodynamic loads, hydro 
loads and gravity forces. The differences between simulated and 
actual inertial loads and gravity forces are related to uncertainties in 
the mass properties and differences in measured and simulated rigid-
body motions. We can assume that the differences between the 
simulated and actual aerodynamic loads are negligible since the 
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measured aerodynamic loads are applied on the numerical model as 
prescriptive loads. The numerical model cannot completely account 
for all the components of second and higher order hydro loads 
however these loads inherently exist. In addition, the drag term of 
Morison formula (DNV 2010c) is used to model the viscous drag 
forces on the hull and mooring lines. This is an empirical formula. 
While, the coefficients for simulating the viscous drag forces are 
determined according to the Reynolds number, Keulegan-Carpenter 
numbers and surface roughness which correspond to the full size 
model rather than the Froude law scaled model. Consequently, the 
drag coefficients need to be appropriately calibrated. The hydro loads 
can be further classified as wave excitation loads, radiation loads, 
and hydrostatic pressure forces, see (Paper A1). Note that these loads 
are related to the configuration of the wetted body surface of the hull.  

The sensitivity study and comparisons of measurements in 
different conditions are used to analyze effects of these components 
on rigid-body motions and sectional bending moments, see Chapter 6. 
The effect of these components is used to identify the reasons for the 
differences between the measurements and simulations presented in 
this section. 

As analyzed in (Chabaud, 2016), we expected that the 
differences between the applied aerodynamic loads on the numerical 
and experimental model are negligible. The major reasons for the 
difference between wave-frequency components of the simulated and 
measured bending moments are identified as: 

 Differences in the modelled and actual wave excitation loads 
and radiation loads. 

 Differences in the rigid-body motions. 
The major reasons for the difference between low frequency 

components of the simulated and measured bending moments are 
identified as:  

 Differences in the modelled and actual fluctuations of 
hydrostatic pressure forces and viscous drag forces. 

 Differences in the rigid-body motions. 
Detailed discussions and analysis are referred to Paper A3. It 

should be highlighted that the numerical model based on the 
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proposed approach (linear potential-flow theory) underestimates the 
standard deviation of wave-frequency components of the fore-aft 
bending moments in base of the side-column 1 (see Figure 6.1) by 5% 
to 10%. Differences in simulated and actual excitation loads are 
considered as the major reason for the differences. More 
experimental tests designed for distinguishing linear and non-linear 
hydro loads are needed. 

The aerodynamic loads applied on the numerical models are 
prescriptive loads measured from model tests. Analysis shows that 
the actual aerodynamic loads on the experimental model can be 
accurately measured. Consequently, the difference between the 
measurements and simulations only indicate differences in the hydro 
loads on the hull and the mass properties of the numerical and 
experimental models. If the deviation between simulated and 
measured rigid-body motions is large, the prescriptive loads will fail 
to represent the right dependency of the aerodynamic loads with 
respect to the rigid-body motions. Fortunately, the agreement 
between simulated and measured rigid-body motions is very good. 
This limitation can be avoided by developing a numerical model for 
the wind turbine of the experimental model to simulate aerodynamic 
loads in time-domain simulations based on numerical wind field and 
the simulated rigid-body motions. However, increase of uncertainties 
due to differences between the numerical and actual wind fields, and 
differences between performance of the numerical and experimental 
models of the wind turbine must be considered. 

Analysis and discussions given in this paper are based on 
available measurements. More systematical and step by step model 
tests for quantifying and minimizing uncertainties in measurements 
and identifying first order and higher order wave excitation loads are 
welcome in future.  
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Chapter 6  

Numerical and experimental 
analysis of important load 
components 

To shed more light on sectional forces and moments in the hull 
of semi-submersible wind turbines submitted to combined wind and 
wave loads, the measurements of the 1:30 scaled model test in 
SINTEF Ocean and corresponding numerical simulations are 
analyzed thoroughly. Relevant work is highlighted in this chapter. 
Detailed information is given in Section 5 of Paper A3, for which 
effect of non-linear wave excitation loads, drag forces, each load 
component, and steady wind and wave loads induced changes with 
respect to mean wetted body surface on rigid-body motions and 
sectional bending moments in five specified cross-sections on the 
hull are analyzed by comparing measurements in different conditions 
and carrying out numerical sensitivity study. Positions of the five 
cross-sections, which are denoted as S1, S2, S3, S4 and S5, are 
shown in Figure 6.1. 
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Figure 6.1 A layout of the hull of the experimental model, 
courtesy of Fredrik Brun (SINTEF Ocean). Note that the 

configurations of the three pontoons are identical. Some parts of 
the configurations of Pontoon 1 and 3 are not shown. 

Note that external load on a semi-submersible hull could be 
composed of linear and high-order wave excitation loads, added 
mass forces, potential damping forces, gravity, hydrostatic forces, 
and drag forces. Relative importance of load components on the fore-
aft bending moments depends on wind and wave conditions, location 
of the cross-section in the semi-submersible hull, amplitudes and 
phase angles of the rigid-body motions, and configuration of 
corresponding wetted body surface of the hull. Configurations of 
mean wetted body surface of the hull in wind and waves and in wave 
only are different due to differences in mean components of the wind 
loads on the rotor, tower and hull of the model. The difference means 
that hydrodynamic coefficients that are calculated for modeling 
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hydro loads on the hull are different since values and distributions of 
hydro pressure forces on the hull are changed. This may result in a 
considerable change in resultant sectional forces and moments of the 
hull even though change in resultant of the hydro pressure forces on 
the whole wetted body surface of the hull could be very limited. 

For the 5-MW-CSC, in operational conditions with moderate 
waves, e.g. model test 4310, second and higher order wave excitation 
loads and drag excitation forces are negligible while increased 
second and higher order wave excitation loads are expected in model 
test 4121 and 4410 as significant wave height increases. In addition 
to low frequency excitation loads, resonant responses are sensitive to 
the damping level of the model. Drag force on a 2-D cross-section of 
a structural component, e.g. column, and pontoon, is expressed by Eq. 
(6.1), see DNV (2013a).  and  are corresponding velocities of fluid 
and the cross-section.  can be derived from the motions of the hull. 
We can see that  is composed of terms that are related to 

, , and . The terms related to  behave as excitation forces 
while the terms related to  and  behave as damping forces.  is 
density of fluid.  is non-dimensional drag coefficient.  is 
characteristic length corresponding to the cross-section of the 
structural component. Terms related to  and  indicate that the 
damping level of the model is related to incident waves. Results of 
numerical simulations show that the analyzed incident waves result 
in increase of damping level of the numerical model, while, as a 
result, low frequency motions in frequency ranges around its natural 
frequency of surge, heave and pitch motions can be significantly 
reduced, see Figure 6.2 as an example. Further investigation based 
on experimental measurements is recommended. 
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Figure 6.2 Comparisons of spectral densities of simulated 

surge, heave and pitch motions in wind-only and wind-wave 
conditions. Note that the only difference between numerical 

model for a wind-wave condition and its corresponding wind-
only condition is that the model for the wind-only condition is in 
calm water. Note that second and higher order wave excitation 

loads are not included. 
 

For the 5-MW-CSC, important load components on simulated 
fore-aft bending moments in the five cross-sections of the hull is 
summarized in Section 5 of Paper A3.  

For the 5-MW-CSC within the analyzed operational conditions, 
the generated convolutional terms in the time-domain simulations 
have very limited effect on simulated responses and could be 
removed from the numerical models, while a sensitivity study shows 
that, for the analyzed model, simulated fore-aft bending moments of 
the model in wind and waves could be obtained by superimposing 
the corresponding simulations of the model subjected to its 
corresponding wind only condition, and wave only condition except 
that three constant forces and moments which are the corresponding 
averaged wind induced forces and moments are applied. Note that 
mean values of the simulations should be removed as the focus is on 
dynamic responses and spectral densities which are important to 
fatigue limit state design checks. This simplification can significantly 
reduce the number of cases of short-term analysis required in long-
term analysis. However, note that the simplification is related to 
relative importance of each load component on the sectional forces 
and moments. Applicability of the simplification should be analyzed 
case by case. 
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Simulated sectional forces and moments in the five cross-
sections are compared. The interface between the pontoons and 
central column is identified as the most critical part. Both low 
frequency and wave frequency components of load effects could be 
important. From cross-section S1 to cross-section S4, value of 
standard deviation of first order wave excitation load induced fore-
aft bending moment increases. The effect of fluctuation of 
hydrostatic pressure on the wetted body surface of the hull and 
fluctuation of gravity forces are important to fore-aft bending 
moments in cross-sections in the tower and central column and in 
cross-sections that are on the pontoons and close to the central 
column. Phase difference between simulated surge and pitch motions 
can be close to 180 degree in the frequency range from 0.4 rad/s to 
0.6 rad/s and means a cancellation effect for the bending moments 
induced by the inertial loads which are associated to acceleration in 
surge and pitch. 

More detailed information is referred to Section 5 of Paper A3 
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Chapter 7  

Conclusions and future work 
7.1 Summary and conclusions 

This thesis deals with the design and analysis of steel semi-
submersible hulls for supporting MW-level horizontal axis wind 
turbines. The thesis consists of 1) conceptual design methods, 2) 
conceptual design of a steel braceless hull for supporting a reference 
wind turbine (denoted as 5-MW-CSC), 3) development, verification 
and validation of numerical approaches for analyzing global 
structural responses of structural components of semi-submersible 
hulls in wind and waves, and 4) case studies related to numerical 
simulations and experimental measurements for loads and load 
effects on semi-submersible wind turbines. 

The experience acquired from design and analysis of the 5-MW-
CSC and the development, verification and validation of the time-
domain approaches can be used to 1) develop novel and cost efficient 
designs of semi-submersible wind turbines, 2) validate other 
developed computer codes for analyzing global responses of floating 
wind turbines, 3) shed more light on loads and their effects on 
floating wind turbines, 4) develop simplified design methods and 
reduce computational cost of design and 5) improve the design of 
experimental tests.  

The conclusions of this thesis are as follows: 
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7.1.1 Conclusions with respect to simplified design method and the 
design of the 5-MW-CSC 

Conceptual design procedure, criteria and design check 
approaches, with respect to safety, have been systematically 
presented and discussed based on publicly accessible publications 
and the author’s experience and practice in the past six years.  

The allowable heeling angle, which is the upper limit of the 
critical heeling angle induced by the design overturning moment 
about the critical axis, could be used as a simplified stability criterion, 
in together with a criterion with respect to natural periods of rigid-
body motions of semi-submersible wind turbines and two practical 
approaches for estimating value and distribution of steel and ballast 
mass of the hull, for developing initial designs of semi-submersible 
hulls.  

To satisfy the criterion with respect to natural periods of rigid-
body motions, sufficient added mass and mass of displaced water are 
required. Heave plates could be used to efficiently increase added 
mass of the hull but will significantly increase the system complexity 
and construction and maintenance costs. For semi-submersible wind 
turbines without heave plates, a relatively high roll/pitch restoring 
stiffness and the restriction of the heave natural period to beyond the 
wave range result in a large displaced volume and steel mass of the 
semi-submersible hull. 

The design of the 5-MW-CSC is developed based on the 
presented conceptual design procedure, criteria and design check 
approaches. In contrast to the conventional designs, the 5-MW-CSC 
is a braceless semi-submersible wind turbine, for which the columns 
are connected by pontoons rather than braces to reduce design 
complexity. 

Numerical analysis shows that the 5-MW-CSC has very good 
intact stability, well designed natural periods and modes, moderate 
rigid-body motions in extreme environmental conditions and a 
reasonable structural design. Details of relevant analysis approaches 
and results are presented and discussed. The structural design of the 
5-MW-CSC is checked by using simplified ULS and FLS design 
checks. 
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Simplification of the methods for estimating the load effect on 
the hull is discussed. To appropriately account for the aero-hydro-
servo-elastic feature of semi-submersible wind turbines, time-domain 
finite element analysis should be used. However, for some design, 
structural responses of some structural components in wind and 
waves could be dominated by first order wave excitation loads, and 
inertial and radiation loads which are related to wave induced 
motions. Consequently, these structural components could be 
designed based on wave induced responses calculated by using the 
frequency-domain approach described in Paper B1. 

7.1.2 Conclusions with respect to development, verification and 
validation of the time-domain approaches for determining sectional 
forces and moments in floating wind turbine hulls 

Two time-domain approaches, which can be easily implemented 
in various state-of-the-art computer codes to extend their capabilities 
to analyze sectional forces and moments in structural components of 
generic and specific floaters subject to environmental loads from 
wind and waves are developed by the author. While the developed 
approaches for generic floaters has been appropriately verified and 
validated step by step. 

The developed approaches focus on modeling the inertia and 
external loads on the hull and mapping the loads in the finite element 
model of the hull. In the developed approaches, floating wind 
turbines are considered as an assemblage of several structural 
components. The conventional hybrid frequency-time domain 
approach is extended to model the external loads on and inertia loads 
of each structural component. Summary of differences, assumptions 
and limitations of the conventional and developed time-domain 
numerical modelling approaches are tabulated in Table 4.1. 

Several numerical models which implement the developed 
approach for generic floaters have been generated to analyze global 
responses, e.g. rigid-body motions and sectional forces and moments, 
of the 5-MW-CSC.  

Procedure, development of numerical models, calibrations, 
results, analysis and limitations with respect to the verification and 
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validation are presented. To avoid uncertainties due to limitations of 
conventional experimental tests, the measurements come from a 1:30 
scaled model test of the 5-MW-CSC which implements the 
ReaTHM® testing approach. 

The verification and validation procedure of the developed 
approach for generic floaters are divided into five comparisons. 
Expected results and objectives of the comparisons are illustrated in 
Sections 5.2 and 5.3 while key results of the comparisons are 
summarized in Section 5.4. 

 In general reasonable good agreement is observed in these 
comparisons, e.g. the relative difference of standard deviations of 
simulated and measured fore-aft bending moment in full frequency-
range in tower base and base of the side column 1 in the operational 
conditions are less than 4% and 10%, respectively. 

Reasons for differences between each compared two realizations 
in these comparisons are thoroughly analyzed and are referred to 
Section 5.4. 

7.1.3 Conclusions with respect to numerical and experimental 
analysis for importance of load components 

Effect of non-linear wave excitation loads, drag forces, each load 
component, and steady wind and wave loads induced changes with 
respect to mean wetted body surface on rigid-body motions and 
sectional bending moments in five specified cross-sections on the 
hull are analyzed by comparing measurements in different conditions 
and carrying out numerical sensitivity study. 

We find that: 
 Low frequency rigid-body motions of the 5-MW-CSC are 

dominated by wind loads, second and higher order wave 
excitation loads, and restoring stiffness while resonant 
motions are sensitive to the damping forces and moments. 
The low frequency fore-aft bending moments in tower base 
and cross-sections in structural components of the hull of the 
5-MW-CSC are dominated by wind loads, and pitch motion 
related fluctuations of gravity forces and hydrostatic pressure 
forces. Inertial load effects on the low frequency responses 



97 
 

are limited except for responses with frequency components 
around pitch natural frequency.  

 Effect of second and higher order wave excitation loads on 
fore-aft bending moments is observed and discussed. In 
general the effect is relatively limited in the analyzed 
operational conditions but can be critical in extreme 
conditions. 

 Mean forces and moments from wind and waves result in a 
change in configuration of mean wetted body surface of the 
hull when compared to the configuration in calm water. This 
may result in a considerable change in resultant sectional 
forces and moments, e.g. more than 20% difference in 
standard deviations, even though change in resultant of the 
hydro pressure forces on the whole wetted body surface 
could be very limited. 

 A summary of important load components on simulated fore-
aft bending moments in the five cross-sections is available in 
Table 11 of Paper A3. Relative importance of load 
components on the fore-aft bending moments depends on 
wind and wave conditions, location of the cross-section in 
the hull, amplitudes and phase angles of the rigid-body 
motions, and configuration of corresponding wetted body 
surface of the hull.  

 The interface between the pontoons and central column of 
the 5-MW-CSC is identified as the most critical part. Both 
low frequency and wave frequency components of load 
effects could be important. The effect of fluctuation of 
hydrostatic pressure on the wetted body surface of the hull 
and fluctuation of gravity forces are important to fore-aft 
bending moments in cross-sections in the tower and central 
column and in cross-sections that are on the pontoons and 
close to the central column. Phase difference between 
simulated surge and pitch motions can be close to 180 degree 
in the frequency range from 0.4 rad/s to 0.6 rad/s and means 
a cancellation effect for the bending moments induced by the 
inertial loads which are associated to acceleration in surge 
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and pitch.  
 The convolutional terms have very limited effect on 

simulations and could, for the 5-MW-CSC in the analyzed 
operational conditions, be removed from the numerical 
models to significantly reduce modelling complexity and 
computational cost for short-term analysis in this case. 
Applicability of the simplification should be analyzed case by 
case. 

 For the analyzed model of the 5-MW-CSC in the operational 
conditions, simulated fore-aft bending moments of the model 
in wind and waves could be obtained by superimposing the 
corresponding simulations of the model subjected to its 
corresponding wind only condition, and wave only condition 
except that three constant forces and moments which are the 
corresponding averaged wind induced forces and moments 
are applied. This simplification can significantly reduce the 
number of cases of short-term analysis required in long-term 
analysis. However, the simplification is related to relative 
importance of each load component on the sectional forces and 
moments. Applicability of the simplification should be analyzed 
case by case. 

7.2 Future work 

 The developed two time-domain approaches can be further 
extended to use other finite element models (instead of beam 
elements) to represent global stiffness of structural components 
of hulls and to account for full expressions of second and/or 
higher order hydrodynamic loads and hydroelastisity. While, 
future work for improving numerical model of the drag forces, 
which able to model the drag forces with an acceptable 
accuracy in blind tests, is highly recommended.  

 More systematical and step by step model tests and sensitivity 
studies for quantifying and minimizing uncertainties in 
measurements are recommended in future, in particular for the 
extreme condition. More experimental studies designed for 
distinguishing linear and non-linear hydro loads are needed, e.g. 
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numerical modelling approach for full second order wave 
excitation loads should be developed, while wave excitation 
loads on the hull, when the hull is fixed at its mean position in 
wind and waves, should be measured in future test programs. 

 The configuration of mean wetted body surface of the hull of 
the 5-MW-CSC indicates that the effect of frequency dependent 
radiation and diffraction hydrodynamic loads on the hull could 
be more significant when the hull is subjected to irregular 
waves, for which major wave energy is in frequency range from 
1 rad/s to 2 rad/s. Consequently, these model tests should be 
scheduled in future.  

 Validation for the developed time-domain approach for specific 
floaters is not included in this thesis but is proposed as future 
work. 

 Further developments of commercial and/or academic 
hydrodynamic computer codes are recommended to obtain 
corresponding hydrodynamic coefficients which enable the 
developed time-domain approach for specific floaters being 
used to simulate responses of generic floaters. 

 Analysis with respect to design of the semi-submersible hull 
against accidental events, such as ship collision, loss of a 
mooring line and flooding in a column, needs to be done in 
future. While, numerical and experimental analysis for the 
reference floating wind turbines in extreme conditions and 
fault conditions are recommended as future work as well. 

7.3 Original contributions 

Original contributions made by the author in this thesis are 
briefly summarized as follows: 

Establishing a simplified approach for the initial (preliminary) 
design of semi-submersible hulls 

An efficient simplified design approach is developed and used by 
the author to determine initial designs of semi-submersible hulls (the 
dimension of the hull and estimation of the value and distribution of 
the mass of the hull) is illustrated in this thesis. 
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Development of design of a reference braceless steel semi-
submersible hull for supporting a 5-MW horizontal axis reference 
wind turbine. 

The 5-MW-CSC has been developed by the author by using the 
simplified design approach mentioned above. In contrast to the 
conventional designs, the 5-MW-CSC is a braceless steel semi-
submersible wind turbine, for which the columns are connected by 
pontoons rather than braces to reduce design complexity and 
construction and maintenance cost.  

Numerical analysis show that the 5-MW-CSC has very good 
intact stability, well designed natural periods and modes, moderate 
rigid-body motions in extreme environmental conditions and a 
reasonable structural design.  

Details of relevant approaches and results are presented and 
discussed in this thesis and appended papers.  

The 5-MW-CSC has been used as a reference model. The design 
of the 5MW-CSC has been published and is accessible to public. The 
design has already been used by several researchers, while a 1:30 
scaled model of the design has been experimentally tested in ocean 
basin of SINTEF Ocean. 

The experience acquired by the design and analysis of the 5-
MW-CSC can be used to develop other novel and cost efficient 
designs of semi-submersible wind turbines. 

Development of time-domain numerical approaches for analyzing 
sectional forces and moments in structural components of hulls in 
wind and waves 

Two time-domain approaches are developed by the author and 
were implemented in Simo/Riflex to extend its capabilities to 
analyze sectional forces and moments in structural components of a 
generic floater and a specific floater, respectively. However, note 
that the approaches can be easily implemented in various state-of-
the-art computer codes for wind turbine analysis to extend their 
capabilities as well. 



101 
 

Differences, assumptions and limitations of the conventional and 
developed time-domain numerical modelling approaches are 
addressed. 

The developed approaches could be used to validate other 
developed computer codes for analyzing global responses of floating 
wind turbines and be used to shed more light on short-term and long-
term loads and load effects on floating wind turbines. 

Verification and validation for the developed approaches by using 
numerical simulations and experimental measurements in a 
systematical and sequential manner 

To verify and validate the developed approach for generic 
floaters, the simulated responses of the numerical models are 
compared to simulations of the other reference numerical models and 
measurements of experimental tests, in a systematical way and step 
by step manner. The procedure, development of numerical models, 
calibrations, results, analysis and limitations with respect to the 
validation are presented. 

The obtained results and experiences are helpful for improving 
design of model tests in the future.  

Numerical and experimental analysis for quantifying loads and 
load effects on the 5-MW-CSC 

Effect of non-linear wave excitation loads, drag forces, each load 
component, and steady wind and wave loads induced changes with 
respect to mean wetted body surface on rigid-body motions and 
sectional bending moments in five specified cross-sections on the 
hull are analyzed by comparing measurements in different conditions 
and carrying out numerical sensitivity study. 

The acquired insight was used to simplify complexity of 
numerical models of the 5-MW-CSC to reduce computational cost of 
the design checks, and is helpful for reducing design conditions 
required by ULS and FLS design checks and structural optimization.  
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ABSTRACT 

Structural design of the floater is an important aspect in developing cost efficient and reliable floating wind turbines. It is 
difficult to well account for the effect of strong non-linear dynamic characteristics and transient loading events, e.g. wind turbine 
faults, of floating wind turbines in a frequency-domain finite element analysis. The time-domain approach which implements the 
Morison’s formula cannot accurately account for the hydrodynamic loads on the hull of floating wind turbines. While, the 
conventional hybrid frequency-time domain approach (based on the potential flow theory) fails to capture structural responses of 
the hulls since a rigid-body global model rather than a finite element model of the hull is employed. The present paper deals with 
the development and verification of a time-domain approach that can be easily implemented in various state-of-the-art computer 
codes for wind turbine analysis, e.g. Simo/Riflex/Aerodyn, OrcaFlex and FAST+CHARM3D, to extend their capabilities to 
analyze global forces and moments in structural components of a generic floater subject environmental loads from e.g. wind and 
waves. The global forces and moments in the structural components might be used as inputs of design formulas for structural 
strength design checks and/or used as boundary conditions in a sub-model finite element analysis to determine structural 
responses such as stresses. The proposed approach focuses on modeling of the inertia and external loads on the hull and mapping 
of the loads in the finite element model of the hull. In the proposed approach, floating wind turbines are considered as a system of 
several structural components, e.g. blades, rotational shaft, nacelle, tower, mooring lines, columns, pontoons and braces, rather 
than one rigid-body, while a finite element model for the hull is developed to represent the global stiffness of the structural 
components. The external and inertial loads on the hull are modeled as distributed loads rather than the integrated forces and 
moments. The conventional hybrid frequency-time domain approach, which is available in the state-of-the-art computer codes, is 
implemented to model the hydrodynamic loads on each structural component with essential modifications with respect to the 
corresponding hydrodynamic coefficients, e.g. added mass and potential damping coefficients and wave excitation forces. 
Approaches for modeling the hydrostatic pressure forces, gravity loads, drag forces and inertial loads on each structural 
component are also illustrated. Second order and higher order terms of the hydrostatic and hydrodynamic loads and the 
hydroelasticity effects are not accounted for in the present paper but can be further included. So far, the proposed approach has 
been implemented in the computer code Simo/Riflex/Aerodyn to analyze global forces and moments in the hull of a semi-
submersible wind turbine. Good agreement between the reference values and the simulation results has been observed and 
indicates that the developed time-domain numerical models are reliable. The simulation results show that the low-frequency 
aerodynamic loads and fluctuations of hydrostatic pressure forces on and gravity of the floating wind turbine are important 
contributions to the structural responses, in particular, in the low-frequency range. 

 
 
 
 
 
 
 
 

  



1 Introduction 

By now, onshore wind energy has been well developed while the potential of offshore wind energy is substantial, particularly 
in relatively deep water (e.g. deeper than 80 m). Moving from onshore and shallow water to deep water, floating wind turbines 
might be more economically competitive than bottom fixed wind turbines in particular for large wind turbines with high rated 
power (e.g. 5-10 MW). 

In general, a floating wind turbine is composed of a Rotor Nacelle Assembly (RNA), a tower, a hull and a mooring system. 
Current floating wind turbines can be classified as spar-type [1,2], TLP [3-9] and semi-submersible wind turbines [10-17].  

In the structural design, ultimate limit state (ULS) and fatigue limit state (FLS) design checks must be carried out based on 
structural responses of the floating wind turbine in relevant design conditions. Finite element analysis is normally carried out to 
determine the load effects for the design checks with appropriate models of the loads.  

Shell elements might be employed to model structural details, e.g. bulkheads, girders and stiffeners in the hull, blades and 
tower; chains and wires of the mooring lines; and gear box, shaft and generator in nacelle. Alternatively, we might consider that 
the structure is composed of several structural components (based on a multi-body formulation).  For instance, the blades, 
rotational shaft, nacelle, tower, mooring lines and columns, pontoons and braces of the hull can be considered as structural 
components. Beam elements can be used to account for the global structural behaviors of these structural components, e.g. the 
global forces and moments in the structural components. The global forces and moments might be used as inputs of design 
formulas for structural strength design checks specified by relevant standards and guidelines from the International 
Electrotechnical Commission (IEC), International Organization for Standardization (ISO), American Petroleum Institute (API), 
the Norwegian petroleum industry, class societies such as Det Norske Veritas and Germanischer Lloyd (DNVGL) and the 
American Bureau of shipping (ABS) and so on. For example, buckling strength of plates, stiffeners and girders in global and local 
loads can be checked by the formulas specified in DNV-RP-C201 [19]. The global forces and moments might be used in ULS 
design checks for tubular members and joints based on formulas specified in NORSOK-N004 [20]. In addition, the global forces 
and moments might be used as boundary conditions in a sub-model finite element analysis to determine structural responses such 
as stresses, etc.  

Finite element analysis in frequency domain is very cost-effective. However, the major limitations are that 1) it is a big 
challenge to appropriately account for the strong non-linear dynamic characteristics, which is known as the aero-hydro-servo-
elastic feature [35], of floating wind turbines; and 2) transient loading events, such as wind turbine faults, cannot be modeled in 
frequency domain.  

Regarding the finite element analysis in time domain, 19 computer codes used by participants from various organizations in 
several countries were compared through a code-to-code verification activity [22]. However, none of the developed numerical 
models can be used to predict the global forces and moments in the hull of the reference semi-submersible wind turbine. The 
challenges are 1) how to accurately calculate hydro loads on the hull and 2) how to effectively map the loads in the finite element 
model.   

As pointed by Matha et al. [36], the Morison’s formula, potential flow theory and computational fluid dynamics methods can 
be used to model hydrodynamic loads on the hull and mooring lines. ULS and FLS design checks require tens of thousands of 
time-domain simulation hours [37-39]. Therefore, the computational fluid dynamic method is not considered to be practical for 
ULS and FLS design checks due to the extremely expensive computational cost. 

The Morison’s formula is implemented in some cost effective computer codes [22] to model the hydrodynamic loads on the 
hull of floating wind turbines. However, the Morison formula is an empirical formula. In general, it is applicable when wave 
length is larger than five times the diameter of the slender structure’s cross-section [23]. Meanwhile, the application of the 
Morison formula means the memory effects of the hydrodynamic loads are neglected. In addition, additional pressure forces must 
be added to account for hydrodynamic loads in axial directions of the columns and pontoons [22].  

The potential flow theory combined with the drag term of the Morison formula can accurately model the hydrodynamic loads 
on offshore structures and is frequently used in the offshore oil and gas industry. A set of equations of motions can be established, 



as initially proposed by Cummins [25], and solved to obtain the motion responses of the platforms in waves. In these equations, 
the platform is assumed as one rigid-body with 6 d.o.f.s, while a hybrid frequency-time domain approach is implemented to 
convert the frequency dependent hydrodynamic pressure loads due to wave diffraction and radiation to the integrated forces and 
moments corresponding to these 6 d.o.f.s. While, wind loads on blades and tower are typically considered as distributed loads. 
This approach has been implemented in some computer codes [22] to analyze structural responses of the RNA, tower and mooring 
lines and rigid-body motions of the hull of floating wind turbines [21,40-45].  

The flow chart of a time-domain numerical model of a generic horizontal axis floating wind turbine which implements the 
hybrid frequency-time domain approach and is developed in the computer code Simo/Riflex/Aerodyn [29-32] is given in Figure 1 
as an example. The hull of the floating wind turbine is considered as a rigid-body with 6 d.o.f.s, while the tower base and fairleads 
of the mooring lines rigidly follow the motions of the hull. Six motion equations that are composed of the resultant external loads, 
e.g. viscous loads, gravity loads and hydro loads, on and inertial loads of the hull are generated in Simo [27] with necessary input, 
e.g. mass properties of the hull, drag coefficients, hydrodynamic coefficients, i.e. the added-mass coefficient matrices (𝑨(𝜔)), 
potential damping coefficient matrices (𝑩(𝜔)) and first order wave excitation load transfer function (𝑯𝑓𝑓(𝜔)), and specified 
forces, moments and restoring stiffness matrix. A finite element model, for which the mooring lines, tower and RNA are modelled 
as bar and beam elements and coupled to the motion equations of the hull are generated and solved in Riflex [28] with necessary 
input, e.g. relevant mass and structural properties and drag and added mass coefficients. Aerodyn [32] and a Java controller [31] 
are coupled to Riflex through a dll file [31] to account for the aerodynamic loads on the RNA and tower, effect of pitch control on 
aerodynamic loads on the three blades and effect of the generator inside the nacelle on the power production and generator torque. 
More details are available in the later part of this paper and [47]. 

 
Figure 1 The flow chart of a time-domain numerical model of a generic horizontal axis floating wind turbine 

developed in Simo/Riflex/Aerodyn (the conventional approach) 



The conventional hybrid frequency-time domain approach is considered as the state-of-the-art approach and has been used by 
researchers, e.g. [21, 43, 46, 47], to analyze responses of floating wind turbines. However, to calculate structural responses of the 
hull, we must develop a finite element model of the hull rather than a rigid-body formulation; while, to map the loads in the finite 
element model, we must develop accurate and effective time-domain approach to model the loads on the hull as distributed loads 
rather than three integrated forces and moments.  

This paper addresses a time-domain approach to deal with the challenges mentioned above. The focus is on the modeling of 
the inertia and external loads on the floating wind turbine hull and the mapping of the loads to the finite element model of the hull. 
The proposed approach can be easily implemented in various state-of-the-art computer codes, e.g. Simo/Riflex/Aerodyn, OrcaFlex 
[22] and FAST+CHARM3D [22], to extend their capabilities to analyze global forces and moments in structural components of a 
generic floater subject to linear and non-linear environmental loads, e.g. wind and waves. Details of the proposed approach and 
verification are available in the later part of this paper. An application of the proposed approach for ULS design check for the 
structural design of the hull of a semi-submersible wind turbine is available in [15]. 

2 The proposed approach 

In general, numerical models in finite element codes are developed in an earth fixed coordinate system, such as the global 
coordinate system (𝑂𝑔-𝑥𝑔-𝑦𝑔-𝑧𝑔) shown in Figure 2.  

In the proposed approach, the hull of floating structures is considered as an assemble of 𝑑 structural components. 𝑑 is 
specified by designer. A beam element finite element model, which includes 𝑑 nodes (red colored in Figure 2), can be developed 
in the global coordinate system to represent the global stiffness of the structural components. Each node has 6 d.o.f.s and 
corresponds to a structural component. The external loads on and inertia loads of each structural component are calculated, 
integrated and transferred to the node that corresponds to the structural component in the finite element model. In particular, the 
hydrostatic and the hydrodynamic loads on each structural component are obtained by integrating the hydrostatic and 
hydrodynamic pressure loads on the wet surface of the structural component. The pressure loads are normally calculated based 
on a frequency-domain hydrodynamic code using a panel method. Global forces and moments in structural components of the 
hull can be obtained by carrying out a finite element analysis using a time-domain code. Accurate global forces and moments are 
given at the cross-sections corresponding to the red dashed lines, see Figure 2. The number of the structural components and 
quality of the finite element model of the hull affect the accuracy of the global forces and moments. The beam element finite 
element model of the hull should accurately represent the global stiffness of the hull, in particular for statically indeterminate 
structures.  

The flow chart of a time-domain numerical model of a generic horizontal axis floating wind turbine which implements the 
proposed approach and is developed in the computer code Simo/Riflex/Aerodyn is given in Figure 3. Comparing to Figure 1 (the 
hybrid frequency-time domain approach), the proposed approach models the hull as a beam element finite element model while 
the approaches for modeling the external on and inertia loads of each structural component are illustrated in the following part of 
this section together with the limitations of the approaches. 

The approaches are developed by extending the conventional approaches used in the state-of-the-art computer codes. 
Therefore, the proposed approach can be easily implemented in various state-of-the-art computer codes to extend their 
capabilities. 



 
Figure 2 Definition of a finite element model of the hull 

 
Figure 3 The flow chart of a time-domain numerical model of a generic horizontal axis floating wind turbine 

developed in Simo/Riflex/Aerodyn (the proposed approach) 



 

Figure 4 Definition of the coordinate systems for a floating body 

Generating and solving time-domain motion equations for a rigid-body oscillating with respect to its mean position in waves 
is a fundamental feature in some of the state-of-the-art computer codes used in the offshore wind and offshore oil and gas industry. 
In these computer codes, usually, three coordinate systems, i.e. 𝑂𝑏-𝑥𝑏-𝑦𝑏-𝑧𝑏, 𝑂𝑟-𝑥𝑟-𝑦𝑟-𝑧𝑟 and 𝑂𝑓-𝑥𝑓-𝑦𝑓-𝑧𝑓 coordinate systems, 
are established. As shown in Figure 4, the 𝑂𝑓-𝑥𝑓-𝑦𝑓-𝑧𝑓 coordinate system is an earth fixed coordinate system located at the mean 
position of the geometrical center of the water plane area of the floater. The 𝑂𝑏-𝑥𝑏-𝑦𝑏-𝑧𝑏 coordinate system is a body-fixed 
coordinate system. The position of  𝑂𝑏 and the orientation of the coordinate system rigidly follow rigid-body motions of the 
floater. The 𝑂𝑟-𝑥𝑟-𝑦𝑟-𝑧𝑟 coordinate system is a body-related coordinate system. 𝑂𝑟 rigidly follows horizontal movements of 𝑂𝑏 
(the hull) but the orientation of the body-related coordinate system and vertical position of the 𝑂𝑟 are fixed (as the same as the 
body-related coordinate system when the hull is located at its initial position in time-domain simulation). When the floater is 
located at its mean position, the 𝑂𝑓-𝑥𝑓-𝑦𝑓-𝑧𝑓, 𝑂𝑏-𝑥𝑏-𝑦𝑏-𝑧𝑏 and 𝑂𝑟-𝑥𝑟-𝑦𝑟-𝑧𝑟 coordinate systems are coincident. In the motion 
equations, the hybrid frequency-time domain approach is implemented to account for the wave excitation load effects and 
radiation load effects on the rigid-body motions. Hydrodynamic coefficients, i.e. the added-mass coefficient matrices (𝑨(𝜔)), 
potential damping coefficient matrices (𝑩(𝜔)) and first order wave excitation load transfer function (𝑯𝑓𝑓(𝜔)) must be calculated 
by 1) solving the potential-flow boundary value problem with the assumption that the hull of the floater is a rigid-body in the 𝑂𝑓-
𝑥𝑓-𝑦𝑓-𝑧𝑓 coordinate system, 2) calculating pressure forces on the mean wet surface of the hull based on the Bernoulli’s equation 
and corresponding velocity potential, 3) integrating the pressure on the wet surface of the hull using the coordinate system 𝑂𝑓-𝑥𝑓-
𝑦𝑓-𝑧𝑓  to obtain the integrated forces and moments acting on 𝑂𝑓 , and 4) derive the hydrodynamic coefficients based on the 
corresponding resultant forces and moments on the 𝑂𝑓 in the 𝑂𝑓-𝑥𝑓-𝑦𝑓-𝑧𝑓 coordinate system.  

In the proposed approach to calculate external and inertial loads on each structural component, we assumes that 1) the 
atmospheric pressure inside the hull is constantly equal to the atmosphere pressure at the still water plane and 2) the ballast fluid 
inside the hull is considered as ballast mass which introduce inertia loads on the hull rather than hydro pressure forces on the 
corresponding inner surface of the hull; while, in the boundary value problem for solving the hydrodynamic loads on each 
structural component, the hull is considered as a rigid-body. The second order and higher order terms of the hydro loads on the 
hull, except for the drag forces induced by viscous effect, and hydroelasticity effects are not included in the approaches discussed 
in the present paper, but they can be further included. The two assumptions are used to simplify the numerical models for the 
loads on the structural components. The second assumption can be implemented since the focus of the proposed approach is on 
capturing the global forces and moments in the structural components.  

Details of the approaches for modeling inertial and external loads on each structural component are illustrated as follows. 
For each structural component, a body-related coordinate system and a body-fixed coordinate system are established. We 

denote the origins of the body-related and body-fixed coordinate systems for the structural component 𝑖  as 𝑂𝑟,𝑖  and 𝑂𝑏,𝑖 
respectively. When the floating wind turbine is located at its mean position, the body-related and body-fixed coordinate systems 
for each structural component and the 𝑂𝑓-𝑥𝑓-𝑦𝑓-𝑧𝑓 coordinate system are coincident. The body-fixed coordinate system of the 
structural component 𝑖 rigidly follows the motion of the corresponding node of the structural component 𝑖 in the finite element 



model in the 𝑂𝑔-𝑥𝑔-𝑦𝑔-𝑧𝑔 coordinate system. In the 𝑂𝑓-𝑥𝑓-𝑦𝑓-𝑧𝑓 coordinate system, the motion of the 𝑂𝑏,𝑖 and the orientation 
of the body-fixed coordinate system are described by 𝜼𝑖(𝑡) = [𝜂1𝑖 , 𝜂2𝑖 , 𝜂3𝑖 , 𝜂4𝑖 , 𝜂5𝑖 , 𝜂6𝑖 ]𝑇. 𝜂4𝑖 , 𝜂5𝑖  and 𝜂6𝑖  are three Euler angles about 
𝑥𝑓, 𝑦𝑓 and 𝑧𝑓 axis.  

The gravity loads of the structural component 𝑖 can be modelled as constant force acting on the centre of gravity of the 
structural component 𝑖 in the body-fixed coordinate system of the structural component 𝑖 and pointing to the negative direction of 
the vertical axis of the global coordinate system. Inertial loads of and viscous loads on the structural component 𝑖  can be 
calculated in the body-fixed coordinate system. A body mass matrix of each structural component with respect to the origin of the 
corresponding body-fixed coordinate system can be specified. The viscous loads can be accounted for by the drag term of the 
Morison formula. 

The resultants of the first order radiation and wave excitation loads on the structural component 𝑖  are represented by 
𝑳𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑡 , see Eq.(1). 𝑳𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑡  is described in the body-related coordinate system of the structural component 𝑖 and acting on 
the 𝑂𝑟,𝑖.  

𝑳𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑡 = 𝑹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝_𝑤𝑤𝑤𝑤_𝑖(𝑡) −� 𝒌𝑖(𝑡 − 𝜏)𝜼𝚤̇ (𝜏)𝑑𝑑
+∞

−∞
− 𝑨𝑖∞𝜼𝚤̈ (𝑡)     (1) 

In the 𝑳𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑡 ,  𝑹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝_𝑤𝑤𝑤𝑤_𝑖(𝑡) is the resultants of the wave excitation loads on the structural component 𝑖 obtained by 
applying inverse Fourier transform on 𝑹𝑤𝑤𝑤𝑤_𝑖(𝜔). 𝑹𝑤𝑤𝑤𝑤_𝑖(𝜔) is frequency dependent first order wave excitation vector for the 
structural component 𝑖. We have 𝑹𝑤𝑤𝑤𝑤_𝑖(𝜔) = 𝑯𝑓𝑓_𝑖(𝜔) ∗ 𝐴𝐴𝐴𝜔. 𝐴𝐴𝐴𝜔 is determined by a spectrum of incident waves. For a 
sinusoidal wave with a given frequency 𝜔, 𝐴𝐴𝐴𝜔 is the amplitude of the sinusoidal wave. 𝑯𝑓𝑓_𝑖(𝜔) is first order wave excitation 
load transfer function for the structural component 𝑖 . 𝒌𝑖(𝑡)  is known as retardation or memory function for the structural 
component 𝑖 and determined by 𝑨𝑖(𝜔) or 𝑩𝑖(𝜔) . 𝑨𝑖∞ is 𝑨𝑖(𝜔) corresponding to the high-frequency limit. 𝑨𝑖(𝜔) and 𝑩𝑖(𝜔) are 
frequency dependent added mass coefficient matrix and potential damping coefficient matrix for the structural component 𝑖.  

 𝑯𝑓𝑓_𝑖(𝜔), 𝑨𝑖(𝜔) and 𝑩𝑖(𝜔) are obtained by the following steps, 1) solving the boundary value problem in the 𝑂𝑓-𝑥𝑓-𝑦𝑓-𝑧𝑓 
coordinate system with the rigid-body assumption for the hull, 2) calculating pressure forces on the mean wet surface of the 
structural component 𝑖 (𝑆𝑤𝑤𝑤,𝑖

0 ) based on the Bernoulli’s equation and corresponding velocity potential, 3) integrating the pressure 
on the wet surface of the component 𝑖 (on the 𝑆𝑤𝑤𝑤,𝑖

0 ) using the coordinate system 𝑂𝑓-𝑥𝑓-𝑦𝑓-𝑧𝑓 to obtain the integrated forces and 
moments acting on 𝑂𝑓, and 4) derive the hydrodynamic coefficients based on the corresponding resultant forces and moments on 
the 𝑂𝑓 in the 𝑂𝑓-𝑥𝑓-𝑦𝑓-𝑧𝑓 coordinate system. 𝑯𝑓𝑓_𝑖(𝜔), 𝑨𝑖(𝜔) and 𝑩𝑖(𝜔) include hydrodynamic interactions. 

𝑹𝑟_𝑖
𝑟 (𝑡)  represents the resultant forces and moments of the hydrostatic pressure forces on the outer surface and the 

atmospheric pressure forces on the inner surface of the structural component 𝑖 when the structural component is located at the 
instantaneous position described by 𝜼𝑖(𝑡) = [𝜂1𝑖 , 𝜂2𝑖 , 𝜂3𝑖 , 𝜂4𝑖 , 𝜂5𝑖 , 𝜂6𝑖 ]𝑇  in the 𝑂𝑓 -𝑥𝑓 -𝑦𝑓 -𝑧𝑓  coordinate system. 𝑹𝑟_𝑖

𝑟 (𝑡)  is a 6 × 1 
vector, acting on 𝑂𝑟,𝑖 and described in the body-related coordinate system. 

Neglecting the second order and higher order terms, the expression of the 𝑹𝑟_𝑖
𝑟 (𝑡) is derived as: 

𝑹𝑟_𝑖
𝑟 (𝑡) = 𝑭𝑐𝑖 + (−1) ∗ 𝑪𝑖𝜼𝑖(𝑡)           (2) 

𝑭𝑐𝑐 is a 6 × 1 vector. 𝑪𝑖 is a 6 × 6 matrix with real coefficients. The expressions of 𝑭𝑐𝑐 and 𝑪𝑖𝜼𝑖(𝑡) are available in Eq. (3-8). 
The coefficients in the 𝑪𝑖 and 𝑭𝑐𝑖 are expressed by parameters that are defined in the 𝑂𝑓-𝑥𝑓-𝑦𝑓-𝑧𝑓 coordinate system with 

respect to the mean wet surface whereas 𝑹𝑟_𝑖
𝑟 (𝑡) represents forces and moments acting on 𝑂𝑟,𝑖  in the body-related coordinate 

system. We assume that the mean outer wet surface of the structural component 𝑖 and the corresponding inner surface are identical 
and are denoted as 𝑆𝑤𝑤𝑤,𝑖

0  in the 𝑂𝑓-𝑥𝑓-𝑦𝑓-𝑧𝑓 coordinate system. 𝑠0 is a point on the wet surface of the hull. The normal vector 
and position vector of 𝑠0 at the mean position are denoted as 𝒏0 = [𝑛1,𝑛2,𝑛3]𝑇 and 𝒗0 = [𝑣1,𝑣2, 𝑣3]𝑇. 𝒏0 is pointing away from 
the fluid field. Hydrostatic pressure on the 𝑠0  (𝑃𝑠0,ℎ𝑦𝑦𝑦𝑦_𝑠𝑠𝑠

0 ) is given by applying Bernoulli’s equation. 𝑃0  represents the 
atmosphere pressure at the still water plane. 𝑍0 = 0 since the 𝑂𝑓-𝑥𝑓-𝑦𝑓-𝑧𝑓 coordinate system is located at the still water plane. 𝜌𝑓 
is density of sea water, taken as 1.025 tonnes/𝑚3. 𝑔 is gravity acceleration, 9.81 m/s2. We denote the atmospheric pressure inside 
the hull as 𝑃𝑖𝑖𝑖𝑖𝑖,𝑎𝑎𝑎 . We assume 𝑃𝑖𝑖𝑖𝑖𝑖,𝑎𝑎𝑎  is constantly equal to 𝑃0 . 𝑃𝑠0,𝑛𝑛𝑛

0  denotes the net pressure on the 𝑠0 at the mean 



position. 𝑃𝑠0,𝑛𝑒𝑒
0  is the difference between the hydrostatic pressure on the outer surface of the 𝑠0 and the atmospheric pressure on 

the inner surface of the 𝑠0. 
 

𝑃𝑠0,ℎ𝑦𝑦𝑦𝑦_𝑠𝑠𝑠
0 = 𝑃0 + 𝜌𝑓𝑔𝑍0 − 𝜌𝑓𝑔𝑣3        (3) 

 
𝑃𝑠0,𝑛𝑛𝑛
0 = 𝑃𝑠0,ℎ𝑦𝑦𝑦𝑦_𝑠𝑠𝑠

0 − 𝑃𝑖𝑖𝑖𝑖𝑖,𝑎𝑎𝑎                   (4) 

𝑭𝑐𝑖 =
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𝑪𝑖𝜼𝑖(𝑡) = �𝑫1
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Flexibility effects of the hull on the hydro loads are not accounted for. The hydrodynamic loads on each structural component 
are derived from the velocity potential that are obtained by solving the boundary value problems with the assumption that the hull 
is a rigid-body. The kinematics of different structural components is constrained by the rigid-body assumption. Consequently, the 
hydrodynamic interaction effects between the structural components are included in the hydrodynamic loads on each structural 
component. However, the proposed approach may not be able to well model the hydroelasticity effect. Therefore, it is not 
recommended to be applied on floating structures with relatively large flexibility, for which hydroelasticity effect can be 
important.  

The expressions of 𝑳𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑡  and 𝑹𝑟_𝑖
𝑟 (𝑡) can be further modified. For example, additional terms can be included to account 

for second order and/or higher order hydro loads on each structural component, while the load effects of the ballast fluid can be 
modeled as pressure forces on the inner surface of each structural component. 

3 Verification of the proposed approach  

The proposed approach is implemented in Simo/Riflex/Aerodyn [29-32] to calculate global forces and moments of the 5-
MW-CSC [15]. The layout of the semi-submersible floater is given in Figures 5 and 6. The 𝑂𝑔-𝑥𝑔-𝑦𝑔-𝑧𝑔 and 𝑂𝑓-𝑥𝑓-𝑦𝑓-𝑧𝑓 
coordinate systems are established at the mean position of the geometrical centre of the water plane area. 

Five numerical models have been developed. Three comparisons, i.e. Comparison A, Comparison B and Comparison C, have 
been carried out to verify the proposed approach step by step. These numerical models and the comparisons are briefly explained 
below and illustrated in Figure 7 and Figure 8, respectively. Detailed descriptions for the numerical models are available in the 
later part of this paper. A summary of the features of the time-domain models is available in Table 3.  

FDM is a frequency-domain model of the 5-MW-CSC developed in WADAM [26] to calculate wave induced global forces 
and moments by implementing a standard procedure used in the offshore oil and gas industry [26]. 

TDM-2B-L is a time-domain model of the 5-MW-CSC developed in Simo/Riflex [27, 28]. The proposed approach is 
implemented to calculate wave induced global forces and moments in the cross-section as shown by the dashed line in Figure 5. 
Aerodynamic loads are not available in the TDM-2B-L.  



TDM-1B-C is a time-domain model developed in Simo/Riflex/Aerodyn. Aerodynamic loads on the RNA and tower are 
appropriately accounted for in the TDM-1B-C, while the conventional hybrid frequency-time domain approach is implemented to 
model the hydro loads on the semi-submersible hull. The modeling approach implemented in the TDM-1B-C is considered as the 
state-of-the-art approach that has been used by researchers, e.g. [21, 43, 46, 47], to analyze responses of floating wind turbines in 
wind and waves except for the global forces and moments in the hull since the approach models the hull as one rigid-body with 6 
d.o.f.s. 

TDM-2B-N is an extension of the TDM-1B-C. The proposed approach is implemented to calculate global forces and 
moments in the hull (in the cross-section as shown by the dashed line in Figure 5). The TDM-1B-C and TDM-2B-N are identical 
except for the finite element model of the hull and method for modeling the external and inertial loads on the hull. 

TDM-29B-N is an extension of the TDM-2B-N. The TDM-2B-N includes two rigid-bodies for the hull, while, the TDM-29B-
N includes twenty-nine rigid-bodies for the hull. The TDM-29B-N model is developed and compared to the TDM-2B-N model in 
order to show that the proposed method can be generalized to a model consisting of any number of structural components. From 
the practical use point of review, it is convenient to use the TDM-29B-N model to obtain the dynamic responses at any critical 
position of the hull by just one time-domain model. While, using the TDM-2B-N approach, many different numerical models need 
to be built and analyzed. 

It is expected that the time-domain model TDM-2B-N can calculate the global forces and moments in the cross-section as 
shown by the dashed line in Figure 5 while the time-domain model TDM-29B-N can calculate the global forces and moments in 
the same cross-section and the other twenty-seven cross-sections. 

As far as the authors know, there is no published experimental data for the global forces and moments in the hull of floating 
wind turbines in wind and waves. In addition, the state-of-the-art time-domain computer codes cannot accurately calculate the 
global forces and moments in the hull [22].  

The accuracy of the calculated responses is related to two modeling issues: 1) whether or not the computer codes can 
accurately calculate the wind and waves induced external and inertial loads on the floating wind turbines and map the loads to the 
generated finite element models of the floating wind turbines; and 2) whether or not the finite element models generated in the 
computer codes can accurately represent the global stiffness of the floating wind turbines and calculate the structural responses for 
given loads. These two features are coupled. 

The hull of the 5-MW-CSC is a statically determinate structure. For a statically determinate structure, in general, the accuracy 
of the responses in the structure is purely determined by the accuracy of the external loads acting on the structural components, 
like aerodynamic loads on the blades and the tower and hydrodynamic loads on the floater and mooring lines and the inertial loads. 

In linear theory, hydrodynamic and hydrostatic loads on structural components of the hull are determined by two issues. We 
denote these issues as ISA and ISB respectively.  

ISA: The configuration and shape of the mean wet surfaces of the structural components.  
ISB: The motion responses of the structural components. 
The accuracy of the global forces and moments in the hull calculated by the TDM-2B-N is indicated by the results of 

Comparison A and Comparison B. Comparison A focuses on verifying that the influence of the ISA on the hydro loads on the 
structural components can be accurately modeled in finite element codes which implement the proposed approach. Comparison B 
focuses on verifying that finite element codes which implement the proposed approach can accurately predict the motion 
responses of the structural components and responses of the RNA, tower and mooring lines of the reference semi-submersible 
wind turbine in wind and waves. Comparison C is carried out, to some extent, to address that the proposed approach can be 
applied to generic floating wind turbines, for which the hull may need to be modeled by any number of structural components. 
The proposed approach is not necessarily limited to two rigid-bodies for the hull. Due to the limitation of the proposed approach, 
we do not account for the hydroelasticity effect in the comparisons discussed in the present paper. 

In Comparison A, the FDM is used as a reference model for the transfer functions of wave to global forces and moments in 
the hull. While the transfer functions can also be derived from structural responses of the hull calculated by carrying out regular 



and/or irregular wave analysis in time-domain numerical models that implement the proposed approach, e.g. TDM-2B-L, TDM-
2B-N and TDM-29B-N. The FDM is a linear system and does not account for non-linear effects on the global forces and moments, 
while TDM-2B-L is developed to be, as much as possible, a linear system and equivalent to the FDM. The agreement in the 
transfer functions calculated in the FDM and TDM-2B-L is expected to be good if the proposed approach accurately models the 
hydro pressure forces on the structural components of the hull and maps the forces on the finite element model of the hull.  

TDM-2B-L models the 5-MW-CSC as two structural components connected by three artificial beam elements. Aerodynamic 
loads are not accounted for in the TDM-2B-L. In contrast, aerodynamic loads are accounted for in the TDM-2B-N while the 
TDM-2B-N models the hull of the 5-MW-CSC as two structural components connected by three artificial beam elements and the 
mooring lines, tower and blades as beam elements. The mean wet surfaces of the two structural components of the TDM-2B-L are 
identical to the mean wet surfaces of the two structural components of the TDM-2B-N correspondingly and respectively. 
Consequently, if the influence of the ISA on the hydro loads on the structural components can be accurately modeled in TDM-2B-
L, the influence can be accurately modeled in the TDM-2B-N. 

The motions of the hull and responses of the RNA, tower and mooring lines predicted by TDM-2B-N and TDM-1B-C are 
compared in Comparison B. TDM-1B-C is used as a reference model except for the global forces and moments in the hull. TDM-
1B-C and TDM-2B-N are identical except for the finite element model of the hull and method for modeling the external and 
inertial loads on the hull. Therefore, agreement in the compared responses is expected to be good. 

Since the hull of the 5-MW-CSC is a statically determinate structure, it is expected that the global structural stiffness of the 
hull does not affect the global forces and moments in the structural components of the hull except for the inertia loads and hydro 
loads induced by the flexible modes of the hull. The global structural stiffness of the hull is determined by properties of the 
equivalent cross-sections of the pontoons and columns and material properties, e.g. Young’s modulus and modulus of rigidity. In 
Comparison C, artificial material properties are implemented to make the global structural stiffness of the hull of the TDM-29B-N 
to be of the same magnitude as the one of the TDM-2B-N. Consequently, the global forces and moments calculated by the TDM-
2B-N and TDM-29B-N are expected to be identical. Research on the importance of the influence of the inertia loads and hydro 
loads induced by the flexible modes of the hull is interesting and will be investigated in future. 

Figure 5 Side (left) and top (right) views of the semi-submersible hull of 5-MW-CSC 



 

Figure 6 A realistic cross-section (left) and simplified box-shape cross-section with equivalent thickness (right) 

 

 
Figure 7 Numerical models 

 

 
Figure 8 Verification procedure 



 
 

3.1 FDM  

The FDM is a frequency-domain model developed in WADAM [26] to calculate wave induced global forces and moments in 
a cross-section as shown by the dashed line in Figure 5. Only wave loads are considered here. A realistic cross-section of the 
pontoon of the hull may be composed of stiffened plates, stiffeners and girders. As shown in Figure 6, in global analysis, the 
realistic cross-section can be simplified as a box-shape cross-section with equivalent thickness. The mean position of the 
geometrical center of the box-shape cross-section in the 𝑂𝑓-𝑥𝑓-𝑦𝑓-𝑧𝑓  coordinate system is (31.5, 0, -27). The cross-section 
divides the semi-submersible wind turbine into two parts: “Part A” and “Part B”. The wind turbine is included in the “Part B”. The 
global forces and moments in the cross-section are derived based on the fact that the global forces and moments in the cross-
section and inertial and external loads on the “Part A” (as well as on Part B) must be in equilibrium. The standard procedure used 
in the offshore oil and gas industry [26] is implemented in WADAM to calculate the inertial and external loads on the “Part A”. 

The inertial loads on the “Part A” are determined by the mass and acceleration of the “Part A”. Motion equations are 
generated and solved in frequency domain to derive the acceleration. In the motion equations, the RNA, tower and hull are 
modeled as a single rigid-body with 6 d.o.f.s. Structural flexibility of the floating wind turbine is neglected. The mooring lines are 
not included in the rigid-body formulation. Instead, a 6 × 6 restoring stiffness matrix (𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚) is introduced in the motion 
equations to represent the restoring effect of the mooring lines on the motions. Hydrodynamic coefficients used in the motion 
equations are calculated by solving the potential-flow boundary value problem with the rigid-body assumption. The motion 
equations do not include viscous effect. The external loads on the “Part A” are composed of the first order hydrodynamic loads 
and the fluctuations of hydrostatic pressure forces and gravity loads.   

𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
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⎢
⎢
⎢
⎡114 𝑘𝑘/𝑚
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0
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0
149669 𝑘𝑘 ∗ 𝑚

0
0

−2052 𝐾𝐾
0
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0
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⎥
⎥
⎥
⎤

      (9) 

3.2 TDM-2B-L 

The TDM-2B-L is a time-domain model developed in Simo/Riflex [27,28] and implements the proposed approach. We intend 
to make it be, as much as possible, equivalent to the FDM. That means, in the TDM-2B-L, the “Part A” and “Part B” are modeled 
as two rigid-bodies. Each rigid-body has 6 d.o.f.s. The origins of the body-fixed and body-related coordinate systems for the two 
rigid-bodies are denoted as 𝑂𝑏,𝑃𝑃 and 𝑂𝑟,𝑃𝑃and 𝑂𝑏,𝑃𝑃 and 𝑂𝑟,𝑃𝑃 respectively. When the floating wind turbine is located at its mean 
position, the body-fixed and body-related coordinate systems are coincident to the 𝑂𝑓-𝑥𝑓-𝑦𝑓-𝑧𝑓 coordinate system. The positions 
and orientations of the 𝑂𝑏,𝑃𝑃  and 𝑂𝑏,𝑃𝑃  are described by 𝜼𝑃𝑃(𝑡)  and 𝜼𝑃𝑃(𝑡)  in the 𝑂𝑓 -𝑥𝑓 -𝑦𝑓 -𝑧𝑓  coordinate system. In the 
frequency-domain model, the global forces and moments in the cross-section are derived from the equilibrium between the 
relevant external and inertial loads and the global forces and moments. However, to calculate the global forces and moments in a 
straight-forward manner in Simo/Riflex, we must have a finite element model. Consequently, the two rigid-bodies are connected 
by three artificial beam elements. The mean positions of the end nodes of the artificial beams in the 𝑂𝑓-𝑥𝑓-𝑦𝑓-𝑧𝑓 coordinate 
system are tabulated in Table 1. Each end node rigidly follows the motions of its corresponding rigid-body (𝜼𝑃𝑃(𝑡) or 𝜼𝑃𝑃(𝑡)). 
The artificial beam elements are massless. There are no external loads on the artificial beam elements. Each artificial beam 
element only has axial and torsional stiffness. Artificial Young’s modulus and modulus of rigidity are specified to make the 
artificial beams be stiff. For each beam element, the product of the Young’s modulus and cross-section area is specified as 109 kN, 
while, the product of the torsional rigidity and modulus of rigidity are specified as 109 kNm2/rad. The proposed approach is 
implemented to calculate the first order hydrodynamic loads, gravity and hydrostatic pressure forces on the “Part A” and “Part B” 
and map the loads on the end nodes of the artificial beam elements. Viscous loads on the hull are not included. The mooring lines 
induced forces and moments on the floating wind turbine are accounted for by (−1) ∗ 𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝜼𝑃𝑃(𝑡), which are acting on 
𝑂𝑟,𝑃𝑃 and described in the body-related coordinate system of the rigid-body that corresponds to the “Part B”. 

 
Table 1 Positions of end nodes of three artificial beams in the body-fixed coordinate system (Units in meter) 

 End 1 End 2 
Artificial beam 1 (31.4,0,-27) (31.6,0,-27) 
Artificial beam 2 (31.5,-0.1,-27) (31.5,0.1,-27) 
Artificial beam 3 (31.5,0,-27.1) (31.5,0,-26.9) 

 



3.3 TDM-1B-C 

The TDM-1B-C is a time-domain model developed in Simo/Riflex/Aerodyn. The time-domain model implements the 
conventional hybrid frequency-time domain approach. The hull is modeled as a rigid-body with 6 d.o.f.s in Simo. The 
conventional hybrid frequency-time domain approach is used to account for the first order wave excitation and radiation loads on 
the hull. The blades, shaft of the drive train inside the nacelle, tower and mooring lines are modeled as beam elements in Riflex. 
The motions of the lower end node of the tower and the upper nodes of the mooring lines rigidly follow the motions of the hull. 
The hub and nacelle are modeled as rigid mass points attached on the shaft and top of the tower. Aerodynamic loads on the blades 
and tower are calculated in Aerodyn [32]. A dll file [31] is used to account for the effect of pitch control on aerodynamic loads on 
the three blades and the effect of the generator inside the nacelle on the power production and generator torque. The torque of the 
generator is calculated by the dll file based on the rotational speed of the shaft. The shaft is rotational about its longitudinal axis. 
The rotational d.o.f. is achieved by applying a flex joint [28] on the beam element of the shaft. The blades are connected to the 
tower through the shaft. Loads on the blades, hub, shaft and generator torque are transferred through the flex joint to the beam 
element of the tower. Hydrodynamic loads on the mooring lines are accounted for by the Morison formula. The drag term of the 
Morison formula is used to account for the viscous loads on the hull. The non-dimensional drag coefficients (𝐶𝑑) are specified in 
DNV[33]. 𝐶𝑑 for the width and height of the pontoons of the 5-MW-CSC is 1.95. 𝐶𝑑 for the central column is 0.8. 𝐶𝑑 for the side 
columns is 0.64. The work-flow chart is available in Figure 1. 

3.4 TDM-2B-N 

The TDM-1B-C and TDM-2B-N are identical except for the finite element model of the hull and method for modeling the 
external and inertial loads on the hull. The cross-section, as shown by the dashed line in Figure 5, discretizes the hull into two 
components. The two components of the hull are modeled as two rigid-bodies: “Body1” and “Body2”. The wind turbine is 
mounted on the “Body 2”. Each rigid-body has 6 d.o.f.s. The origins of the body-fixed and body-related coordinate systems for 
the “Body1” and “Body2” are denoted as 𝑂𝑏,𝐵1 and 𝑂𝑟,𝐵1and 𝑂𝑏,𝐵2 and 𝑂𝑟,𝐵2 respectively. When the floating wind turbine is 
located at its mean position, the body-fixed and body-related coordinate systems are coincident to the 𝑂𝑓-𝑥𝑓-𝑦𝑓-𝑧𝑓 coordinate 
system. The positions and orientations of the 𝑂𝑏,𝐵1 and 𝑂𝑏,𝐵2 are described by 𝜼𝐵1(𝑡) and 𝜼𝐵2(𝑡) in the 𝑂𝑓-𝑥𝑓-𝑦𝑓-𝑧𝑓 coordinate 
system. The two rigid-bodies are connected by the artificial beam elements used in the TDM-2B-L. Each end node of the artificial 
beam element rigidly follows the motions of its corresponding rigid-body (𝜼𝐵1(𝑡)  or 𝜼𝐵2(𝑡) ). The proposed approach is 
implemented to calculate the first order hydrodynamic loads, gravity and hydrostatic pressure forces on the “Body1” and “Body2” 
and map the loads on the end nodes of the artificial beam elements. The drag term of the Morison formula is used to account for 
the viscous loads on the hull. The non-dimensional drag coefficients used in TDM-2B-L and TDM-2B-N are identical. The work-
flow chart is available in Figure 3. 

3.5 TDM-29B-N 

The TDM-29B-N is an extension of the TDM-2B-N. Numerical models for the RNA, tower and mooring lines of the TDM-
2B-N and TDM-29B-N are identical. In the TDM-29B-N, we consider that the hull is composed of twenty-nine structural 
components. For example, the blue colored parts in the Figure 9 are the structural components named “ICP_S1” and “SP3_2” 
respectively. Each structural component corresponds to a reference node (the brown colored circle). Each reference point 
represents 6 d.o.f.s of the corresponding structural component. The reference points are connected by beam elements that 
represent the flexibility of the hull. The beam elements are massless and there are no external loads on the beam elements. The 
viscous drag is accounted for by the drag term of the Morison formula and being integrated and transferred to the corresponding 
reference nodes. The end nodes of beam elements rigidly follow the motions of the corresponding reference node. In the 5-MW-
CSC, there are four interfaces between the columns and pontoons. The ICP_S1 represents an interface between the side column 1 
and the pontoon 1. For the TDM-29B-N, the stiffness of the interfaces is not modeled since the interfaces are modeled as rigid-
bodies. The stiffness of the beam elements are determined by properties of the equivalent cross-sections of the pontoons and 
columns and material properties, e.g. Young’s modulus and modulus of rigidity. In the Comparison C, artificial material 
properties are implemented to make the global structural stiffness of the hull of the TDM-29B-N be in the same level as the one of 
the TDM-2B-N. The specified stiffness properties of the beam elements are tabulated in Table 2. E𝐴𝑔 represents the product of the 
Young’s modulus and cross-section area. EI𝑔  represents the product of the Young’s modulus and the second moment of the area 
of the cross-section.  GJ𝑔 represents the product of the torsional rigidity and modulus of rigidity. The work-flow chart is available 
in Figure 3. 

Table 2 Specified stiffness properties of the beam elements used in TDM-29B-N 

 E𝐴𝑔 [kN] EI𝑔  [kNm2] GJ𝑔 [kNm2/rad] 
Column 1.29 ∗ 1010  6.79 ∗ 1010  5.11 ∗ 1010 
Pontoon 1.89 ∗ 1010  6.27 ∗ 1010  2.00 ∗ 1010 



 

 

Figure 9 The finite element model of the hull with twenty-nine bodies 

  



 

Table 3 Summary of the features of the time-domain models 

Mass and 
structural 

models 

TDM-2B-L TDM-1B-C TDM-2B-N/ TDM-29B-N 

 
The hull 

The floating wind turbine is divided into 
two parts: “Part A” and “Part B”. The 
two parts are modeled as two rigid-
bodies. Each rigid-body has 6 d.o.f.s. 
The two rigid-bodies are connected by 
three artificial beam elements. Integrated 
mass (corresponding to each rigid-body). 

The hull is modeled as one  rigid-
body with 6 d.o.f.s. Integrated 
mass. 

The hull is discretized as two rigid-
bodies: “Body1” and “Body2” / 
twenty-nine rigid-bodies. Each rigid-
body has 6 d.o.f.s. The two rigid-
bodies are connected by three artificial 
beam elements / The twenty-nine rigid-
bodies are connected by beam 
elements. Integrated mass 
(corresponding to each rigid-body) 

Nacelle Rigid-bodies with integrated mass 
(Included in the rigid-body for the “Part 
B”). 

Mass point attached to tower top  
Identical to TDM-1B-C 
 
 

hub Mass point attached to shaft 
Tower Flexible bodies 

Beam elements 
Distributed mass 

Blades 
Shaft 

Mooring 
lines 

The finite element model of the mooring 
lines is not developed.  

External 
load model 

TDM-2B-L TDM-1B-C TDM-2B-N/ TDM-29B-N 

 
 

The hull 

1) Gravity loads 
2) Extended hybrid frequency-time 
domain approach  
3)Hydrostatic pressure force  
4) Rayleigh damping (the part that is 
proportional to the structural stiffness) 
5) Linearized restoring forces and 
moments provided by the mooring lines.  

1)  Gravity loads 
2) Conventional hybrid frequency-
time domain approach  
3) Viscous force (Drag term of the 
Morison formula) 
4) Hydrostatic pressure force 

1) Gravity loads  
2) Extended hybrid frequency-time 
domain approach  
3) Viscous force (Drag term of the 
Morison formula. The drag coefficients 
are identical to TDM-1B-C) 
4) Hydrostatic pressure force  
5) Rayleigh damping (the part that is 
proportional to the structural stiffness) 

Nacelle  
1) Gravity loads 

1) Gravity loads 
2) Rayleigh damping (the part that 
is proportional to the structural 
stiffness) 

 
 
Identical to TDM-1B-C 

 

hub 
Tower 

Blades 1) Gravity loads 
2) Aerodynamic loads (Aerodyn) 
3) Rayleigh damping (the part that 
is proportional to the structural 
stiffness) 

Shaft 1)Generator torque 
Mooring 

lines 
None 1)  Gravity and Buoyancy loads 

2) Morison formula 
 

  



 

4 Results and discussions 

4.1 Comparison A 

𝐹𝑥, 𝐹𝑦, 𝐹𝑧, 𝑀𝑥, 𝑀𝑦, and 𝑀𝑧 denote the wave induced global forces and moments in the cross-section shown by the dashed line 
in Figures 5 and 6. The global forces and moments are acting on the origin of the 𝑂𝑖𝑖𝑖-𝑥𝑖𝑖𝑖-𝑦𝑖𝑖𝑖-𝑧𝑖𝑖𝑖 coordinate system and 
described in the 𝑂𝑖𝑖𝑖-𝑥𝑖𝑖𝑖-𝑦𝑖𝑖𝑖-𝑧𝑖𝑖𝑖 coordinate system. The 𝑂𝑖𝑖𝑖-𝑥𝑖𝑖𝑖-𝑦𝑖𝑖𝑖-𝑧𝑖𝑖𝑖 coordinate system is a body-fixed coordinate 
system. When the 5-MW-CSC is located at its mean position, the body-fixed coordinate system is coincident to the 𝑂𝑓-𝑥𝑓-𝑦𝑓-𝑧𝑓 
coordinate system except that the origin of the body-fixed coordinate system is located at the geometrical center of the cross-
section which is (31.5, 0, -27) in the 𝑂𝑓-𝑥𝑓-𝑦𝑓-𝑧𝑓 coordinate system. 

For a given point on the cross-section, axial stress (𝜎𝑥) and shear stress (𝜏) are calculated by Eqs.(10,11).  

𝜎𝑥 =
𝐹𝑥
𝐴

+
𝑀𝑦

𝑤𝑦_𝑖𝑖𝑖
+

𝑀𝑧

𝑤𝑧_𝑖𝑖𝑖
               (10) 

𝜏 =
𝑀𝑥

2𝐴0𝑡𝑐
+
𝐹𝑦𝑆𝑧_𝑖𝑖𝑖

𝐼𝑧_𝑖𝑖𝑖𝑡𝑐
+
𝐹𝑧𝑆𝑦_𝑖𝑖𝑖

𝐼𝑦_𝑖𝑖𝑖𝑡𝑐
      (11) 

𝐴 is the area of the cross-section. 𝑤𝑦_𝑖𝑖𝑖 and 𝑤𝑧_𝑖𝑖𝑖 are the section moduli corresponding to the 𝑦_𝑖𝑖𝑖 and 𝑧_𝑖𝑖𝑖 axes and the 
position of the point on the cross-section. 𝐴0 is the circumscribed area of the cross-section. 𝑡𝑐 is the equivalent thickness of the 
cross-section. 𝑆𝑦_𝑖𝑖𝑖 and 𝑆𝑧_𝑖𝑖𝑖  are static moments corresponding to the 𝑦_𝑖𝑖𝑖 and  𝑧_𝑖𝑖𝑖 axes and the position of the point on the 
cross-section. 𝐼𝑦_𝑖𝑖𝑖 and 𝐼𝑧_𝑖𝑖𝑖 are the second moments of area of the cross-section. 

For the TDM-2B-L, transfer function moduli for wave induced global forces and moments and axial and shear stresses can be 
obtained by carrying out irregular wave analysis or regular wave analysis.  

Regular wave analysis can directly give the moduli and phase angles of the transfer functions; however, the phase angles are 
very sensitive to numerical issues. The transfer functions corresponding to 19 different wave directions and 58 different 
frequencies are calculated. The wave direction varies from 0 degrees to 180 degrees with 10-degree intervals. The frequencies are 
distributed in the range from 0.3 rad/s to 2.2 rad/s. The amplitude of each regular wave is specified as 0.1 m.  

Alternatively, transfer function moduli can be derived from the spectral densities of the incident waves and global forces and 
moments. For each wave direction, a 10-hour realization of wave elevation is generated from a white noise spectrum. The 
frequency range of the spectrum is from 0.3 rad/s to 2.2 rad/s. Significant wave height of the spectrum is specified as 1.233m 
(𝐻𝑠=4�𝑚0, 𝑚0 denotes the variance-area under the spectral density function). The wave induced motions and global forces and 
moments are calculated by the TDM-2B-L. The spectral densities are obtained by applying inverse Fourier transform, with a fixed 
smoothing parameter, of the autocorrelation function of the incident wave and global forces and moments. 

The relative difference (𝑅𝑏) in the obtained transfer function is employed to show the difference in two groups of data. 𝑅𝑏 is 
used to address the relative difference with respect to the corresponding maximum value in the entire wave frequency range (from 
0.35 rad/s to 2 rad/s). For example,e(ω) = {e(ω1), e(ω2), … e(ω𝑖), … } and f(ω) = {f(ω1), f(ω2), … f(ω𝑖), … } represent transfer 
function moduli for wave induced axial force (�𝐻𝐹𝑥�). The transfer function moduli are calculated by carrying out irregular wave 
analysis and regular wave analysis respectively. ω𝑖 is a given frequency.  

                       𝑅𝑏(ω𝑖) = |e(ω𝑖) − f(ω𝑖)|
max {e(ω), f(ω)}� × 100%             (12) 

Transfer function moduli for wave induced global forces and moments and axial and shear stresses obtained by carrying out 
regular and irregular wave analysis in the TDM-2B-L are compared. The agreement is good. The largest 𝑅𝑏  for the transfer 
function moduli for axial and shear stresses is less than 6%. For most of the transfer function moduli, 𝑅𝑏  is less than 3%. 
Therefore, for the TDM-2B-L, in the following, the transfer function moduli are obtained by carrying out irregular wave analysis.  

The transfer function moduli given by the FDM and TDM-2B-L are compared. Some selected results are shown in the present 
paper. Note that the trend of the transfer function moduli for the sectional forces and moments are not necessary to be the same as 
that of the total integrated wave excitation loads or motions. The sectional forces and moments are resultants of the difference 
between the effects of these two on the structure.  

The main observations are discussed as follows: 
The agreement in transfer function moduli for the global forces and moments and stresses given by the FDM and TDM-2B-L 

is very good. The relative differences (𝑅𝑏) vary with respect to the wave frequency and wave direction. In general, peak values of 
𝑅𝑏 may appear at frequencies nearby troughs of the transfer function modulus curves. However, the effect of the peak values of 
𝑅𝑏  on the accuracy of the global forces and moments calculated by the TDM-2B-L is very limited. This is because, in the 



frequency range from 0.35 rad/s to 2 rad/s, for most of the transfer function moduli, 𝑅𝑏 is less than 2.5%. The maximum value of 
𝑅𝑏 for the transfer function moduli for stresses and for global forces and moments is no more than 8% and 5.9% respectively. Two 
examples are available in Figure 10 and 11. Position of the points on the cross-section is shown in Figure 6. 

The difference between the FDM and TDM-2B-L is induced by: 1) inherent difference between frequency-domain and time-
domain models; 2) accuracy limitation for the numerical solver and other numerical issues.  

Detailed discussions are as follows: 
 Transfer function moduli for the global forces and moments and stresses subjected to the white noise irregular wave 

analysis with 𝐻𝑠 = 1.233 m and 𝐻𝑠 = 12.33 m  are compared. For wave directions, where yaw motion is very small 
due to the shape of the wet surface of the hull, i.e. 0-degree-wave, 60-degree-wave and 120-degree-wave, 𝑅𝑏 for the 
transfer function moduli is close to zero and indicates that the difference is negligible. In the rest wave directions, the 
difference is significant. In the frequency range from 0.85 rad/s to 2 rad/s, 𝑅𝑏 for the transfer function moduli for the 
stresses can be up to 28% (in the area around 1.85 rad/s). In the frequency range from 0.35 rad/s to 0.85 rad/s, 𝑅𝑏 for the 
transfer function moduli for the stresses is less than 5%. An example is shown in Figure 12.  

 Transfer function moduli for the responses are calculated by the TDM-2B-L based on two groups of random seed. 𝑅𝑏 for 
the transfer function moduli for the stresses is in the range of 0% to 2.2%. The difference may be induced by stochastic 
uncertainties, non-linear effect and/or numerical errors. 

 The mooring lines, tower and blades are flexible slender structures, while the hull and shaft are very stiff. For a large 
volume structure, such as the 5-MW-CSC, the integrated hydrodynamic loads on the hull can be much larger than the 
integrated aerodynamic loads on the blades or hydrodynamic loads on the mooring lines. The large variations in the 
generalized stiffness matrix and external load vectors of the finite element model of the floating wind turbine may, 
numerically, result in an accuracy limitation and/or numerical errors. 

 In Simo/Riflex, global shear forces in the beam elements are calculated by the Euler–Bernoulli beam theory. If the three 
artificial beam elements of the TDM-2B-L are replaced by a very short (0.1 m) beam element with very large axial, 
torsional and bending stiffness, the shear forces calculated by the TDM-2B-L are strange and wrong until the bending 
stiffness of the beam element is reduced and/or the length of the beam element is increased.  

 The TDM-2B-L does not have viscous damping. Therefore, very limited wave energy at the resonant frequencies can 
result in very large resonant motions. The amplitude of the resonant motions could be much larger than the amplitude of 
the motions in the wave frequency range. The very large resonant motions can introduce strong numerical noise on the 
realizations of the motions in the wave frequency range. Therefore, the lower limit of the frequency range of the white 
noise spectrum used in the irregular wave analysis is specified as 0.3 rad/s to keep the wave energy be away from the 
resonant frequencies, avoid very large resonant motions and limit the numerical noise. Alternatively, the numerical noise 
can be moderated by introducing viscous effect into the numerical model.  

 In the TDM-2B-L, the first order wave excitation loads on the hull are generated from the corresponding spectral 
densities of the wave excitation loads. “WETFF59” and “WETFF199” represent wave to wave excitation load transfer 
functions that correspond to a set of 59 selected frequencies and a set of 199 selected frequencies respectively. If the 
TDM-2B-L use the “WETFF59” and is subjected to 80-degree-wave, 90-degree-wave or 100-degree-wave, the TDM-
2B-L will give strange results in the transfer functions for the global forces and moments. The strange results will 
disappear if the “WETFF59” is replaced by “WETFF199”. Figure 13 shows the transfer function modulus curves for the 
global lateral shear force (𝐹𝑦) given by the FDM and TDM-2B-L, which use the “WETFF59” and is subjected to 90-
degree-wave, as an example. Compare to the FDM, the TDM-2B-L gives strange transfer function moduli (“an 
impulse”) in the frequency range from 0.79 rad/s to 0.89 rad/s. We can observe similar strange results in the spectral 
densities for the global forces and moments given by the TDM-2B-L that implements the “WETFF59” rather than the 
“WETFF199”. Figure 14 shows the spectral densities for the global lateral shear force (𝐹𝑦) given by the TDM-2B-L that 
implements the “WETFF59” and “WETFF199” respectively. The circles and squares on the curves represent the set of 
the 59 selected frequencies and set of the 199 selected frequencies respectively. The spectral densities are generated 
based on the same smoothing factor for the inverse Fourier transform. The realizations of the global forces and moments 
are calculated based on the same realization of the wave elevation. In the frequency range from 0.79 rad/s to 0.89 rad/s, 
the set of the 59 selected frequencies for the “WETFF59” has two frequencies (0.797 rad/s and 0.877 rad/s). These two 
frequencies are nearby the boundary of the range and sufficient to represent the wave excitation transfer functions in the 
range. The set of the 199 selected frequencies for the “WETFF199” has 12 frequencies uniformly distributed in the 
range. The “WETFF59” agree with the “WETFF199”, while, the “WETFF199” are smoother since the “WETFF199” 
include more frequencies. Figure 15 shows the transfer function curves for the lateral wave excitation force on the 
“PartA” in 90-degree-wave, as an example. We do not observe similar strange results in the “WETFF59” and 
“WETFF199”. We can conclude that the strange results are related to the selected frequencies for the wave excitation 
transfer functions. However, the reason is not clear yet. In this paper, the numerical models, which implement the 
proposed method, utilize the “WETFF199”. In general, a refined frequency resolution should be considered when using 
irregular wave analysis to obtain the transfer function. 



 

Figure 6 Comparison of transfer function modulus curves for the axial stress at the point 6 given by the FDM and TDM-
2B-L subjected to 120-degree-wave 

 
Figure 11 Comparison of transfer function modulus curves for the axial stress at the point 1 given by the FDM and TDM-

2B-L subjected to 10-degree-wave 
 

 
Figure 12 Comparison of transfer function modulus curves for the axial stress at the point 3 given by the TDM-2B-L 

subjected to 80-degree-wave and different significant wave heights 



 
Figure 13 Comparison of transfer function modulus curves for the global lateral shear force (𝑭𝒚) given by the FDM and 

TDM-2B-L (based on the “WETFF59”), subjected to 90-degree-wave 

 
Figure 14 Spectral densities of the global lateral shear force (𝑭𝒚) calculated by the TDM-2B-L based on the “WETFF59” 
and “WETFF199”. Wave direction is 90-degree. The circles and squares on the curves represent the set of the 59 selected 

frequencies and set of the 199 selected frequencies respectively. 

 
Figure 15 Moduli and phase angles of transfer functions of wave to lateral wave excitation force on the “PartA”, subjected 

to 90-degree-wave. The solid lines represent the moduli and phase angles corresponding to the set of the 59 selected 
frequencies. The dashed lines represent the moduli and phase angles corresponding to the set of the 199 selected 

frequencies. 
 
 
 



4.2 Comparison B and Comparison C  

Ten combined wind and wave conditions are selected from a site in northern North Sea [34] and tabulated in Table 4. The 
combined wind and wave conditions are composed of five different mean wind speeds covering the below rated, at rated, above 
rated and parked wind speed and two wave directions. In addition, we also looked at wave only conditions by removing the winds 
from the combined conditions. For each condition, one 1-hour time-domain simulation is carried out in the TDM-1B-C, TDM-2B-
N and TDM-29B-N respectively. Identical random seeds are used to eliminate stochastic uncertainties. Responses, i.e. the pitch 
angle of each blade, azimuth angle and rotational speed of the rotor, aerodynamic forces and moments on the rotor, torque on the 
rotational shaft of the drive train, generator torque, generated power, global forces and moments in a given cross section of the 
tower, global rigid-body motions of the hull and mooring line tension at the top end (fairlead) of each mooring line, are calculated 
and compared. 

 

Figure 16 Definition of the directions of wind and waves. 

Table 4 Environmental conditions 

Environmental 
conditions 

Mean wind speed 
at nacelle height  

[m/s] 

Turbulence 
intensity  

[%] 

𝐻𝑠  
[m] 

𝑇𝑝 
[s] 

Wave direction 
[degree] 

Note 

EC01000 4.9 23 4.6 8 0 Wind turbine in operation; 
Two-parameter 
JONSWAP spectrum 

EC01090 4.9 23 4.6 8 90 
EC02000 8.0 17 5.2 8 0 
EC02090 8.0 17 5.2 8 90 
EC03000 11.0 15 5.7 8 0 
EC03090 11.0 15 5.7 8 90 
EC04000 16.5 13 6.5 8 0 
EC04090 16.5 13 6.5 8 90 
EC05000 34.6 11.1 8.7 9 0 Wind turbine parked; 

Two-parameter 
JONSWAP spectrum 

EC05090 34.6 11.1 8.7 9 90 

 

Results and discussions with respect to the Comparison B are given as follows: 

The responses of the TDM-1B-C and TDM-2B-N subjected to the wave only conditions are firstly compared. We find that the 
responses are identical to each other (the difference is negligible). Part of the realization of the fore-aft bending moment at the 
tower base, in EC02000 (wave only), is given as an example, see Figure 17. 

 



Figure 17 An example of the time series of the fore-aft bending moment at the tower base of the TDM-1B-C and TDM-2B-
N, EC02000 (wave only) 

Then, the responses of the TDM-1B-C and TDM-2B-N subjected to the combined wind and wave conditions are compared. 
When the relative wind speed at the hub is below the rated speed, the generator torque and rotational speed of the rotor will be 
adjusted by the controller to optimize the power generation. A slightly numerical difference in the TDM-1B-C and TDM-2B-N 
can result in slightly differences (phase shift) in the azimuth angle and rotational speed of the rotor. The differences will be 
accumulated with development of simulation time and result in developing differences in the aerodynamic loads on the rotor, 
global forces and moments at the tower base and mooring line tensions at the fairleads. As shown in Figures 18 and 19, the 
realizations of the azimuth angle of the TDM-1B-C and TDM-2B-N are identical at the beginning but the phase shift is 
accumulated with the development of the simulation time. The differences induced by the phase shift have very limited effects on 
the realizations of the rigid-body motions of the hull and spectra of the global forces and moments at the tower base, mooring line 
tensions and rigid-body motions. Spectral densities of the fore-aft bending moment at the tower base of the TDM-1B-C and TDM-
2B-N are given in Figure 20 as an example. 

For EC04000 and EC04090, the relative wind speed at nacelle is always above the rate speed. Therefore, the generator torque 
is constant and azimuth angles of TDM-1B-C and TDM-2B-N are in phase. Very slightly difference exists in the responses, see 
Figure 21 as an example. The difference is induced by very slightly numerical difference in pitch actuator control. Identical 
responses can be obtained if the control model is removed from the TDM-1B-C and TDM-2B-N. In EC05000 and EC05090, 
where the wind turbine is parked, identical responses are observed. 

 

Figure 18 An example of the time series of the azimuth angle of the TDM-1B-C and TDM-2B-N, EC02000 

 

Figure 19 An example of the time series of the azimuth angle of the TDM-1B-C and TDM-2B-N, EC02000 

 

Figure 20 Spectral densities of the fore-aft bending moment at the tower base of the TDM-1B-C and TDM-2B-N, EC02000 



 

Figure 21 An example of the time series of the fore-aft bending moment at the tower base of the TDM-1B-C and TDM-2B-
N, EC04000 

 Results and discussions with respect to the Comparison C are given as follows: 
We compare the responses of the TDM-2B-N and TDM-29B-N in wave only and in combined wind and wave conditions. 

Observations of the comparisons of the responses of the RNA, tower and mooring lines of the TDM-2B-N and TDM-29B-N are 
similar to the observations of the comparison of the TDM-1B-C and TDM-2B-N which have been illustrated in above.  

Therefore, we focus on discussions with respect to the global forces and moments in the cross-section shown in the Figure 5. 
As mentioned in above, the global forces and moments in the cross-section (the dashed line) are described in the 𝑂𝑖𝑖𝑖-𝑥𝑖𝑖𝑖-𝑦𝑖𝑖𝑖-
𝑧𝑖𝑖𝑖 coordinate system and are denoted as 𝐹𝑥, 𝐹𝑦, 𝐹𝑧, 𝑀𝑥, 𝑀𝑦, and 𝑀𝑧. For each condition, time realizations of the global forces 
and moments of the TDM-2B-N and TDM-29B-N are in phase and almost identical. An example is given in Figure 22.  

When the floating wind turbine is located in calm water without wind loads, the global forces and moments in the hull are 
static and are determined by the gravity and hydrostatic pressures forces on the floating wind turbine. We find the difference in the 
static loads calculated by the TDM-2B-N and TDM-29 and the analytical solution is less than 1%. 

Figure 23 and 24 show the spectral densities of the  𝑀𝑦 (bending moment) of the TDM-2B-N and TDM-29B-N in EC01000, 
EC02000, EC03000, EC04000 and EC05000. We do not observe any high frequency responses (in the frequency range 2 rad/s to 
4 rad/s). The peaks of the density curves in the frequency range 0.5 rad/s to 2rad/s correspond to the 𝑇𝑝 of the wave spectrum, 
while, in the operational conditions, considerable low-frequency (from 0 rad/s to 0.3 rad/s) components can be observed. The 
standard deviation of the 𝑀𝑦 , for example, in EC03000 with combined wind and waves is 21.4 MN*m, while the standard 
deviation of the 𝑀𝑦 in EC03000 with waves only is 15.2 MN*m. The relative difference is 41%.  

In the low frequency range, the global forces and moments in the structural components of the hull are sensitive to 
fluctuations of the hydrostatic pressure forces on the structural components. This is because: 1) the aerodynamic loads on the 
RNA and tower can excite significant rotational motions (e.g. roll and pitch) in particular in the low frequency range comparing to 
the motions excited by the wave excitation loads on the hull, while the first order terms of the fluctuations of the hydrostatic 
pressure forces are proportional to the motions; 2) wave excitation loads are expected to be small since wave energy is expected to 
be very limited (except for swell) in the low-frequency range; and 3) inertia and radiation loads are proportional to the first order 
derivative (velocity) and second order derivative (acceleration) of the motions and are expected to be small in the low-frequency 
range.  

 

 

Figure 22 An Example of the time series of the 𝑴𝒚 (bending moment) of the TDM-2B-N and TDM-29B-N, EC04000 



 

Figure 23 Spectral densities of the 𝑴𝒚 (bending moment) of the TDM-2B-N and TDM-29B-N in EC01000, EC02000, 
EC03000, EC04000 and EC05000 

 

Figure 24 Spectral densities of the 𝑴𝒚 (bending moment) of the TDM-2B-N and TDM-29B-N in EC01000, EC02000, 
EC03000, EC04000 and EC05000 (wave only) 

5 Conclusions 

The present paper deals with the development and verification of a time-domain approach that can be easily implemented in 
various state-of-the-art computer codes to extend their capabilities to analyze global forces and moments in structural components 
of a generic floater subject to linear and non-linear environmental loads from wind and waves. The global forces and moments in 
the structural components might be used as inputs of design formulas for structural strength design checks and/or used as 
boundary conditions in a sub-model finite element analysis to determine structural responses such as stresses, etc. 

 The proposed approach focuses on the modeling of the inertia and external loads on the hull and the mapping of the loads in 
the finite element model of the hull. In the proposed approach, floating wind turbines are considered as an assemblage of several 
structural components. The conventional hybrid frequency-time domain approach is extended to model the external loads on and 
inertia loads of each structural component. Hydrodynamic loads on each structural component are obtained by integrating the 
pressure loads that are obtained by solving the linear hydrodynamic problem with the assumption that the hull is a rigid-body. The 
kinematics of different structural components is constrained by the rigid-body assumption. The proposed approach does not 
account for hydroelasticity effects. The expressions of the hydro loads on each structural component can be further modified to 



account for, for example, second order and/or higher order hydro loads on each structural component. Beam elements are used to 
represent the global stiffness of the structural components but the proposed approach can be further extended to use other finite 
element models to represent the stiffness of the structural components. 

So far, the proposed approach has been implemented in the computer code Simo/Riflex/Aerodyn to analyze global forces and 
moments in the hull of a semi-submersible wind turbine. Responses calculated by the numerical models that implement the 
proposed approach and obtained by the reference models are compared step by step. The agreements are very good. Accuracy of 
the proposed approach needs to be further checked by sensitivity studies and by comparison to the model test data. 

In the operational conditions, considerable low-frequency components can be observed in the spectra of the obtained global 
forces and moments in the pontoons of the reference floating wind turbine. The results indicate that the low-frequency 
aerodynamic loads, the fluctuations of the hydrostatic pressure forces and the fluctuations of the gravity loads of floating wind 
turbines are important contributions to the structural responses, in particular, in the low-frequency range. This feature needs to be 
further investigated by experimental studies. 
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Abstract 

To achieve cost-effective and reliable structural design of floating wind turbines, efficient and accurate time domain numerical 
approaches are required to analyse structural responses in design conditions, e.g. wind and waves. This paper focuses on 
validation of a time-domain numerical approach for determining forces and moments in structural components of floaters. The 
approach considers floating wind turbines as a system of several structural components, e.g. blades, rotational shaft, nacelle, 
tower, mooring lines, columns, pontoons and braces. A finite element model is developed to represent global stiffness of the 
structural components. The external and inertia loads on the structural components are modelled as distributed loads. 
Hydrodynamic loads on each structural component are derived from the corresponding hydrodynamic coefficients obtained by 
solving the first order boundary value problem using WAMIT. A 1:30 scaled braceless semi-submersible model test which 
implements the  testing approach was done by SINTEF Ocean, formerly MARINTEK, in its ocean basin. 
Measurements of the global forces and moments at the base of a side column of the model and rigid-body motions of the model 
are compared to the corresponding simulations. This paper focuses on responses in moderate waves for which linear 
hydrodynamic loads are applicable. Differences in the corresponding simulations and measurements are found to be small, while 
possible reasons, e.g. synchronizations, non-linear effects, and uncertainties in the measurements and simulations, for the 
differences are analysed. Essential information about the model test, descriptions of the numerical models, calibrations and 
results and discussions of the validation are given in this paper. 
© 2017 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of SINTEF Energi AS. 
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1. Introduction 

Innovative floating wind turbine concepts are considered an attractive solution for harvesting offshore wind 
energy in relatively deep water, e.g. deeper than 80 m. The offshore wind industry is moving from pilot prototype 
field tests to pilot commercial size floating wind farms while structural optimization for cost reduction is a focus of 
these pilot projects [1, 2].  

In general, a floating wind turbine is composed of a rotor nacelle assembly (RNA), a tower, a hull, and a mooring 
system. Many concepts, e.g. [3-9], have been proposed. These concepts can be classified as spar [3, 4], TLP [5, 6] 
and semi-submersible wind turbines [7-9].  

Floating wind turbines operate in wind, current and waves which result in dynamic motions around mean offsets 
and structural responses. Limit states with respect to the motions and structural responses are specified in design 
standards of floating wind turbines, e.g. DNV-OS-J103, ABS #195 and ClassNK guideline [10-12], to make sure 
that the developed designs will have acceptable stability and structural strength. Consequently, designers must 
implement appropriate approaches, e.g. numerical simulations and/or model tests, to demonstrate that the designs 
satisfy the specified requirements and criteria. 

Frequency-domain computer codes, e.g. WADAM [25], are widely used in the offshore oil and gas industry to 
efficiently analyse wave induced rigid-body motions and hydro-pressure forces on mean wetted body surface of a 
floating unit. The hydro-pressure forces can be used in a finite element analysis [25] to efficiently determine 
structural responses such as stresses, etc. If the unit has a hull, which is a statically determinate structure, global 
forces and moments in the hull can be obtained by integrating external and inertia loads which are acting on the 
corresponding structural components of the hull. Meanwhile, frequency-domain computer codes, e.g. Turbu 
Offshore [30], are capable of efficient optimizations for designs of offshore bottom-fixed wind turbines. However, 
validity of the linearized approximations used in the frequency-domain codes must be appropriately checked, in 
particular for novel designs of floating wind turbines. While we still need to use time-domain simulations and model 
tests to shed more light on the aero-hydro-servo-elastic feature [13]. Another limitation is that frequency-domain 
models cannot be used to account for transient loading events, e.g. wind turbine faults. Kvittem and Moan [31] 
studied a frequency-domain method for estimating short-term tower base bending moments and tower fatigue 
damage of a semi-submersible wind turbine. In the frequency-domain method, responses to combined wind and 
wave loads are obtained by superposing responses to separated wind and wave loads. The frequency-domain method 
was used in a case study to predict bending moments and fatigue damage in tower base of a reference semi-
submersible wind turbine in combined wind and wave loads. Predicted results given by carrying out a fully coupled, 
nonlinear time-domain analysis are considered as reference values. Comparing to the reference values, the fatigue 
damage predicted by the frequency-domain method were underestimated by 0-60%, corresponding to discrepancies 
in standard deviations of stress in the order of 0–20%. 

Conventional time-domain computer codes [14] focus on simulating global responses of the RNA, tower, and 
mooring system, and rigid-body motions of floating wind turbines. Finite element models for floating wind turbines 
are generated and solved in these computer codes. A review of conventional approaches for modelling aerodynamic 
loads on the RNA and tower and hydro loads on the hull and mooring lines is available in [15]. Morison formula 
and/or the conventional hybrid frequency-time domain approach [16] are used to model hydro loads on the floating 
wind turbine’s hull. The hull is modelled as a rigid-body with 6 d.o.f.s in the time-domain finite element model, 
while the conventional hybrid frequency-time domain approach gives integrated forces/moments in 6 d.o.f.s rather 
than distributed forces and moments. Consequently, sectional forces and moments in the hull cannot be captured in a 
straightforward manner. A straightforward manner means that the sectional forces and moments can be directly 
obtained from time-domain simulations and used for design check. This is in contrast to the approach for which a 
global motion response analysis must be carried out first and then the external aero- and hydro- dynamic loads as 
well as the inertial loads are applied in a structural analysis of the floater for design check. 

Luan et al [16] developed an approach for determining forces and moments in floaters. The approach can be 
easily implemented in various state-of-the-art computer codes for wind turbine analysis, e.g. Simo/Riflex/Aerodyn, 
OrcaFlex and FAST+CHARM3D, to extend their capabilities to analyse sectional forces and moments in structural 
components of a generic floater. The sectional forces and moments in the structural components might be used as 
input to design formulas for structural strength design checks and/or used as boundary conditions in a sub-model 
finite element analysis. More details with respect to the difference between the developed approach and conventional 
approaches, as well features and limitations, can be found in [16].  
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We intend to, step by step, validate the approach of Luan et al [16] by using measurements of a 1:30 model test of 
a braceless semi-submersible wind turbine [9] which has been tested in the ocean basin of MARINTEK, now 
SINTEF Ocean.  

In this paper, we focus on comparisons of the responses of the semi-submersible wind turbine in moderate waves 
with less non-linear effects for which frequency-domain commercial computer codes, e.g. WAMIT, WADAM, can 
be used as a reference model. Wave-induced transfer functions for rigid-body motions and fore-aft and side-to-side 
bending moments in base of a side column derived from time-domain and frequency-domain simulations and 
measurements are compared. The developed time-domain model is expected to give the same results as the 
commercial computer codes, while the time-domain model can be further used to analyze the sectional forces and 
moments in the hull in combined wind and wave loads in a straightforward manner but the frequency-domain codes 
cannot. 

The “model-the-model” principle, which means to simulate the actual model tests as closely as possible [17, 18], 
is used. Uncertainties exist in the measurements, e.g. mass matrices, position of centre of gravity of each component 
and positions of the anchors. Consequently, necessary calibrations with respect to some inputs of the numerical 
models are carried out. All numerical results are given by the numerical models with calibrated inputs.  

Essential information of the model test, i.e. coordinate systems, measured model properties, environmental 
conditions and post-processing approach for the measurements, is given in section 2. More details with respect to the 
model test are referred to [19-21]. The developed numerical models are described in section 3. Calibrations are 
presented in section 4. Analyses and discussions of the results are available in section 5. 

2. The floating wind turbine concept and model test 

A layout of the experimental model and definitions of the direction of the wind and waves are shown in Figure 1 
in a global Earth-fixed coordinate system ( - - -  ).  is at the geometrical center of the water plane area 
when the model is in calm water. Mass properties and dimensions of the semi-submersible wind turbine are 
described in a body-fixed coordinate system ( - - - ) The - - -  coordinate system is coincident to the 
global coordinate system when the model is in calm water. Note that all the data and results presented and discussed 
in this paper are given in full scale and in the corresponding coordinate systems described in this paper. A linear 
scaling factor of  and the Froude scaling law are used to scale the original data measured from the model test.  

  The specified dimensions of the semi-submersible hull are tabulated in Table 1 and shown in Figure 2. As 
shown in Figure 2, a column which includes two flanges is used to connect “Side column 1” to “Pontoon 1”. Fore-aft 
and side-to-side bending moments in a cross section of the column are measured by strain gauges. The geometric 
centre of the cross section is (41, 0, -27) in the body-fixed coordinate system. The cross section splits the model into 
two parts. The part which includes the “Side column 1” is denoted as Part A while the rest is denoted as Part B. 
Measured mass properties are given in Table 2.  

The mooring system is composed of three catenary chain mooring lines with lead wires added for weight 
correction. Distributions of mass and buoyancy of the mooring lines are made according to a design of the mooring 
system for which each line has two segments from the fairlead to anchor with constant solid circular cross-section. 
The design parameters are given in Table 3 and 4. According to the Froude scaling law, the scaled value of the 
Young’s modulus of the mooring lines of the experimental model is  kN/ .  

Environmental conditions of the model tests, for which the results are discussed in this paper, are tabulated in 
Table 5. In addition, some model tests, e.g. the pull-out tests, decay tests and turbulent wind only tests, are used to 
calibrate the numerical models. 

In the tests with the experimental model, wave elevation at Pos1, see Table 6, was measured and denoted as 
WAVE1 while in the calibration tests (without the experimental model) wave elevations at Pos1, Pos2 and Pos3 
were measured and denoted as WAVE1c, WAVE2c and WAVE3c, respectively. Full-scale horizontal locations of 
the wave probes in the global coordinate system are given in Table 6. 

Table 1. Specified dimensions of the semi-submersible hull (Full-scale) 

Central column diameter [m] 6.5 
Side column diameter [m] 6.5 
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Pontoon height [m] 6 
Pontoon width [m] 9 
Central column freeboard [m] 10 
Side column freeboard [m] 20 
Centre-to-centre (central to side column) [m] 41 
Centre-to-edge (central column to pontoon end) [m] 45.5 
Operating draft [m] 30 
Displacement [tonne] 10,555 

Table 2 Measured mass properties of the experimental model. The center of gravity is described in the body-fixed coordinate 
system with respect to . The moments of inertia are about the center of gravity. 

 Mass [tonnes] Centre of gravity [m] Moments of inertia [tonnes*m2] 
         

Complete model 9,730 0 0 -19.05 10297582 10297582 7641621 0 0 0 
Part A 456.7 41 0 -12.93 96093 96093 2193 0 0 0 

Table 3. Design parameters of a single mooring line 

Segment Length Mass per length Wet weight Specified diameter 
 (m) (kg/m) (kN/m) (m) 

Upper 240.00 235.0 2.005 0.195 
Lower 367.55 446.0 3.804 0.269 

Table 4. Arrangement of the mooring line anchors and fairleads described in the global coordinate system 

Fairlead    Anchor    
1 45.95 0 -27 1 603 0 -200 
2 -22.98 39.8 -27 2 -301.5 522.2 -200 
3 -22.98 -39.8 -27 3 -301.5 -522.2 -200 

Table 5 Environmental conditions of selected model tests 

Reference No.  [m] [s] Wave direction [degree] Model test duration [hour] Note 
2310 2 Period range:3.5-22 0 3 Pink noise tests 

 2321 4 Period range: 4.5-22 
2420 3.6 : 10.2 0 3 JONSWAP spectrum 

Table 6 Wave probe position in calibration (in the - - -  coordinate system) 

  (m)  (m) 
Pos1 -187.5 -94.2 
Pos2 0 0 
Pos3 0 -94.2 

 

 

Figure 1 Layout of the experimental model 
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Figure 2 A layout of the hull of the experimental model, courtesy of Fredrik Brun (SINTEF Ocean). Note that the configurations of the three 
pontoons are identical. Some parts of the configurations of Pontoon 1 and 3 are not shown. 

3. Numerical methods and models 

A time-domain model (TDM) and a frequency-domain model (FDM) are developed to calculate the forces and 
moments in the aforementioned cross section for which the geometric center of the cross section is (41, 0, -27) in the 

- - -  coordinate system. The forces and moments are denoted as , , , , , and  and described in 
a body-fixed coordinate system ( - - - ) with respect to . The - - -  and - - -

 coordinate systems are coincident except that  is located at (41, 0, -27) in the - - -  coordinate 
system.  and  correspond to the side-to-side and fore-aft bending moments, respectively.  

3.1. TDM 

We denote the Simo/Riflex [43, 44] time-domain finite element model for calculating sectional forces and 
moments in the cross-section between Parts A and B as TDM. 

The finite element model is generated in Riflex in the global coordinate system. The model is composed of 183 
truss elements for modelling the three mooring lines, three artificial beam elements for capturing the sectional forces 
and moments in the cross-section and two control nodes for modelling external and inertial loads on the Parts A and 
B.  

The approach, which is initially described in [16], is used in Simo to calculate the external and inertial loads on 
Parts A and B. The loads given by Simo are described in the corresponding body-related coordinate systems ( -

- -  and - - - ) respectively and transferred to the control nodes of the finite element model. 
Each control node has 6 d.o.f.s. Each of the end nodes of the artificial beam elements and the top end nodes of the 
mooring lines (the fairleads) rigidly follows the motions of the corresponding control node. The - - -  and 
body-related coordinate systems are coincident when the model is located at its mean position in calm water.  
and  rigidly follow rigid-body motions of the  but the orientation of the body-related coordinate systems and 
vertical position of the  and  are fixed (as the same as the body-related coordinate systems when the model 
is located at its initial position in time-domain simulation). To obtain the first order hydro loads, boundary value 
problem in an earth-fixed coordinate system (e.g. - - - ) with assumption that the hull is a rigid-body needs 
to be solved to derive the corresponding coefficient vectors and matrices. Note that the derived coefficient vectors 
and matrices include hydrodynamic interactions. Second order and higher order hydrodynamic loads and 
hydroelastical effects are not included. More details are available in [16]. 
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Morison’s formula is used to model the hydrodynamic loads on the mooring lines, while the drag term of the 
Morison’s formula is use to model the drag forces on Parts A and B. A discussion with respect to selection of the 
corresponding drag coefficients ( ) and added mass coefficients ( ) is given in section 4. 

Young’s modulus of mooring lines of the numerical model is specified as  kN/  rather than the value 
of the experimental test (  kN/ ) to avoid numerical problems. In theory, effects of this difference on 
mooring line tensions and global responses of the model are negligible. 

In Riflex, the time-domain finite element model is solved by using the Newmark-  numerical integration 
(  and ). Time step is set to be 0.05 seconds. Rayleigh damping, which is a linear combination of 
the Riflex generated global mass and stiffness matrices, is used for modelling effect of structural damping. The 
corresponding mass and stiffness proportional coefficients are set to be 0 and 0.005, respectively. More explanations 
are given in [24]. 

3.2. FDM 

WADAM implements a function for which a specified plane, e.g. the y-z plane at x=5, automatically divides the 
hull into two parts, and calculates sectional forces and moments that are in equilibrium to inertial and external hydro- 
loads on each part. However, we cannot use this function to calculate the forces and moments in the base of the side 
column of our model since the specified plane in WADAM is infinite. If we specified an x-y plane at z=-24, one of 
the parts divided by the specified plane would be composed of the wetted surface of the three side columns and the 
central column. Consequently, the FDM, which implements the same principle as WADAM for calculating wave 
induced transfer functions for rigid-body motions and sectional forces and moments but is more flexible for users to 
divide the wetted surface into user specified parts, is developed in Matlab [22] and validated by using WADAM. 
Note that the FDM implements linear theory [25]. Viscous drag forces on the hull and hydroelastic effects are not 
included. 

The implemented principle is described as follows: 
The transfer functions for the sectional forces and moments (  can be derived from 

.  denotes the global forces and moments induced by a unit-amplitude regular wave for 
which second order and higher order terms with respect to amplitude of the regular wave are removed. The hull of 
the experimental model is a statically determinate structure. As a result, the global forces and moments ( ) 
are in equilibrium with inertia loads (  and external loads ( ) on the Part A, see Figure 2 and Eq. 
(1).  is determined by the mass matrix of Part A and acceleration ( ).  is obtained by solving 
the equations of motion in the the - - -  coordinate system, see Eq. (2). Rigid-body motions are denoted as 

.  denotes the 6 d.o.f. rigid-body motions induced by a unit-
amplitude regular wave.  denotes the real part of the complex value inside the bracket. Approaches for 
generating and solving the equations of motion are well known and referred to [26]. In Eq. (1), , , , 

and  are the mass matrix, added mass coefficient matrix, potential damping coefficient matrix, restoring 
coefficient matrix and first order wave excitation load transfer function. The  is composed of wave 
excitation loads ( , added mass forces ( ), potential damping forces ( ) and 

. , , and  can be obtained by 1) solving the potential-flow boundary value 
problem with the assumption that the hull of the model is a rigid-body; 2) calculating the corresponding pressure 
forces on the mean wetted body surface of the Part A based on the Bernoulli’s equation and the corresponding 
velocity potential, and 3) integrating the pressure forces and transfer the integrated forces and moments to the 
corresponding coordinate system.  is the resultant forces and moments of gravity, hydrostatic pressure 
forces on the outer surface and the atmospheric pressure forces on the inner surface of the Part A when the model is 
located at an instantaneous position. Note that second and higher order terms with respect to amplitude of the regular 
wave are not included in the  and  as well. 
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4. Calibration of numerical model 

The “model-the-model” principle, which means to simulate the actual model tests as closely as possible [18], is 
used. A rational calibration procedure for the mooring system is available in [27] and implemented in this paper.  
and  for the segments of each mooring line are specified as 1.4 and 1.0 respectively. The anchors of the mooring 
lines are moved 1.5 meters away along the radial direction to increase the simulated pretension of each mooring line 
in calm water from 1,517 kN to 1,597 kN. As discussed in [27], the deviation can be attributed to small inaccuracies 
in the setup of the model test, e.g. the actual positions of anchors deviated from the specified positions and the actual 
lengths of the mooring lines were slightly shorter than the specified values.  

The mass of the experimental model can be estimated based on the draft, configuration of the hull and resultant 
force of the vertical components of the mooring line tensions at the fairleads. Comparing the estimated mass to the 
measured mass (which is tabulated in Table 2), a 4.7% deviation is observed. Meanwhile there are discrepancies 
between the simulated and measured roll/pitch natural periods (obtained from decay tests) and mean heeling angle 
and fore-aft and side-to-side bending moment in turbulent wind-only conditions. As discussed in [27], deviations 
may exist in the measurements of the position of the centre of gravity and moment of inertia. 

 Consequently, a constant force which is acting on the  and pointed to the negative axis of   is 
added in the TDM model to compensate the 4.7% difference and make the numerical model float at the same draft as 
the experimental model in calm water while the vertical position of the centre of gravity and mass matrix of Part A 
and B are calibrated. 

The centre of gravity of the Part A is adjusted to (41, 0, -15.3) in the body-fixed coordinate system to give the 
TDM the same mean bending moments as the measurements when the experimental and numerical models are 
subjected to the same static tilt angle. The centre of gravity of the Part B is adjusted to (-2.019, 0, -20.6) so that the 
TDM and experimental model have the same title angle under the same overturning moment. Adjustment of the 
centre of gravity of the Part A has limited effects on the centre of gravity of the whole model. The relative difference 
between the adjusted and original vertical positions of the centre of gravity of Part B is 6% (compared to [27]). 

Three forces and moments are used to adjust the inertial loads of Part B and denoted as . The  is a 
 matrix.  The  is the simulated motions of Part B. The ,  and  are described in the 

- - -  coordinate system with respect to the . According to the results of a parametric study with 
respect to the effect of each term in the  on the motion responses and bending moments, all the terms in the  
are zero except for  tonnes and  tonnes* . Relative differences between the 
adjusted terms and the corresponding terms in the original measured mass matrix of Part B are less than 6%.  

Adjustments with respect to the terms in the mass matrix of the Part A are not considered since a parametric study 
shows that reasonable variations, e.g. in a range from -10% to 10%, have very limited effects on the motion 
responses and bending moments. 

The non-dimensional drag coefficients ( ) for the width and height of the pontoons and the columns are 
specified as 2.1, 1.7 and 0.5, respectively, according to [28]. Results of a sensitivity study show that the effect of the 
drag coefficients on the simulated global forces and moments and rigid-body motions are negligible in the wave 
frequency range, i.e. from 0.3 rad/s to 1.4 rad/s. 

5. Results and discussions 

In this section we intend to compare the simulated and measured responses, i.e. the fore-aft and side-to-side 
bending moments and rigid-body motions, of the model in moderate wave-only conditions. 

5.1. General 

WAVE2c are the measurements of undisturbed waves at Pos2 in wave calibration tests (without the experimental 
model). WAVE2c were synchronized with the measurements of the model tests by comparing the WAVE1 and 
WAVE1c from the time 0 to 100 seconds (full-scale) since the WAVE1 and WAVE1c were measured by the same 
wave probe at the same position in the model tests and wave calibration tests, and radiation and diffraction effects of 
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the experimental model on the wave elevations at the Pos1 are expected to be negligible in the first 100 seconds. The 
synchronized WAVE2c are considered as measurements of incident waves of the corresponding model tests (with 
the experimental model) and were used as input to the TDM.  

Lowpass Butterworth filter [22] and zero-phase digital filtering are used to remove high frequency components in 
the measurements. The cutoff frequency, which is the frequency where the magnitude responses of the filter is 

, is specified as 0.5 Hz. Then, the measurements are downsampled from 111.11 Hz to 5 Hz without risk of 
aliasling. 

Skewness and kurtosis [29] of the measured and simulated responses and waves are around 0 and 3, respectively 
and indicate that, in moderate waves, the experimental model and TDM are linear systems with respect to waves 
(input, denoted as ) and the corresponding response (output, denoted as ). Therefore, wave induced transfer 
function ( )), which is composed of the response amplitude operator (RAO) and phase angle ( ), are derived 
by using Eq. (3, 4).  and  are one-side spectra that are derived from the corresponding cross-correlation and 
autocorrelation with respect to the realizations of  and , respectively [29].  is a complex number. Real and 
imaginary parts are denoted as  and  respectively. The phase angle ( ) is derived based on the corresponding 
values of  and . A negative phase angle ( ) means the  lags the . Note that computation of the phase angle 
of the  derived from measurements of the incident waves and corresponding responses is very sensitive to the 
synchronization in particular for high-frequency components of the transfer functions. For example, a 0.4 seconds 
mismatch means a 9-degree-shift and a 32-degree-shift of the phase angle for the wave components for which the 
frequency is 0.4 rad/s and 1.4 rad/s, respectively.  
 

 

 
 

 
The linear characteristic of the system can also be checked by calculating the corresponding coherence function 

, see Eq. (5), [29]. The values of  will always satisfy . The  will equal to one for an ideal 
constant parameter linear system.  is one-side spectrum that is derived from the corresponding autocorrelation 
with respect to the realizations of . 
 

 

5.2. Comparisons of transfer functions 

Transfer functions are derived from 1-hour measurements of the pink noise and Jonswap spectrum model tests, 
i.e. model test 2310, 2321 and 2420, and the corresponding simulations. Reasonably good agreement between the 
RAOs of the experimental and numerical models is observed, see Figure 3-6. In the comparisons, we focus on 
frequency ranges where majority of the wave energy is distributed (from 0.4 rad/s to 1.4 rad/s for the pink noise 
model tests and from 0.5 rad/s to 1 rad/s for the Jonswap spectrum model test). Spectral densities of the waves are 
given in Figure 7. In addition, the work of Bachynski et al [19] shows that the RAOs which are derived from the 
pink noise and regular wave model tests are consistent. 

Peaks at 0.8 and 1.25 rad/s and trough at 1 rad/s are observed in the RAO for the fore-aft bending moment, see 
Figure 3. The peaks and trough are attributed to inertial loads and added mass forces which are related to second 
derivatives of surge and pitch motions (accelerations). Two troughs nearby 0.8 and 1.25 rad/s and a peak nearby 1 
rad/s can be observed in the RAO for surge motion. 

More significant discrepancies are in comparisons of the phase angles of the transfer functions, in particular for 
frequencies that are higher than 0.9 rad/s. For the fore-aft bending moments in Figure 3, absolute value of the 
difference between the phase angle given by the FDM and the phase angle given by experimental measurements or 
simulations is less than 10 degrees at 0.4 rad/s (the frequency), but up to 50 degrees at 1.4 rad/s. For surge, heave 
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and pitch motions, large differences between the phase angle given by the FDM and the phase angle given by 
experimental measurements or simulations are in frequency ranges where amplitudes of the corresponding RAOs are 
very small (close to zero). 

 

  

Figure 3 Transfer function for the fore-aft bending moment, derived from 1-hour realizations, pink noise,  (2310) and  (2321), 
and Jonswap spectrum,  and  seconds (2420) 

  

Figure 4 Transfer function for surge, derived from 1-hour realizations, pink noise,  (2310) and  (2321), and Jonswap 
spectrum,  and  seconds (2420) 
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Figure 5 Transfer function for heave, derived from 1-hour realizations, pink noise,  (2310) and  (2321), and Jonswap 
spectrum,  and  seconds (2420) 

  

Figure 6 Transfer function for pitch, derived from 1-hour realizations, pink noise,  (2310) and  (2321), and Jonswap spectrum, 
 and  seconds (2420) 

 

Figure 7 Spectral densities of measured and simulated wave elevations at Pos2 (WAVE2c), derived from 1-hour realizations 



 Author name / Energy Procedia 00 (2017) 000–000   11 

 

5.3. Investigation of differences between simulation and experiment 

Some explanations for differences in the transfer functions between the TDM and experimental model are 1) 
some non-linear effects, e.g. second and higher order hydrodynamic loads and non-linear wave kinematics, which 
inherently exist in the model tests but are not modelled numerically, and 2) uncertainties, noise and unknown errors 
in the measurements. Some relevant observations are discussed as follows. 

Coherence functions are expected to equal to one when the TDM and experimental model are subject to small 
incident waves, e.g. the pink noise model test 2310. However, as shown in Figure 8, significant deviations can be 
observed in the coherence function of the measurements in the frequency range from 1 rad/s to 1.4 rad/s. The 
deviations indicate that one or more of three possible physical situations exist. The three possible situations are 1) 
extraneous noise is present in the measurements; 2) the system relating the incident wave (input) and the 
corresponding response (output) is not linear; and 3) the response is an output due to an input of the wave elevation 
as well as to other inputs. 

 

Figure 8 Coherence functions between incident waves (input) and the fore-aft bending moment (output), derived from 1-hour realizations, pink 
noise,  (2310) and  (2321), and model test 2420,  and   

Statistical moments, i.e. skewness and kurtosis, are used to analyse characteristics of probability distributions of 
the measurements with and without implementing a highpass Butterworth filter [22]. The cutoff frequency [22] is 
1.2 rad/s. The use of the highpass filter removes the frequency components below 1 rad/s. The results, see Table 7, 
show that 1) in full frequency range (without filter) the skewness and kurtosis of the measurements are close to 0 and 
3, respectively, and indicate that Gaussian distribution can be used to model the probability distribution of the 
measurements; 2) measurements of the responses are dominated by components that are linearly proportional to the 
corresponding components of the measured incident waves since in the full frequency range the measured waves and 
responses can be described by Gaussian distributions; and 3) non-Gaussian components exist in the measurements in 
particular for the low frequency range due to slow varying drift force on the model and frequency range above 1 
rad/s where the corresponding coherence functions significantly deviate from 1. For example, the kurtosis of the 
measured pitch motion in the model 2321 is 3.68 and 2.99, with and without filter respectively. The kurtosis of the 
measured wave elevation in the model test 2321 is 3.05 and 6.01, with and without filter respectively. 

Some statistical values of the measured and simulated wave elevations are tabulated in Table 8. Airy wave theory 
is implemented in the TDM. The spectral densities and standard deviations of the simulated and measured wave 
elevations are almost identical, see Figure 7. However the relevant difference between the maximum values of 1-
hour wave elevation of the simulation and measurement can be more than 19% (in the Pink noise model test 2321), 
also see Figure 9. 
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Table 7 Skewness and kurtosis of measurements with and without filter 

Measurements Wave  Surge Heave Pitch 

Skewness 

2420 
Full frequency range 0.09 0.02 -0.10 0.08 0.24 

Above 1 rad/s (after filtering) 0.38 0.00 -0.11 0.96 0.02 

2310 
Full frequency range 0.13 0.08 -0.08 0.07 -0.03 

Above 1 rad/s (after filtering) 0.34 -0.02 -0.02 -0.87 0.01 

2321 
Full frequency range 0.15 0.04 -0.05 0.03 0.03 

Above 1 rad/s (after filtering) 0.78 0.06 -0.12 2.49 -0.04 

Kurtosis 

2420 
Full frequency range 3.00 3.08 3.05 2.93 3.14 

Above 1 rad/s (after filtering) 3.64 3.14 8.21 56.72 3.06 

2310 
Full frequency range 3.17 3.02 2.53 2.97 3.19 

Above 1 rad/s (after filtering) 3.90 3.00 3.14 32.70 3.21 

2321 
Full frequency range 3.05 2.99 2.77 2.92 3.68 

Above 1 rad/s (after filtering) 6.01 3.87 5.17 233.01 2.99 
 

Table 8 Statistical values of simulated and measured wave elevations 

Unit [m] 2310 2321 2420 
Std Model test  0.47 1.00 0.92 

TDM  0.47 0.99 0.92 
Max Model test  1.89 3.89 4.00 

TDM  1.78 3.15 3.89 
Min Model test  -1.62 -3.08 -3.03 

TDM  -1.63 -3.33 -3.02 
Skewness Model test  0.13 0.15 0.09 

TDM  0.11 0.02 0.10 
Kurtosis Model test  3.17 3.05 3.00 

TDM  3.12 2.92 2.99 
 

 

Figure 9 Comparisons of measured and simulated wave elevation realizations. Pink noise model test 2321 

Incident wave elevations are measured at the Pos2. However, there is a difference between the mean position of 
the experimental model, which is induced by mean drift forces on the model, and the Pos2. Fortunately, the 
difference is negligible since, in moderate wave conditions, the mean offset of the model is relatively small 
compared to wave length of the incident waves. For instance, the mean offset is less than 0.2 meters (in full-scale) 
while the wave length of a 4-second-period wave, approximately, is 25 meters. 

Transfer functions that are derived from different sets of 1-hour simulations subjected to different moderate 
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waves are more consistent than the transfer functions derived from different sets of 1-hour measurements, see Figure 
10 as an example. To quantify uncertainties in the measurements, well designed and systematical repeat-model tests 
are needed and should be analysed in future. 

 

  

Figure 10 Transfer functions of the fore-aft bending moment, derived two sets of 1-hour realizations 

5.4. Simulations and measurements in a moderate Jonswap wave-only condition 

Spectral densities and realizations of the simulated and measured responses, i.e. the fore-aft and side-to-side 
bending moments and rigid-body motions, of the model in a moderate wave-only condition (model test 2420) are 
compared. The difference in the standard deviation of the simulated and measured fore-aft bending moment is 1.4% 
and good agreement is seen in the spectrums and realizations, see Figure 11 and 12. In wave frequency range (from 
0.4 rad/s to 1.4 rad/s), good agreement is seen in spectrums of measured and simulated rigid-body motions. Motions 
induced by the slow varying drift force on the experimental model can be observed in the low frequency range in the 
spectrums of the measurements, while second and higher order hydrodynamic loads, expect for viscous drag forces, 
are not included in the TDM. 

 

Figure 11 Spectral density functions of the fore-aft bending moment, derived from 1-hour realizations, moderate wave only,  and 
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Figure 12 Part of measured and simulated fore-aft bending moment, moderate wave only,  and  

 

Figure 13 Spectral density functions of surge, derived from 1-hour realizations, moderate wave only,  and  

 

Figure 14 Spectral density functions of heave, derived from 1-hour realizations, moderate wave only,  and  



 Author name / Energy Procedia 00 (2017) 000–000   15 

 

 

Figure 15 Spectral density functions of pitch, derived from 1-hour realizations, moderate wave only,  and  

6. Conclusions 

Measurements of a 1:30 scaled braceless semi-submersible model test which implements the  testing 
approach are used to validate a recently developed time-domain numerical approach for determining forces and 
moments in floaters. The focus of this paper is on responses in moderate waves. Second order wave loads are 
expected to be negligible in moderate waves. Statistical values, kurtosis and skewness, for the wave elevations and 
responses measured in the model test show that the incident waves and corresponding responses are Gaussian-
distributed and indicate that the model is linear system with respect to the incident wave (input) and responses 
(output). Therefore, measurements of the global forces and moments in the base of the side column of the 
experimental model are compared to the corresponding simulations given by a frequency-domain model (the FDM) 
and a time-domain model (the TDM). Necessary calibrations with respect to some measured data, i.e. mass matrices, 
position of centre of gravity and positions of the anchors of the experimental model and drag and added mass 
coefficients for the hydrodynamic loads on the mooring lines and drag forces on the hull of the model have been 
carried out according to a rational procedure. The measured wave elevations were synchronized.  

Reasonably good agreements are observed in the comparisons between the transfer functions for wave induced 
rigid-body motions and bending moments at the base of the side column, which are directly given in the FDM and 
derived from the corresponding simulations and measurements, and comparisons between the corresponding 
response spectral densities. More differences are observed in comparisons of phase angles of the transfer functions, 
in particular in frequencies that are higher than 0.9 rad/s. Phase angles of the transfer functions are very sensitive to 
the synchronizations of the measured data in particular for the higher frequency components of the waves. Due to 
mean drift forces on the experimental model, there is a difference between the mean position of the experimental 
model and the Pos2. Fortunately, the difference is negligible in moderate waves. Viscous drag forces have limited 
effects on the transfer functions. Transfer functions that are derived from different sets of 1-hour simulations 
subjected to different moderate waves are more consistent than the transfer functions derived from different sets of 
1-hour measurements.  

The differences in the transfer functions may be arbitrated to 1) some non-linear effects, e.g. second and higher 
order hydrodynamic loads and non-linear wave kinematics, inherently exist in the model tests but are not modelled 
numerically; and 2) uncertainties, noise and unknown errors exist in the measurements. Relevant observations in 
term of coherence functions, statistical properties and realizations are analysed. To quantify the uncertainties in the 
measurements, well designed and systematical repeat-model tests are needed and should be analysed in future. 

Analysis for the comparisons between the simulated realizations and measurements in extreme waves, for which 
the second-order effects and maybe also high-order effects are critical, will be given in future. Simo/Riflex can 
account for the second-order wave loads as long as the hull is modelled as one rigid-body. However, to capture the 
sectional forces and moments in a straightforward manner, the hull needs to be modelled at least as two rigid-bodies. 
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Therefore, additional efforts are needed to develop modelling approaches to address this problem. At the moment, 
the second-order wave loads are not modelled in the estimation of the cross-sectional loads.  
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ABSTRACT 

Multi-body time-domain finite element models, which implement a recently developed numerical approach for determining 
forces and moments in floaters, are developed to simulate rigid-body motions and sectional forces and moments of a reference 5-
MW braceless semi-submersible wind turbine in turbulent winds and irregular waves corresponding to below rated, at rated and 
above rated conditions. The simulated responses are compared with measurements of a 1:30 scaled model test using a real-time 
hybrid testing approach. In general, agreement between simulations and measurements are very good. Differences in spectral 
densities of the measurements and simulations have been quantified while the reasons for the differences have been thoroughly 
analyzed and discussed based on comparisons of measurements in different conditions and numerical parametrical study. Effects 
of non-linear wave excitation loads and drag forces on the rigid-body motions and sectional forces and moments are analyzed 
while dominant load components in fore-aft bending moments in five cross-sections in the hull of the reference model are 
identified. The interface between the pontoons and central column of the reference model is identified as the most critical part. 
Both low frequency and wave frequency load effect should be accounted for. Mean forces and moments from wind and waves 
result in a change in configuration of mean wetted body surface of the hull when compared to its configuration in calm water. This 
may result in a considerable change in resultant sectional forces and moments even though change in resultant of the hydro 
pressure forces on whole of the wetted body surface could be very limited. For the analyzed model, simulated fore-aft bending 
moments of the model in wind and waves could be obtained by superimposing the results for wind only condition, and wave only 
condition except that the corresponding averaged wind induced forces and moments should be applied on the numerical model. 
This simplification can significantly reduce number of cases of short-term analysis required in long-term analysis. However, 
applicability of the simplification should be analyzed case by case in particular for a blunt structure with relatively large volume 
of displaced water in waves with relatively small wave length. Analysis and discussions given in this paper are based on available 
measurements of the model test. Hydroelastisity and structural vibration of the columns and pontoons of the hull are not accounted 
for by the numerical and experimental models. Suggestions for design of future model tests are given in this paper. 
  
 
1 Introduction 

Floating wind turbines are considered an attractive solution for harvesting offshore wind energy in relatively deep water, e.g. 
deeper than 80 m. In general, a floating wind turbine is composed of a Rotor Nacelle Assembly (RNA), a tower, a hull and a 
mooring system.  

As required by relevant standards and guidelines for offshore wind turbines, e.g. [1-5], global responses, in terms of motions 
and sectional forces and moments, should be appropriately analyzed for limit state design checks. As the development of floating 
wind turbines is at an early stage, numerical simulations and model tests for analyzing the global responses of floating wind 
turbines in wind and waves are hot research topics. 

Computer codes for analyzing floating wind turbines have been developed by combining the knowledge and computer codes 
for modelling hydro loads on offshore platforms and aerodynamic loads on land-based wind turbines for decades [6]. A review of 
conventional approaches for modelling aerodynamic loads on the RNA and tower, hydro loads on the hull and mooring lines of 
floating wind turbines is available in [7]. Features of some conventional time-domain computer codes are tabulated in [8]. Global 
responses of the RNA, tower, and mooring system, and rigid-body motions of a given floating wind turbine can be simulated in 
these codes by generating and solving finite element model for the floating wind turbine, while Morison formula and/or the 
conventional hybrid frequency-time domain approach [9] is used to model hydro loads on the hull of the floating wind turbine. 
Morison formula is an empirical formula and, in general, applicable when wave length is larger than five times the diameter of the 
slender structure’s cross-section [10]. The computer codes which implement the conventional hybrid frequency-time domain 
approach cannot capture the sectional forces and moments in the hull since the hull is modelled as a rigid-body with 6 d.o.f.s in 
the finite element model. Luan et al [9] recently developed an approach based on an extension of the conventional hybrid 
frequency-time domain approach, for which the hull is modelled as multi-bodies. The developed approach can be easily 
implemented in various state-of-the-art time-domain computer codes for floating wind turbines, e.g. Simo/Riflex/Aerodyn, 
OrcaFlex and FAST+CHARM3D, to extend their capabilities to analyze sectional forces and moments in structural components of 
a generic floater. A moderate wave-only experimental validation for this approach is made in [11]. 

Global responses of floating wind turbines in wind and waves can be measured (and analyzed) by carrying out model tests. 
Conventional model tests for measuring wave induced responses of a floating unit are designed to satisfy geometrical and 
kinematic similarities and equality according to Froude number ensure similarity between inertia and gravity forces of the 
experimental and actual models. However, similarity between inertia and viscous forces of the models cannot be achieved since, 
in practice, equality in Reynolds number cannot be satisfied at the same time. Different Reynolds number may indicate different 
patterns of fluid flows around the experimental and actual models. Necessary corrections are needed if the measurements are 
sensitive to the viscous forces. Due to the same reason, similarity between inertia and aerodynamic loads on the RNA, which are 
important to responses of floating wind turbines, cannot be achieved either, see [12-14]. To solve this problem, various forms of 
“non-geometrical scaling” of the wind turbine rotor have been developed to improve the aerodynamic load modeling in wind-
wave model tests. For example, one form of non-geometrical scaling is to replace the wind turbine rotor with a drag disk, e.g. [15, 
16]. A more sophisticated method of non-geometrical scaling is to modify the wind turbine airfoil shape and chord length to 



obtain improved performance at low Reynolds numbers [17-20]. These non-geometrical scaled wind turbines can be designed to 
achieve the same non-dimensional thrust coefficient as the reference full scale wind turbine in a specified steady condition (calm 
water, constant wind speed, and fixed rotational speed and pitch angle of the blades). Therefore, the “non-geometrical scaled” 
wind turbines can be used to physically analyze static response of the experimental model of floating wind turbines in steady 
conditions. However, it is still a challenge, which has not been solved yet, to make a performance-matched wind turbine model, 
which means to use the non-geometrical scaled wind turbines in model tests to accurately mimic Froude scaled actual 
aerodynamic loads on the rotor of the corresponding full scale reference wind turbine in dynamic conditions (turbulent winds, 
and/or regular or irregular waves, and/or with or without controller for blade pitch angle and rotational speed). This is because it is 
a challenge to design a non-geometrical scaled wind turbine for which the non-dimensional thrust coefficient is always identical to 
the corresponding coefficient of the reference full scale wind turbine in an arbitrary steady condition. As shown in [17], the non-
dimensional thrust coefficient versus tip speed ratio curves of the non-geometrical scaled wind turbines can be very sensitive to 
the wind speed (the Renolds number). It is also a challenge to generate and/or measure constant and turbulent wind fields in a 
classical towing tank or ocean basin [21] as well. Implementation of real-time hybrid model testing approach, e.g. ReaTHM® [22], 
and reference [23], is a recent development for accurate modelling the actual aerodynamic loads in ocean basin. ReaTHM® relies 
on the assumption that actual aerodynamic loads on the full scaled reference wind turbine can be captured by the state-of-the-art 
aerodynamic computer codes, e.g. Aerodyn [24]. A numerical finite element model for the RNA and control system of the full 
scale reference wind turbine and numerical model of wind field are generated in a computer code which implements the state-of-
the-art aerodynamic computer code to calculate the aerodynamic loads on the RNA in the wind field. The resultants of the 
calculated aerodynamic loads are down scaled (based on Froude scale) and physically applied on a Froude scaled model of the 
floating wind turbine, while in the computer code the hub of the RNA rigidly follows the measured rigid-body motions, which has 
been up scaled (based on Froude scale), of the experimental model. A 1:30 scaled braceless semi-submersible model test which 
implements the ReaTHM® testing approach was done by SINTEF Ocean in its ocean basin [25]. Sectional forces and moments in 
base of a side column and tower base of the model in different combined wind and wave conditions have been measured. 
ReaTHM® can appropriately address effects of the control system on the aerodynamic loads while the actual loaded forces can be 
measured in a straight-forward manner. A detailed description of the approach and its feasibility is available in [22, 26].  

This paper intends to shed more light on sectional forces and moments in the hull of semi-submersible wind turbines 
submitted to combined wind and wave loads by thoroughly analyzing the measurements of the 1:30 scaled model test in SINTEF 
Ocean and corresponding numerical simulations. A Simo/Riflex model which implements the approach presented by Luan et al [9] 
has been generated. Sectional forces and moments in five cross-sections of the hull of the braceless semi-submersible wind turbine 
are analyzed. The hull of the braceless semi-submersible wind turbine is a static determinate structure. The external load on the 
hull is composed of wave excitation loads, added mass forces, potential damping forces, gravity, hydrostatic forces, and drag 
forces. Configurations of mean wetted body surface of the model in wind and waves and in wave only are different due to mean 
components of the wind loads on the rotor, tower and hull of the model. The difference means that hydrodynamic coefficients that 
are calculated for modeling hydro loads on the hull are different since values and distributions of hydro pressure forces on the hull 
are changed. Numerical sensitivity study and comparisons of measurements in different conditions are used to analyze effects of 
each component of the external loads, and inertial load on the sectional bending moments in different cross-sections of the hull. 
Simplifications for the numerical modelling are discussed based on the results of the parametric analysis. Sectional forces and 
moments in different cross-sections are compared. To quantify the differences between the numerical model and the experimental 
model, the simulated and measured fore-aft bending moments in the bases of the side column and tower are compared. The 
agreement is reasonably good. 

In previously, comparisons of simulated and measured responses of floating wind turbines have been analyzed by some 
researchers, e.g. [27]. Geometrical scaled or non-geometrical scaled wind turbine, which cannot correctly mimic the Froude scaled 
aerodynamic loads on the corresponding full scale reference wind turbine in dynamic condition, are used in the model tests 
mentioned by the researchers in their publications, while these model tests are not designed for capturing sectional forces and 
moments in hull of floating wind turbines. For each model test, the wind turbine of the experimental model is modelled in its 
corresponding numerical model to simulate aerodynamic loads on the wind turbine while numerical wind field is generated based 
on measured wind speed at one specified fixed position in the model test. Consequently, the differences between the 
measurements and simulations are due to the differences between 1) the numerical wind field and actual wind field in the model 
test, 2) performance of the numerical and experimental models of the wind turbine and 3) mass properties of the numerical and 
experimental models and 4) hydro loads on the hull of the numerical and experimental models. These differences are mixed and 
make it difficult to analyze reasons for the differences between the measurements and simulations in quantity. To avoid this 
difficult situation, the aerodynamic loads which are actually loaded on the 1:30 scaled model analyzed in this paper are measured 
and loaded on their corresponding numerical model to ensure identical aerodynamic loads. As analyzed in detail later in this paper, 
although the aerodynamic loads are loaded as prescriptive loads the differences between the measurements and simulations only 
indicate differences in the hydro loads on the hull and the mass properties of the numerical and experimental models. The 
differences in the mass properties can be reduced to a negligible level by carrying out quality control and calibrations. The 
differences in each component of the hydro loads are analyzed in this paper.  

 
 
 



 
2 Model tests 

A layout of the experimental model, the Earth-fixed coordinate system (ܱ௚-ݔ௚-ݕ௚-ݖ௚ ) and load directions are shown in Figure 
1. ܱ௚  is at geometrical center of water plane area when the model is in calm water. The specified dimensions of the semi-
submersible hull are tabulated in Table 1 and shown in Figure 2. The mooring system is composed of three catenary chain 
mooring lines. Each mooring line has two segments from fairlead to anchor with constant solid circular cross-section. Design 
parameters are given in Table 2 and 3. The scaled value of the Young’s modulus of the mooring lines of the experimental model is 
6.3 ∗ 10ଽ kN/mଶ. Measured mass properties of the hull are given in [25]. However, as analyzed in [11], calibrated rather than 
measured mass properties are eventually used in development of numerical models due to the “model-the-model” principle which 
means to simulate the actual model tests as closely as possible [28]. The calibrated mass properties are given in Section 3, 
describing the numerical models used in this paper. Note that all the data and results presented and discussed in this paper are 
given in full scale and in the corresponding coordinate systems described in this paper. A linear scaling factor of λ ൌ 30 and the 
Froude scaling law are used to scale the original data measured from the model test. Environmental conditions of the model tests 
are tabulated in Table 4. Fore-aft bending moments in the base of the side column 1 and tower are measured. A more detailed 
description of the model tests is found in [11, 25]. 

Table 1. Specified dimensions of the semi-submersible hull (Full-scale) 

Central column diameter [m] 6.5 
Side column diameter [m] 6.5 
Pontoon height [m] 6 
Pontoon width [m] 9 
Central column freeboard [m] 10 
Side column freeboard [m] 20 
Center-to-center (central to side column) [m] 41 
Center-to-edge (central column to pontoon end) [m] 45.5 
Operating draft [m] 30 
Displacement [tonne] 10,555 

 
Table 2. Design parameters of a single mooring line (Full-scale) 

Segment Length Mass per length Wet weight Specified diameter 
 (m) (kg/m) (kN/m) (m) 

Upper 240.00 235.0 2.005 0.195 
Lower 367.55 446.0 3.804 0.269 

Table 3. Arrangement of the mooring line anchors and fairleads described in the global coordinate system (Full-scale) 

Fairlead ݔ௚ ݕ௚ ݖ௚ Anchor ݔ௚ ݕ௚ ݖ௚ 
1 45.95 0 -27 1 603 0 -200 
2 -22.98 39.8 -27 2 -301.5 522.2 -200 
3 -22.98 -39.8 -27 3 -301.5 -522.2 -200 

 

  



Table 4 Environmental conditions of selected model tests (Full-scale) 

Reference 
No. 

 ௦ܪ
[m] 

௣ܶ 
[s] 

Mean 
wind 

speed at 
nacelle 
[m/s] 

Turbulence 
intensity 

factor 
[%] 

Direction of 
waves 

[degree] 

Direction of 
winds 

[degree] 

Model test 
duration 
[hour] 

Note 

2410 15.3 14 None None 0 None 3 Irregular wave only condition. 
JONSWAP wave spectrum 2420 3.6 10.2 None None 0 None 3 

1713 None None 11 17.0 None 0 3 Turbulent wind only condition. 
Kaimal wind spectrum 1733 None None 25 13.2 None 0 3 

4121 5.9 11.3 25 13.2 0 0 3 Turbulent wind and irregular 
waves. JONSWAP wave 

spectrum and Kaimal wind 
spectrum. In operation 

4132 5.9 11.3 25 13.2 0 0 3 
4310 3.6 10.2 11 17.0 0 0 3 
4410 5.2 8 8 19.5 0 0 3 

 
 

 

Figure 1 Layout of the experimental model 

 

Figure 2 A layout of the hull of the experimental model, courtesy of Fredrik Brun (SINTEF Ocean). Note that the 
configurations of the three pontoons are identical. Some parts of the configurations of Pontoon 1 and 3 are not shown. 
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3 Numerical models and calibrations 

3.1 Numerical models     

Simo and Riflex [29, 30] are used to simulate sectional forces and moments in five cross-sections (denoted as SX, X=1, 
2,…,5) in the hull of the semi-submersible wind turbine. S1 represents a horizontal cross-section on the base of side column 1. S2 
and S3 are vertical cross-sections on Pontoon 1. S4 is a horizontal cross-section on base of central column. S5 is a horizontal 
cross-section on the base of tower, see Figure 2. The geometrical center of the cross-sections are tabulated in Table 5 in a body-
fixed coordinate system (denoted as ܱ௕-ݔ௕-ݕ௕-ݖ௕) which coincides with the global coordinate system (ܱ௚-ݔ௚-ݕ௚-ݖ௚) when the 
wind turbine is located in calm water. Each cross-section divides the model into two part: Part A and B. We denote the part which 
includes the tower and RNA as Part B, see Figure 2 for an example. 

Key features and limitations of the developed numerical models are highlight as follows: 
 A time-domain finite element model is generated to simulate sectional forces and moments 
 Effect of flexible modes of the hull and tower on motions and sectional forces and moments (effect of hydroelasticity) is 

negligible as the hull and tower of the experimental model is stiff.  
 Wave excitation and radiation loads on Parts A and B are modelled by using hydrodynamic coefficients that are obtained 

by solving a first order boundary value problem based on corresponding mean wetted body surface of the hull with rigid-
body assumption for the hull. The second and higher order wave loads on the hull are not modelled except for the drag 
forces which are modelled by the drag term of Morison formula 

 The measured aerodynamic loads are applied on Part B as prescriptive loads. The differences between the measurements 
and simulations only indicate the differences in the hydro loads on the hull and the mass properties of the numerical and 
experimental models. 

 Necessary calibrations are carried out to reduce uncertainties between the numerical and experimental models. 
 Luan et al’s approach is available to a generic floater (with a static determinate or indeterminate structure). The numerical 

models used in this paper are its specific applications. More detailed descriptions and limitations of the approach are 
referred to [9] 

A detailed description of the developed numerical models is given as follows: 
To simulate sectional forces and moments in a given cross-section, a time-domain finite element model is generated and 

solved in Riflex in the global coordinate system. The model is composed of 183 truss elements for modelling the three mooring 
lines, three artificial beam elements for capturing sectional forces and moments in the corresponding cross-section and two control 
nodes for modelling external and inertial loads on the corresponding Parts A and B.  

If we denote location of geometrical center of SX as (ݔௌ௑௕ , ௌ௑௕ݕ , ௌ௑௕ݖ ) in the ܱ௕-ݔ௕-ݕ௕-ݖ௕ coordinate system, positions of  end 
nodes of the corresponding artificial beams are given in Table 6. The artificial beam elements are massless. There are no external 
loads on the artificial beam elements. Each artificial beam element only has axial and torsional stiffness. The columns and 
pontoons of the experimental model are designed to have sufficient stiffness to make hydroelasticity effects on the model 
negligible. Therefore, for each artificial beam element, the product of the Young’s modulus and cross-section area is specified as 
10ଽ kN, while, the product of the torsional rigidity and modulus of rigidity are specified as 10ଽ kNmଶ/rad.  

The external and inertial loads on Parts A and B are modelled in Simo by using the Luan et al’s approach which is initially 
described in [9] and applied on the control nodes in the finite element model generated in Riflex. Each control node has 6 d.o.f.s. 
Each of the end nodes of the artificial beam elements and the top end nodes of the mooring lines (the fairleads) rigidly follows the 
motions of the corresponding control node. 

We denote position of the control nodes corresponding to the corresponding Parts A and B for the cross-section SX in the 
global coordinate system as ࣁௌ௑,஺ሺݐሻ and ࣁௌ௑,஻ሺݐሻ, respectively. ࣁௌ௑,஺ሺݐሻ and ࣁௌ௑,஻ሺݐሻ are 6 ൈ 1 vectors and used to represent 
motions of the Parts A and B. When the floating wind turbine is in calm water, the control nodes are located at the origin of the 
global coordinate system while all of the terms in ࣁௌ௑,஺ and ࣁௌ௑,஻ are zero.  

Body related coordinate systems for Parts A and B corresponding to cross-section SX are generated in Simo and denoted as 
ܱ௥,஺,ௌ௑-ݔ௥,஺,ௌ௑ ௥,஺,ௌ௑ݖ-௥,஺,ௌ௑ݕ-   and ܱ௥,஻,ௌ௑ ௥,஻,ௌ௑ݔ- ௥,஻,ௌ௑ݕ- ௥,஻,ௌ௑ݖ- , respectively. The ܱ௕ ௕ݔ- ௕ݕ- ௕ݖ-  and body-related coordinate 
systems are coincident when the model is located at its mean position in calm water. ܱ௥,஺,ௌ௑ and ܱ௥,஻,ௌ௑ rigidly follow rigid-body 
motions of the ܱ௕ but the orientation of the body-related coordinate systems and the vertical position of the ܱ௥,஺,ௌ௑ and ܱ௥,஻,ௌ௑ are 
fixed (as the same as the body-related coordinate systems when the model is located at its initial position in time-domain 
simulation). 

Applying Luan et al’s approach, the first order wave excitation and radiation loads are modeled as forces and moments acting 
on the ܱ௥,஺,ௌ௑ and ܱ௥,஻,ௌ௑, while the forces and moments are determined by corresponding hydrodynamic coefficients and first 
and second derivative of ࣁௌ௑,஺ሺݐሻ and ࣁௌ௑,஻ሺݐሻ and wave elevation of incident waves.  

The hydrodynamic coefficients are obtained by the following steps, 1) generating and solving a boundary value problem 
based on corresponding mean wetted body surface in ܱ௙-ݔ௙-ݕ௙-ݖ௙ coordinate system (an earth fixed coordinate system) with 
rigid-body assumption for the hull, 2) calculating pressure forces on the mean wetted body surface based on the Bernoulli’s 
equation and corresponding velocity potential, 3) integrating the pressure on the wetted body surface of the corresponding Part A 
or B using the coordinate system ܱ௙-ݔ௙-ݕ௙-ݖ௙ to obtain the integrated forces and moments acting on the ܱ௙, and 4) derive the 



hydrodynamic coefficients based on the corresponding resultant forces and moments on the ܱ௙ in the ܱ௙-ݔ௙-ݕ௙-ݖ௙ coordinate 
system. 

Wind and wave loads on floating wind turbines have a steady (constant) component. The component is composed of constant 
forces and moments and results in a mean horizontal offset and title angle. Phase angle of each frequency component of incident 
wave should be updated based on the mean horizontal offset in particular for high frequency components which can be very 
sensitive to the mean horizontal offset. The configuration of the mean wetted body surface in the ܱ௙-ݔ௙-ݕ௙-ݖ௙ coordinate system 
should be updated based on the mean title angle. The mean wetted body surfaces of the hull corresponding to 0-degree and α-
degree tilt angles in the ܱ௙-ݔ௙-ݕ௙-ݖ௙ coordinate system are shown in Figure 3.  

 
 

 
Figure 3 Configuration of mean wetted body surface of the hull subjected to different title angles 

Morison’s formula is used to model the hydrodynamic loads on the mooring lines, while the drag term of the Morison’s 
formula is use to model the drag forces on the hull components. Non-dimensional drag and mass coefficients (ܥௗ and ܥ௔) for the 
segments of each mooring line are specified as 1.4 and 1.0 respectively, while ܥௗ  for width and height of the pontoons and 
columns are specified as 2.1, 1.7 and 0.5, respectively, according to [31]. Young’s modulus of mooring lines of the numerical 
model is specified as 2.1 ∗ 10଼ kN/mଶ rather than 6.3 ∗ 10ଽ kN/mଶ, which is obtained by upscaling the measured value of the 
experimental model, to avoid numerical problems. In theory, the effect of this difference on mooring line tension and global 
responses of the model are negligible. 

Aerodynamic loads which were applied on the experimental model were measured. The measured aerodynamic loads are 
applied on the control node for Part B to model the aerodynamic loads. 

The numerical models do not include the second order and higher order hydrodynamic loads and hydroelastical effects except 
for the viscous drag forces, while the numerical models include hydrodynamic interactions between Parts A and B. 

In Riflex, the time-domain finite element model is solved by using Newmark-ߚ numerical integration (ߚ ൌ 3.9 and ߛ ൌ 0.505). 
Time step is set to be 0.05 seconds. Rayleigh damping, which is a linear combination of the Riflex generated global mass and 
stiffness matrices, is used for modelling effect of structural damping. The corresponding mass and stiffness proportional 
coefficients are set to be 0 and 0.005, respectively. More explanations are given in [30]. 

Table 5 Positions of geometrical center of the five cross-sections in the body fixed coordinate system 

 S1 S2 S3 S4 S5 

ௌ௑ݔ
௕  41 31.5 7.5 0 0 

ௌ௑ݕ
௕  0 0 0 0 0 

ௌ௑ݖ
௕  -27 -27 -27 -22 10 

Table 6 Positions of end nodes of the three artificial beams that correspond to the SX in the body-fixed coordinate 

system (Units in meter) 

 End 1 End 2 
Artificial beam 1 (ݔௌ௑௕ -0.1, ௌ௑௕ݕ , ௌ௑௕ݖ ௌ௑௕ݔ) ( ௌ௑௕ݕ	,0.1+ ௌ௑௕ݖ	, ) 
Artificial beam 2 (ݔௌ௑௕ , ௌ௑௕ݕ -0.1, ௌ௑௕ݖ ௌ௑௕ݔ) ( ௌ௑௕ݕ	, ௌ௑௕ݖ	,0.1+ ) 
Artificial beam 3 (ݔௌ௑௕ , ௌ௑௕ݕ , ௌ௑௕ݖ ௌ௑௕ݔ) (0.1- ௌ௑௕ݕ	, ௌ௑௕ݖ	, +0.1) 

 



Table 7 Mass properties of the numerical models. The center of gravity is described in the body-fixed coordinate 

system with respect to ܱ௕. The moments of inertia are about the center of gravity. 

 Mass [tonnes] Centre of gravity [m] Moments of inertia [tonnes*m2] 
 ௬௭ܫ ௫௭ܫ ௫௬ܫ ௭௭ܫ ௬௬ܫ ௫௫ܫ ௕ݖ ௕ݕ ௕ݔ

Complete model 9,730.0 0 0 -20.35 10,308,320 10,293,841 7,637,715 0 20,759 0 
Part A for S1 456.7 41 0 -12.93 96,093 96,093 2,193 0 0 0 
Part A for S2 1,422.7 37.6 0.0 -24.6 170,571 193,411 27,594 0.0 0.0 -25,754 
Part A for S3 2,574.7 29.5 0.0 -26.7 187,382 474,115 295,068 0.0 0.0 -79,897 
Part A for S4 8,712.0 0.0 0.0 -27.9 4,009,202.0 4,080,202.0 7,638,356.0 0.0 0.0 19,947.0 
Part A for S5 8,873.2 0.0 0.0 -27.5 4,105,877.0 4,173,877.0 7,640,000.0 0.0 0.0 19,947.0 

3.2 Calibrations     

The “model-the-model” principle, which means to simulate the actual model tests as closely as possible [18], is used. As 
discussed in [11, 32], the anchors of the mooring lines are moved 1.5 meters away along the radial direction. The mass of the 
experimental model can be estimated based on the draft, configuration of the hull and resultant force of the vertical components of 
the mooring line tensions at the fairleads. Comparing the estimated mass to the measured mass, a 4.7% deviation is observed 
(Note that the difference due to the weight of the mooring lines has already been considered). Meanwhile there are discrepancies 
between the simulated and measured roll/pitch natural periods (obtained from decay tests) and mean heeling angle and fore-aft 
and side-to-side bending moment in turbulent wind-only conditions. As discussed in [32], deviations may exist in the 
measurements of the position of the center of gravity and moment of inertia. Consequently, a constant force is added to 
compensate the 4.7% difference and make the numerical model float at the same draft as the experimental model in calm water 
while the vertical position of the center of gravity and mass matrix of the corresponding Parts A and B are calibrated. Mass 
properties used in the numerical models are tabulated in Table 7. The procedure for calibrating the mass properties of the whole 
model and Parts A and B corresponding to S1 has been presented in [11]. Note that three forces and moments were used to adjust 
the inertial loads of Part B (corresponding for S1) and denoted as െࡹ௠௔௦௦

௔ௗௗ௜ ሷࣁ ௌଵ,஻ሺݐሻ. The ࡹ௠௔௦௦
௔ௗௗ௜  is a 6 ൈ 6 matrix.  The ࣁሷ ௌଵ,஻ሺݐሻ is 

the second derivative of the ࣁௌଵ,஻ሺݐሻ. The three forces and moments are described in the ܱ௥,஻,ௌଵ-ݔ௥,஻,ௌଵ-ݕ௥,஻,ௌଵ-ݖ௥,஻,ௌଵ coordinate 
system with respect to the ܱ௥,஻,ௌଵ. According to the results of a parametric study with respect to the effect of each term in the 
௠௔௦௦ࡹ

௔ௗௗ௜  on the motion responses and bending moments, all the terms in the ࡹ௠௔௦௦
௔ௗௗ௜  are zero except for ܯ௠௔௦௦,ଵଵ

௔ௗௗ௜ ൌ ௠௔௦௦,ଶଶܯ
௔ௗௗ௜ ൌ 571 

tonnes and ܯ௠௔௦௦,ଶସ
௔ௗௗ௜ ൌ ௠௔௦௦,ସଶܯ

௔ௗௗ௜ ൌ 5,690 tonnes*mଶ . Relative differences between the adjusted terms and the corresponding 
terms in the original measured mass matrix of Part B are less than 6%. As shown in [11], agreement between measured and 
simulated rigid-body motions and fore-aft bending moments in cross-section S1 of the semi-submersible wind turbine in moderate 
wave-only conditions is very good. Therefore, the same calibrated mass properties are used in the present paper while the same 
procedure is used to calibrate mass properties of Parts A and B corresponding to S5. We do not have any measurements to 
calibrate mass properties of Parts A and B corresponding to cross-section S2, S3 and S4. Therefore, these mass properties are 
reasonably estimated by the authors according to the calibrated mass properties and mass distribution of the original design 
described in [33]. 

In numerical models for simulating sectional forces and moments in S1, S2 and S3, an inertial load vector (െࡹ௠௔௦௦
௔ௗௗ௜ ሷࣁ ௌ௑,஻), a 

quadratic damping force vector (െࡰொ
௔ௗௗ௜|ࣁ|ሶ ௌ௑,஻ࣁሶ ௌ௑,஻) and a restoring load vector (െࡷ௥௘௦௧

௔ௗௗ௜ࣁௌ௑,஻), X=1, 2, or 3, are added on the 
control node corresponding to the corresponding Part B. Forces and moments presented by the vectors are described in the ܱ௥,஻,ௌ௑-
ொࡰ .௥,஻,ௌ௑ coordinate system with respect to the ܱ௥,஻,ௌ௑, X=1, 2, or 3ݖ-௥,஻,ௌ௑ݕ-௥,஻,ௌ௑ݔ

௔ௗௗ௜ and ࡷ௥௘௦௧
௔ௗௗ௜ are 6 ൈ 6 matrixs. All terms in 

௥௘௦௧ࡷ
௔ௗௗ௜  are zero except for ܭ௥௘௦௧,ଵଵ௔ௗௗ௜ ൌ െ8	kN/m and ܭ௥௘௦௧,ଵହ௔ௗௗ௜ ൌ ௥௘௦௧,ହଵܭ

௔ௗௗ௜ ൌ െ80	kNm/m. All terms in ࡰொ
௔ௗௗ௜  are zero except for 

ொ,ହହܦ
௔ௗௗ௜ ൌ 40,013,494	kNmsଶ/radଶ for model tests 4410 and 4310. Note that the quadratic damping force vector is not added on 

the numerical models for test 4121. Similarly, െࡹ௠௔௦௦
௔ௗௗ௜ ሷࣁ ௌ௑,஺, െࡰொ

௔ௗௗ௜|ࣁ|ሶ ௌ௑,஺ࣁሶ ௌ௑,஺ and െࡷ௥௘௦௧
௔ௗௗ௜ࣁௌ௑,஺, X=4 or 5, is added on the 

control node corresponding to the corresponding Part A in the numerical models corresponding for S4 and S5.  
These added forces and moments, to some extent, affect rigid-body motions of the model, in particular for low frequency 

components of the motions. Consequently, components of sectional forces and moments in the cross-sections that are related to 
motions, velocities and accelerations are affected by these added forces and moments. While, comparing to forces and moments in 
the specified cross-sections, the added forces and moments are negligible. 

4 Comparisons for measured and simulated responses in operational conditions 

Simulated and measured rigid-body motions and fore-aft sectional bending moments of the model in combined wind and 
wave conditions, i.e. model test 4410, model test 4310 and model test 4121, are compared.  

The differences between the measurements and simulations are related to uncertainties in the measurements and the 
differences between the actual and simulated inertial and external loads on the semi-submersible wind turbine. In another word, 
the simulated and measured responses, e.g. rigid-body motions and sectional forces and moments, will be identical, if the 
simulated and actual inertial and external loads are identical, and the actual responses can be accurately measured. The external 



loads are composed of aerodynamic loads, hydro loads and gravity forces. We can assume that the differences between the 
simulated and actual aerodynamic loads are negligible since the measured aerodynamic loads are applied on the numerical model 
as prescriptive loads. While, as analyzed by [25, 26], we can assume that sensors used in the model test can accurately measure 
the rigid-body motions, fore-aft sectional bending moments, wave elevation and the actual applied aerodynamic loads on the 
experimental model.  

Consequently, differences in simulated and measured responses indicate differences between simulated and actual inertial 
loads, gravity forces and hydro loads. 

The differences between simulated and actual inertial loads and gravity forces are related to uncertainties in the mass 
properties and the differences in measured and simulated rigid-body motions. As analyzed in [11, 32] and Section 3.2 of this paper, 
measurements of the mass properties and configurations of the mooring lines and hull of the experimental model may be uncertain. 
Therefore, essential calibrations are carried out to reduce these uncertainties, see Section 3.2. 

Objective of this section is to identify differences between the simulated and actual hydro loads via comparing the simulated 
and measured responses.  

Note that the developed numerical models cannot completely account for all the components of the second and higher order 
hydro loads however these loads inherently exist in the experimental tests. In addition, the drag term of Morison formula [31] is 
used to model the viscous drag forces on the hull and mooring lines. This is an empirical formula. While, the coefficients for 
simulating the viscous drag forces are determined according to the Reynolds number, Keulegan-Carpenter numbers and surface 
roughness which correspond to the full size model rather than the Froude law scaled model. Consequently, the drag coefficients 
need to be appropriately calibrated, see Section 3.2. The hydro loads can be further classified as wave excitation loads, radiation 
loads, and hydrostatic pressure forces, see [9]. Note that these loads are related to the configuration of the wetted body surface of 
the hull. The sensitivity study and comparisons of measurements in different conditions are used to analyze effects of these 
components on rigid-body motions and sectional bending moments, see Section 5. The effect of these components is used to 
identify reasons for the differences between the measurements and simulations presented in this section. 

In this section, the measurements correspond to three different turbulent wind conditions, which includes turbulent winds with 
mean wind speed below (8 m/s), at (11 m/s) and above (25 m/s) the rated wind speed of the 5-MW wind turbine. 3-hour 
realizations of wave elevation are generated in the time-domain models according to the corresponding 3-hour realizations of the 
measured wave elevations; while the measured aerodynamic loads are loaded on the time-domain models, correspondingly. 1-
hour realizations of rigid-body motions and bending moments are selected from the 3-hour simulated realizations by neglecting 
transient processes (first 1,000 seconds of each realization).  

Spectral density functions are obtained by applying inverse Fourier transform, with a fixed smoothing parameter, of the 
autocorrelation function of the 1-hour realizations. Regarding the spectral density functions, we focus on spectral densities in 
frequency range of 0 rad/s to 2 rad/s. Major parts of areas under spectral density curves of incident wave-elevations and thrust 
forces and moments applied on the rotor are in wave-frequency-range (defined as from 0.3 rad/s to 2 rad/s) and low frequency-
range (defined as from 0 rad/s to 0.3 rad/s), respectively, see Figure 4. The turbine is in operational condition in these model tests. 

Relative difference (݊௥) of standard deviations of simulations and measurements are calculated based on the area under the 
corresponding spectral density curves in the corresponding specified frequency range, see Eq. (1) and [34]. In Eq. (1), ݉଴,௦ 
represents the area of the part under the spectral density curve of a simulated response in a specified frequency range, i.e. full 
frequency-range, low frequency-range and wave-frequency-range. Similarly, ݉଴,௠  represents the area of the part under the 
spectral density curve of a measured response in a specified frequency range. 

݊௥ ൌ
ඥ݉଴,௦ െ ඥ݉଴,௠

ඥ݉଴,௠
∗ 100%													ሺ1ሻ 

We denote a simulated and a measured response as ݔ  and ݕ , respectively. Transfer function between ݔ  and ݕ  can be 
calculated by using Eq. (2). ܩ௫௬  and ܩ௫௫  are one-side spectra that are derived from corresponding cross-correlation and 
autocorrelation with respect to the realizations of ݔ and ݕ, respectively [35]. ܪ௫௬ሺ߱ሻ is a complex number. Real and imaginary 
parts are denoted as ܴ݁ and ݉ܫ respectively. Phase angle (α) between ݔ and ݕ is derived based on the corresponding values of ܴ݁ 
and ݉ܫ. 

௫௬ሺ߱ሻܪ ൌ
௫௬ሺ߱ሻܩ

௫௫ሺ߱ሻܩ
ൌ ܴ݁ ൅ ݉ܫ ∗ ݅													ሺ2ሻ 



 
Figure 4 Normalized spectral densities of wave elevations and thrust forces applied on the rotor. 

 
4.1 Comparisons of measured and simulated rigid-body motions in operational conditions 
 

In general, agreement between simulated and measured rigid-body motions, in terms of spectral densities and phase angle, is 
very good. Relative difference of standard deviations of simulated and measured pitch in full frequency-range is less than 4%. 
Differences in phase angle between simulated and measured motions are no more than 20 degrees, see Figure 8. For the phase 
angles, we focus on the differences in frequency range from 0 rad/s to 1 rad/s since the responses in the rest frequency range are 
very limited. 

Wave-frequency components in the surge and pitch motions are limited when compared to the corresponding low frequency 
components, see Figures 5 and 6. As analyzed later in this paper, the difference between simulated and measured wave-frequency 
components in the surge and pitch motions could be induced by the second and higher order wave excitation loads which are 
inherently exist in the model tests but are not modelled in the numerical models and/or differences between the simulated and 
actual first order wave excitation loads on the hull. The agreement between wave-frequency components of the heave motion of 
the numerical and experimental models is very good. 

Low frequency responses of the model with frequency components around its natural frequencies (0.073rad/s for surge, 0.21 
rad/s for pitch and 0.246 rad/s for heave) are sensitive to the second and higher order hydro loads (potential loads and viscous 
drags) and restoring stiffness, while low frequency responses of the model with frequency components less than 0.05 rad/s are 
sensitive to the restoring stiffness. As analyzed later in this paper, the differences between the measured and simulated heave 
motions with frequency components from 0.2 rad/s to 0.3 rad/s, and the surge motions with frequency components from 0 rad/s to 
0.1 rad/s are due to differences in the second and higher order hydro loads of the numerical and experimental models. When the 
effect of the second and higher order hydro loads on the low frequency surge and pitch motions are relatively small (i.e. low 
frequency surge motion of model test 4310, and pitch motions of model test 4310, 4410 and 4121), very good agreement between 
simulated and measured surge and pitch motions can be achieved by adjusting (calibrating) restoring stiffness of the numerical 
mooring lines and quadratic damping coefficients. ݊௥ for standard deviations of the simulated and measured pitch motion in low 
frequency-range is less than 3%, while ݊௥ for standard deviations of the simulated and measured surge motion of the model test 
4310 in the low frequency-range is less than 0.34%. 
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Figure 5 Comparisons of spectral densities of simulated and measured pitch motions in operational conditions 

 
Figure 6 Comparisons of spectral densities of simulated and measured surge motions in operational conditions 

 

 
Figure 7 Comparisons of spectral densities of simulated and measured heave motions in operational conditions 
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Figure 8 Difference in phase angle between simulated and measured surge (Left Figure) and pitch (Right Figure) 

motions in operational conditions 
Note that, as shown in Section 3.2, we did not make calibrations with respect to quadratic damping coefficients for the surge 

motions. This is because that the model tests were not designed for distinguishing the second and higher order wave excitation 
loads and viscous drag forces from the measured responses. Fortunately, the differences in the surge motions have very limited 
effects on sectional bending moments.  

Comparisons of measured and simulated bending moments are given as follows. More detailed analysis is available later in 
this paper. 

 
4.2 Comparisons of measured and simulated bending moments in operational conditions 
 

In general, agreement between simulated and measured fore-aft bending moments, in terms of spectral densities and phase 
angle, is very good. |݊௥| for standard deviations of simulated and measured fore-aft bending moments in full frequency-range in 
the tower base and base of the side column 1 are less than 4% and 10%, respectively. While differences in phase angle between 
simulated and measured bending moments are no more than 25 degrees, see Figure 9-13. Mean values of the fore-aft bending 
moments in the base of the side column (S1) and base of the tower in difference environmental conditions can be significantly 
different. For instance, mean value of the measured fore-aft bending moment in S1 in the model tests 4121 and 4310 are -2,885 
kN*m and -10,050 kN*m. To highlight differences in variations of the measured and simulated fore-aft bending moments in 
different model tests with respect to time, mean values of realizations presented in Figures 12 and 13 have been removed. In 
general, agreement between the simulated and measured mean values of the fore-aft bending moments in S1 and S5 is good and 
reasonable.  For example, relative difference between the simulated and measured mean values of the fore-aft bending moment in 
S5 is less than -1.3% (the relative difference is only -0.19% in the model test 4310). Mean values of the fore-aft bending moments 
in S1 are affected by mean components of the second and higher order hydrodynamic loads on the side column 1, e.g. mean wave 
(drift) forces and moments, which inherently exist in the experimental model test but are not modelled in the numerical models. 
However, absolute values of the differences between the mean values of simulated and measured fore-aft bending moments in S1 
are small and have very limited effect on extreme responses while, roughly speaking, fatigue damage is  related to the variations 
rather than the mean values of the bending moments. The differences between the mean values of the simulated and measured 
fore-aft bending moments in S1 in the model tests 4121, 4410 and 4310 are -649 kN*m, -714 kN*m and -331 kN*m, respectively, 
while simulated 1 hour maximum fore-aft bending moments in S1 in these model tests are 51,338 kN*m, 49,658 kN*m and 
29,487 kN*m, correspondingly and respectively. 

Therefore, in this section, we focus on comparing the differences in standard deviations and spectral densities of the 
simulations and measurements. 

As analyzed in [26], we expect that the differences between the applied aerodynamic loads on the numerical and experimental 
model are negligible. Major reasons for the difference between wave-frequency components of the simulated and measured 
bending moments are identified as: 

 Differences in the modelled and actual wave excitation loads and radiation loads. 
 Differences in the rigid-body motions. 
The major reasons for the difference between low frequency components of the simulated and measured bending moments 

are identified as:  
 Differences in the modelled and actual fluctuations of hydrostatic pressure forces and viscous drag forces. 
 Differences in the rigid-body motions. 
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Figure 9 Comparisons of spectral densities of the simulated and measured fore-aft bending moments in the tower base 

(S5) 

 
 

Figure 10 Comparisons of spectral densities of the simulated and measured fore-aft bending moments in the base of 
side column 1(S1) 

 
Figure 11 Differences in the phase angle between simulated and measured fore-aft bending moments in S1 and S5 
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Figure 12 Comparisons of the simulated and measured realizations of fore-aft bending moments in the base of side 

column 1(S1) (mean values have been removed) 

 
Figure 13 Comparisons of the simulated and measured realizations of fore-aft bending moments in the base of tower 

(S5) (mean values have been removed) 

Table 8 Relative difference of standard deviations of the simulated and measured fore-aft bending 
moments in S1 and S5 

݊௥ of Std. of the fore-aft bending 
moment [%] 

Full frequency 
range 

Wave frequency range, in range from 0.3 
rad/s to 2 rad/s  

Low frequency range, 
below 0.3 rad/s  

S1 
4121 -4.6 -4.5 2.8 
4410 -10.2 -10.1 -5.7 
4310 -5.3 -5.2 -4.9 

S5 
4121 -0.2 -2.2 3.0 
4410 -4.1 -6.8 -2.4 
4310 -2.2 -9.1 -0.3 

 
The differences in the rigid-body motions result in differences in the gravity forces and inertial loads on the tower, and the 

inertial loads and fluctuated hydrostatic pressure forces on the side column 1. To eliminate these differences, the simulations can 
be modified by regenerating the simulated gravity forces, inertial loads and fluctuated hydrostatic pressure forces by using the 
measured rigid-body motions instead of using the simulated rigid-body motions. 

Comparisons of spectral densities of the simulations with and without the modification and measurements of the fore-aft 
bending moment in S5 and S1 are given in Figures 14 and 15, respectively.  
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In Figure 14, spectral densities of the simulations with modification are almost identical to the spectral densities of the 
corresponding measurements. This fact indicates that the differences in the rigid-body motions are the major reason for the 
differences in simulated and measured fore-aft bending moments in the base of the tower, while the differences in the calibrated 
and actual moment of inertial of the tower with respect to the tower base is negligible. 

 
Figure 14 Comparisons of spectral densities of the simulated and measured fore-aft bending moments in the tower 

base (S5) with and without the modifications 

 
Figure 15 Comparisons of spectral densities of the simulated and measured fore-aft bending moments in the base of 

the side column 1 (S1) with and without the modifications 
In Figure 15, differences in wave-frequency components of the spectral densities of the simulations with and without the 

modification are negligible. This indicates that differences exist in the modeled and actual wave excitation loads and radiation 
loads on the model since these loads dominate the fore-aft bending moments in S1, see discussions in Section 5.2. It should be 
kept in mind that the second and higher order hydro loads are not completely modeled in the numerical model, however the loads 
are inherently exist in the experimental model. Sclavounos et al [36] analyzed non-linear wave excitation loads on a fixed column 
in a sea state for which the significant wave height is 10.71 m and peak period of the wave spectrum is 15 seconds. Diameter of 
the column is 6 meters, which is close to the diameter of the columns of the reference semi-submersible wind turbine. Sclavounos 
et al show that the standard deviation of the second order wave excitation loads on the column in surge direction can be 
approximately 10% of the standard deviation of the first order wave excitation loads. Analyses in Section 5.1 confirm that the 
experimental model in model tests 4121 and 4410, for which the significant wave heights are 5.9 meters and 5.2 meters 
respectively, are subjected to considerable non-linear wave excitation loads. The differences in the simulated and actual wave 
excitation loads agree with, and explain the reason for, the differences observed in the simulated and measured rigid-body motions, 
see Figures 5, 6, and 8.  
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Analysis in Section 5.1 shows that the second and higher order wave excitation loads on the experimental model in the model 
test 4310, for which the significant wave height is 3.6 meters, are negligible. Consequently, the differences in the simulated and 
measured results of the model test 4310 are due to the differences in the modeled and actual first order wave excitation loads and 
radiation loads, and uncertainties and noises in the measurements. Some analysis with respect to the uncertainties and noises are 
referred to [11] for which the simulated and measured responses of the model in moderate waves, e.g. model test 2420, are 
analyzed. Note that elevation of incident waves in each model test is measured from its corresponding calibration test which is a 
repeated test without the experimental model. The model tests 2420 and 4310 correspond to the same calibration test since the 
incident waves in these model tests are designed to be identical. Differences between measured wave elevations in the calibration 
test and wave elevations of the actual incident waves in the model tests 2420 and 4310 can be quantified by comparing 
measurements of these model tests and their repeated tests. The model test 4132 is a repeated test for the model test 4121. Relative 
difference of standard deviations of measurements of the fore-aft bending moments in full frequency-range in S1of the model tests 
4121 and 4132 is 2.48%. Note that repeated tests for the model tests 2420 and 4310, and calibration tests were not carried out. The 
relative difference of standard deviations of the simulated and measured fore-aft bending moment in the full frequency-range in 
S1 of the model subjected to environmental conditions of the model tests 4310 and 2420 are 5.3% and 1.4%, respectively. 
Accounting for the relative difference quantified by the repeated test, the authors feel that the agreements between the measured 
and simulated fore-aft bending moments in S1 for the model subject to environmental conditions of the model tests 2420 and 4310, 
respectively, are consistent to each other and acceptable. In addition, note that different sets of coefficients for modeling the first 
order wave excitation loads and radiation loads are used in the numerical models corresponding to the model tests 4310 and 2420. 
This is because, from the model test 2420 to the model test 4310, mean configuration of the wetted body surface of the 
experimental model changes with respect to the mean aerodynamic loads on the tower of the model. More analysis is referred to 
Section 5.4. 

  In Figure 15, for the model test 4310, the differences between the low frequency components of the spectral densities of the 
simulations with the modification and measurements indicate the differences in the modelled and actual hydrostatic pressure 
forces on the hull of the model, while the differences in the modelled and actual radiation loads also contribute to the differences 
in the components with frequencies around the natural frequency of the pitch motion. The differences in the hydrostatic pressure 
forces are also related to the changes in the mean wetted body surface. More explanation is referred to Section 5.4.  

For the model tests 4121 and 4410, some differences in the low frequency components are due to the second and higher order 
wave excitation loads on the experimental model. 

5 Analysis for effect of components on rigid-body motions and sectional bending moments 

In this section, effect of the non-linear wave excitation loads, drag forces, each load component, and steady wind and wave 
loads induced changes with respect to the mean wetted body surface on the rigid-body motions and sectional bending moments 
are analyzed by comparing the measurements in different conditions and carrying out numerical sensitivity study. 

As mentioned in Sections 3.1 and 4, the measured aerodynamic loads are applied on the numerical models. This ensures that 
the simulated and actual applied aerodynamic loads on the corresponding numerical and experimental models are identical. The 
differences between the simulated and measured responses are induced by the differences between simulated and actual 
hydrodynamic loads. As shown in Section 4, in general, agreements between the simulations and measurements are good. This 
indicates that differences between simulated and actual hydrodynamic loads are small. Consequently, in general, the aerodynamic 
loads and hydrodynamic loads on the experimental models can be reasonable accounted for in the numerical models. Therefore, 
the numerical models could be used to analyze the effect of the components on rigid-body motions and sectional bending 
moments of the 5-MW-CSC.   

 
5.1 Analysis for the effect of the non-linear wave excitation loads and drag forces 

Velocity potential can be used to describe unsteady, irrotational and inviscid fluid motion, for which the only external force 
field is gravity. Consequently, we can consider that the hydro loads are composed of the drag forces due to viscous effects of fluid 
and potential loads. The potential loads are resultants of pressure forces on the wetted body surface of the hull. We denote position 
of an arbitrary point on the wetted body surface of the hull in the global coordinate system as (x,y,z). The hydro pressure at the 
point follows from Bernoulli’s equation, see Eq. (3). 

p ൌ C െ ρgz െ ρ
∂ϕ
∂t

െ
ρ
2
ϕ׏ ∙  ሺ3ሻ																			ϕ׏

where ϕ is time dependent velocity potential. C is a constant value related to the atmospheric pressure on free-surface. ρ is 
density of the sea. g is gravity acceleration. 

 ϕ is obtained by solving the corresponding boundary value problem [37]. Note that the positions of free-surface and the 
wetted body surface of the hull in the global coordinate system, and body-velocity are related to the motions of the hull. We define 
that the wave excitation loads as the potential loads which include ϕ but are independent to the motions of the hull. Rest part of 
the potential loads is related to the motions of the hull (including first and second derivative of the motions with respect to time).  

The drag force on a 2-D cross-section of a structural component, e.g. column, and pontoon, is expressed by Eq. (4), see [5]. ݒ 
and ݎሶ  are corresponding velocities of the fluid and cross-section. ݎሶ  can be derived from the motions of the hull. We can see that 



ௗ௥௔௚ܮ
ଶ஽ ሺݒ, ሶݎ ,ଶݒ ሶሻ is composed of terms that are related toݎ ଶ, and ݎݒሶ . The terms related to ݒଶ behave as excitation forces while the 

terms related to ݎሶ ଶ and ݎݒሶ behave as damping forces. 

ௗ௥௔௚ܮ
ଶ஽ ሺݒ, ሶሻݎ ൌ

1
2
ρܥ஽ܦሺݒ െ ݒ|ሶሻݎ െ  ሺ4ሻ													ሶ|ݎ

Natural periods of the motions of the semi-submersible wind turbine are designed in the low frequency-range to avoid 
resonances excited by the first order wave excitation loads, while, resonances could be excited by the second and higher order 
wave excitation loads, excitation loads included in the drag forces, and aerodynamic loads. For wind waves in open sea, 
significant wave height tends to increase with increase of mean wind speed. This means wave load effect could be more and more 
important, e.g. effect of the second order wave loads on the motions in the low frequency-range could be more important than the 
effect of aerodynamic loads. Spectral density curves of the motions and fore-aft bending moments of the experimental model in 
the extreme and moderate wave only conditions are given in Figures 16 and 17 and serve as reference values for the motions and 
sectional forces and moments excited by the second order wave excitation loads in the low frequency-range. The second order 
wave loads affect the amplitudes and phase angles of the responses of the model. 

Measurements in different wind-only and wind and waves conditions are compared as well, see Figures 16 and 17. Spectral 
density curves of measurements in the model test 4310 and its corresponding wind-only model test (model test 1713) are almost 
identical. This indicates that in operational conditions with moderate waves, e.g. the model test 4310, the second and higher order 
wave excitation loads and drag excitation forces are negligible. 

Increased second and higher order wave excitation loads are expected in the model tests 4121 and 4410 as the significant 
wave height increases. As observed in Figure 16 the experimental model in the model test 4121 has more low frequency dynamic 
motions in the surge and heave motions than the one in the corresponding wind-only model test. Another evidence is the 
differences in spectral densities of the measured fore-aft bending moments in S1 of the model tests 4121 and 1733 (in frequency 
range from 0 rad/s to 0.15 rad/s). 

Note that wave steepness and ratio between water depth and wave length of the measured incident waves in the model tests 
4121, 4410 and 4310 indicate that wave crest kinematics of some measured waves are recommended to be  modelled by Stokes 
2nd order or Stokes 3rd order wave theory [46]  

In addition to the low frequency excitation loads, the resonant responses are sensitive to the damping level of the model. Eq. 
(4) shows that the drag forces on the model include a force that is related to the first derivative of the motions of the hull and fluid 
velocity (ݎݒሶ). This indicates that the damping level of the model is related to the incident waves.  

The motions of the model in the wind-wave and wind-only conditions are simulated and compared in Figure 18. The 
numerical model does not include low frequency wave excitation loads but includes the drag forces. Comparisons of the low 
frequency components of the simulated motions of the model in the wind-waves and wind-only conditions show that the incident 
waves result in increase of the damping level of the model, while, as a result, the low frequency motions in the frequency ranges 
around the model’s natural frequencies of the surge, heave and pitch motions can be significantly reduced. The observations in 
Figure 18 are supported by observations in comparisons of simulations of the conventional numerical models used in [9] for 
which aerodynamic loads (including aerodynamic damping effect) are accounted for by Aerodyn based on blade element 
momentum theory.  

The differences in spectral densities of measured fore-aft bending moments in S5 and S1 of the model tests 4121 and 1733 (in 
the frequency range from 0.15 rad/s to 0.25 rad/s) are results of the differences in the pitch motions which are affected by the 
differences in the damping level and differences in low frequency excitation loads, i.e. 2nd and higher order wave loads and 
aerodynamic loads, see more discussions in Section 5.2. Effect of the wave excitation loads can be quantified in a straight-forward 
manner by carrying out a corresponding wave-only model test which is similar as the model tests 2410 and 2420. However, the 
wave-only model test was not carried out in the laboratory. Analysis and discussions given in this paper are based on available 
measurements. More systematical model tests are welcome in future.  

 As shown in Figure 15 and Table 8, the numerical model based on linear potential-flow theory underestimates the standard 
deviations of wave-frequency components of the fore-aft bending moments in S1 by 5% to 10%. The differences in the simulated 
and actual excitation loads are considered as the major reason for the differences. More experimental tests designed for 
distinguishing linear and non-linear hydro loads are recommended to be considered in future. 

 
 



 
Figure 16 Comparisons of spectral densities of the measured surge, heave and pitch motions in the wind-only, wave-

only and wind-wave conditions 

  
Figure 17 Comparisons of spectral densities of the measured fore-aft bending moments in S1 and S5 in the wind-only, 

wave-only and wind-wave conditions 

Figure 18 Comparisons of spectral densities of the simulated surge, heave and pitch motions in the wind-only and 
wind-wave conditions. Note that the only difference between the numerical model for a wind-wave condition and its 

corresponding wind-only condition is that the model for the wind-only condition is in calm water 

5.2 Dominant components in the fore-aft bending moments in five cross-sections 

We denote simulated realizations of sectional forces and moments in cross-section SX as 
ሻݐ௦,ௌ௑ሺࡾ ൌ ሾܴଵ

௦,ௌ௑, ܴଶ
௦,ௌ௑, ܴଷ

௦,ௌ௑, ܴସ
௦,௑, ܴହ

௦,ௌ௑, ܴ଺
௦,ௌ௑ሿ୘. ࡾ௦,ௌ௑ሺݐሻ are described in a body-fixed coordinate system (ܱ௕,ௌ௑-ݔ௕,ௌ௑-ݕ௕,ௌ௫-

-௕,ௌ௑) that is identical to the body-fixed coordinate system except that the ܱ௕,ௌ௑ is located at geometrical center of the crossݖ
section SX.  

The sectional forces and moments are in equilibrium to external and inertial loads on the corresponding Part A or B. As 
classified in [9], components of the external loads on Parts A and B are tabulated in Table 9. 
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Table 9List of the components of external loads on Parts A and B 
Components  
(Each component is 6 ൈ 1 vector including three forces and moments) 

On Part A 
corresponding to SX 

On Part B 
corresponding to SX 

Drag forces ࡸ௘,௩௜௦,ௌ௑,஺ሺݐሻ ࡸ௘,௩௜௦,ௌ௑,஻ሺݐሻ 
Gravity loads ࡸ௘,௚௥௔,ௌ௑,஺ሺݐሻ ࡸ௘,௚௥௔,ௌ௑,஻ሺݐሻ 
First order wave excitation loads ࡸ௘,௪௔௘௫,ௌ௑,஺ሺݐሻ ࡸ௘,௪௔௘௫,ௌ௑,஻ሺݐሻ 
First order radiation loads ࡸ௘,௥௔ௗ,ௌ௑,஺ሺݐሻ ࡸ௘,௥௔ௗ,ௌ௑,஻ሺݐሻ 
Resultant forces and moments of hydrostatic pressure forces on the outer 
surface and the atmospheric pressure forces on the inner surface of the 
corresponding part (the corresponding Part A or B) at instantaneous position 

 
 ሻݐ௘,௦௧௔,ௌ௑,஺ሺࡸ

 
 ሻݐ௘,௦௧௔,ௌ௑,஻ሺࡸ

Applied thrust forces and moments Not applicable ࡸ௘,௧௛௥௨௦௧,ௌ௑,஻ሺݐሻ 
 
Each of the radiation loads (ࡸ௘,௥௔ௗ,ௌ௑,஺ሺݐሻ and ࡸ௘,௥௔ௗ,ௌ௑,஻ሺݐሻ, see Table 9) can be expressed as a superposition of a convolution 

term and a term that is proportional to acceleration associated with the rigid-body motions, see Eq. (5) as an example. In Eq. (5), 
rigid-body motions are denoted as ࣁௌ௑,஺ሺݐሻ, ࣁሶ ௌ௑,஺  and ࣁሷ ௌ௑,஺  are first order derivative (velocity) and second order derivative 
(acceleration) of  ࣁௌ௑,஺, respectively. ࢑௜ሺݐሻ is known as retardation or memory function for Part A and determined by ࡭ௌ௑,஺ሺ߱ሻ or 
ௌ௑,஺ஶ࡭ . ௌ௑,஺ሺ߱ሻ࡮  is ࡭ௌ௑,஺ሺ߱ሻ corresponding to the high-frequency limit. ࡭ௌ௑,஺ሺ߱ሻ and ࡮ௌ௑,஺ሺ߱ሻ are frequency dependent added 
mass coefficient matrix and potential damping coefficient matrix for Part A. More details are referred to [9]. 

 

ሻݐ௘,௥௔ௗ,ௌ௑,஺ሺࡸ ൌ െන ࢑௜
ௌ௑,஺ሺݐ െ ߬ሻࣁሶ ௌ௑,஺ሺ߬ሻ݀߬

ାஶ

ିஶ
െ ௌ௑,஺࡭

ஶ ሷࣁ ௌ௑,஺ሺݐሻ																																																																																																											ሺ5ሻ 

Consequently, each realization of simulated sectional forces and moments in the specified cross-sections can be expressed as 
a superposition of realizations tabulated in Table 10. Expression of the superposition is given in Eq.s (6) and (7). 

 
Table 10 List of decomposed realizations of the simulated sectional forces and moments. All the terms in Eq.s (6 and 7) 

are described in the body-fixed coordinate system (ࢄࡿ,࢈ࢠ-࢞ࡿ,࢈࢟-ࢄࡿ,࢈࢞-ࢄࡿ,࢈ࡻ) with respect to ࢄࡿ,࢈ࡻ. 
Realizations in Eq. (6) Definition 

 .௘,௪௔௘௫,ௌ௑,஺ࡸ ௪௔௘௫,ௌ௑,஺ Simulated realizations of three forces and moments that are in equilibrium toࡾ
௘,௚௥௔,ௌ௑,஺ࡸ ௙௟௨,ௌ௑,஺ Simulated realizations of three forces and moments that are in equilibrium toࡾ  and 

 .௘,௦௧௔,ௌ௑,஺ࡸ
 ூ௡௘௥௧௜௔,ௌ௑,஺ Simulated realizations of three forces and moments that are in equilibrium to inertial loads ofࡾ

corresponding Part A 
ௌ௑,஺ஶ࡭௔ௗௗ_௜௡௙,ௌ௑,஺ Simulated realizations of three forces and moments that are in equilibrium to െࡾ ሷࣁ ௌ௑,஺ 

 ோ௘௧௔௥ௗ,ௌ௑,஺ Simulated realizations of three forces and moments that are in equilibrium to the convolution termࡾ
(െ׬ ࢑௜

ௌ௑,஺ሺݐ െ ߬ሻࣁሶ ௌ௑,஺ሺ߬ሻ݀߬
ାஶ
ିஶ ). 

 ோ௘௦,ௌ௑,஺ Simulated realizations of three forces and moments that are in equilibrium to the rest external loadsࡾ
on the corresponding Part A, e.g. ࡸ௘,௩௜௦,ௌ௑,஺. 

Realizations in Eq. (7) Definition 
 .௘,௧௛௥௨௦௧,ௌ௑,஻ࡸ ௛௥௨௦௧,ௌ௑,஻ Simulated realizations of three forces and moments that are in equilibrium to்ࡾ

Similarly, ࡾ௪௔௘௫,ௌ௑,஻ ௙௟௨,ௌ௑,஻ࡾ , ூ௡௘௥௧௜௔,ௌ௑,஻ࡾ , ௔ௗௗ_௜௡௙,ௌ௑,஻ࡾ , ோ௘௧௔௥ௗ,ௌ௑,஻ࡾ ,  and ࡾோ௘௦,ௌ௑,஻  are in equilibrium to the corresponding 
loads on the corresponding Part B. 
 
ሻݐ௦,ௌ௑ሺࡾ ൌ ௪௔௘௫,ௌ௑,஺ࡾ ൅ ௙௟௨,ௌ௑,஺ࡾ ൅ ூ௡௘௥௧௜௔,ௌ௑,஺ࡾ ൅ ௔ௗௗ_௜௡௙,ௌ௑,஺ࡾ ൅ ோ௘௧௔௥ௗ,ௌ௑,஺ࡾ ൅ ,ሻݐோ௘௦,ௌ௑,஺ሺࡾ ܵܺ ൌ  ሺ6ሻ																							3	ݎ݋	1,2
ሻݐ௦,ௌ௑ሺࡾ ൌ ௪௔௘௫,ௌ௑,஻ࡾ ൅ ௙௟௨,ௌ௑,஻ࡾ ൅ ூ௡௘௥௧௜௔,ௌ௑,஻ࡾ ൅ ௔ௗௗ_௜௡௙,ௌ௑,஻ࡾ ൅ ோ௘௧௔௥ௗ,ௌ௑,஻ࡾ ൅ ௛௥௨௦௧,ௌ௑,஻்ࡾ ൅ ,	ሻݐோ௘௦,ௌ௑,஻ሺࡾ ܵܺ ൌ  ሺ7ሻ			5	ݎ݋	4

 
 ሻ and all of the other terms shown in Eq.s (6 and 7) are simulated in the time-domain model. We focus on fore-aftݐ௦,ௌ௑ሺࡾ

bending moments (ܴହ
௦,ௌ௑) which are the sectional bending moments with respect to axis ݕ௕,ௌ௫ and intend to identify dominant 

terms in the fore-aft bending moment.  
Spectral density functions of ܴହ

௦,ௌ௑ and different combinations of the corresponding terms are compared.  
For example, according to Eq. (7), we have Eq. (8). As shown in Figure A4, the spectral density curves of ܴହ

௦,ௌହ  and 
ܴହ
௙௟௨,ௌହ,஻ ൅ ܴହ

்௛௥௨௦௧,ௌହ,஻  are almost identical in the frequency-range from 0 rad/s to 0.1 rad/s. This indicates that effects of 
ܴହ
ூ௡௘௥௧௜௔,ௌହ,஻ on ܴହ

௦,ௌହ are negligible in this frequency-range.  



Note that ࡾ௙௟௨,ௌହ,஻, gravity forces and hydrostatic pressure forces on the Part B (the tower and RNA) corresponding to the 
cross-section S5 (the tower base) are in equilibrium. Similarly, ்ࡾ௛௥௨௦௧,ௌହ,஻ and ࡾூ௡௘௥௧௜௔,ௌହ,஻are in equilibrium to the applied thrust 
forces and moments (aerodynamic loads) and inertia loads on the corresponding Part B, respectively. For S5, there are no hydro 
pressure forces on the Part B since the Part B is out of the sea. Consequently, ࡾ௙௟௨,ௌହ,஻ is, actually, in equilibrium to the gravity 
forces. Meanwhile, ࡾ௪௔௘௫,ௌହ,஻, ࡾ௔ௗௗ_௜௡௙,ௌହ,஻and ࡾோ௘௧௔௥ௗ,ௌହ,஻, which are in equilibrium to hydrodynamic pressure forces on the 
corresponding Part B are not exist. Except for the external and inertia loads on the Part B discussed in above the numerical models 
do not have any other external and/or inertial loads on the Part B. Consequently, ࡾோ௘௦,ௌହ,஻ does not exist. 
ܴହ
௦,ௌହሺݐሻ ൌ ܴହ

௙௟௨,ௌହ,஻ ൅ ܴହ
ூ௡௘௥௧௜௔,ௌହ,஻ ൅ ܴହ

௪௔௘௫,ௌହ,஻ ൅ ܴହ
௔ௗௗ_௜௡௙,ௌହ,஻ ൅ ܴହ

ோ௘௧௔௥ௗ,ௌହ,஻ ൅ ܴହ
்௛௥௨௦௧,ௌହ,஻ ൅ ܴହ

ோ௘௦,ௌହ,஻

ൌ ܴହ
௙௟௨,ௌହ,஻ ൅ ܴହ

ூ௡௘௥௧௜௔,ௌହ,஻ ൅ ܴହ
்௛௥௨௦௧,ௌହ,஻																																																																																																													ሺ8ሻ									 

Using this approach, dominant components in the fore-aft bending moments in five cross-sections are analysed. Results are 
summarized in Table 11.  

Table 11 Summary of dominant load components in the fore-aft bending moments in the five cross-sections 
 Low frequency-range Wave-frequency-range 
  Around surge natural 

frequency 
Around pitch natural 

frequency 
  

 0-0.05 rad/s 0.05-0.15 rad/s 0.15-0.25 rad/s 0.25-0.3 rad/s 0.3-2 rad/s 
S1  

 
ܴହ
௙௟௨,ௌ௑,஺, ܺ ൌ 1,2	or	3 

 
ܴହ
௙௟௨,ௌ௑,஺

൅ ܴହ
ூ௡௘௥௧௜௔,ௌ௑,஺

൅ ܴହ
௔ௗௗ_௜௡௙,ௌ௑,஺ 

, ܺ ൌ 1,2 or 3 

 
 

Components of 
ܴହ
௦,ௌ௑, ܺ ൌ 1,2,3,4	or	5 

in this range are 
negligible since 

excitations and rigid-
body motions in this 

range are very limited.  

ܴହ
௪௔௘௫,ௌଵ,஺ ൅ ܴହ

ூ௡௘௥௧௜௔,ௌଵ,஺

൅ ܴହ
௔ௗௗ_௜௡௙,ௌଵ,஺ 

S2 ܴହ
௪௔௘௫,ௌ௑,஺ ൅ ܴହ

ூ௡௘௥௧௜௔,ௌ௑,஺

൅ ܴହ
௔ௗௗ_௜௡௙,ௌ௑,஺

൅ ܴହ
௙௟௨,ௌ௑,஺ , ܺ ൌ 2 or 3 

S3 

S4  
 

ܴହ
௙௟௨,ௌ௑,஻ ൅ ܴହ

்௛௥௨௦௧,ௌ௑,஻, ܺ ൌ 4	or	5 

 
ܴହ
௙௟௨,ௌ௑,஻ ൅ ܴହ

்௛௥௨௦௧,ௌ௑,஻

൅ ܴହ
ூ௡௘௥௧௜௔,ௌ௑,஻

൅ ܴହ
௔ௗௗ_௜௡௙,ௌ௑,஻ 
, ܺ ൌ 4 or 5 

ܴହ
௪௔௘௫,ௌସ,஻ ൅ ܴହ

ூ௡௘௥௧௜௔,ௌସ,஻

൅ ܴହ
௔ௗௗ_௜௡௙,ௌସ,஻

൅ ܴହ
்௛௥௨௦௧,ௌସ,஻ ൅ ܴହ

௙௟௨,ௌସ,஻ 
S5 ܴହ

௙௟௨,ௌହ,஻ ൅ ܴହ
ூ௡௘௥௧௜௔,ௌହ,஻

൅ ܴହ
்௛௥௨௦௧,ௌହ,஻ 

 
In the numerical models, ்ࡾ௛௥௨௦௧,ௌ௑,஻, ࡾ௪௔௘௫,ௌ௑,஻and ࡾ௪௔௘௫,ௌ௑,஺ are prescriptive since the thrust forces and moments applied 

on the numerical models are identical to the measurements of the thrust forces and moments applied on the experimental model 
during the model tests, while the first-order wave loads are generated based on the corresponding hydrodynamic coefficients, 
which are related to configuration of the mean wetted body surface of the hull and obtained by solving the corresponding 
boundary value problem [9] and measured wave elevations of incident waves.  

ூ௡௘௥௧௜௔,ௌ௑,஻ࡾ ூ௡௘௥௧௜௔,ௌ௑,஺andࡾ  are related to mass distributions of the hull and the acceleration associated with rigid-body 
motions. ࡾ௔ௗௗ_௜௡௙,ௌ௑,஺ and ࡾ௔ௗௗ_௜௡௙,ௌ௑,஻ are related to the acceleration associated with the rigid-body motions and configuration of 
the mean wetted body surface of the hull. 

 ௙௟௨,ௌ௑,஻ are related to rigid-body motions, distribution of the vertical position of the mass of the hull andࡾ  ௙௟௨,ௌ௑,஺andࡾ 
configuration of the mean wetted body surface of the hull. 

In the numerical models, the dynamic motions and sectional forces and moments in the hull are excited by the first-order 
wave loads and thrust forces and moments, which are dominant excitations for the wave frequency responses and low frequency 
responses, respectively. Components of the fore-aft bending moments with oscillating frequencies in range from 0.25 rad/s to 0.3 
rad/s are negligible since excitations and rigid-body motions in this range are very limited. 

For a model oscillating with frequency ߱଴ , inertial loads of the model are proportional to ߱଴
ଶ . Therefore, effects of 

ூ௡௘௥௧௜௔,ௌ௑,஺ࡾ ூ௡௘௥௧௜௔,ௌ௑,஻ࡾ , ௔ௗௗ_௜௡௙,ௌ௑,஺ࡾ ,  and ࡾ௔ௗௗ_௜௡௙,ௌ௑,஻ on components of the fore-aft bending moments with very small 
oscillating frequencies, e.g. below 0.05 rad/s, are negligible when compared to the corresponding ்ࡾ௛௥௨௦௧,ௌ௑,஻   ௙௟௨,ௌ௑,஺andࡾ ,
 ௙௟௨,ௌ௑,஻ even though in nature large low-frequency motions, e.g. the surge and pitch motions, may be excited by wind loads onࡾ
the RNA and tower, and second and higher order wave excitation loads on the hull. For the reference semi-submersible wind 
turbine, we observe that components of the fore-aft bending moments with oscillating frequencies in the low frequency-range are 
dominated by ܴହ

௙௟௨,ௌ௑,஺ or ܴହ
௙௟௨,ௌ௑,஻ ൅ ܴହ

்௛௥௨௦௧,ௌ௑,஻ except that inertial related terms, e.g. ܴହ
ூ௡௘௥௧௜௔,ௌ௑,஺ and ܴହ

௔ௗௗ_௜௡௙,ௌ௑,஺, can affect 
the components of the fore-aft bending moments with oscillating frequencies that are around pitch and surge natural frequencies 
since 1) amplitudes of rigid-body motions are amplified as the resonant motions are excited, and 2) ܴହ

௙௟௨,ௌ௑,஺ , ܴହ
௙௟௨,ௌ௑,஻ , 

ܴହ
்௛௥௨௦௧,ௌ௑,஻ and the terms related to the acceleration associated with the rigid-body motions are not uncorrelated.  

The resonant rigid-body motions are sensitive to the level of the damping forces. Consequently, rigid-body-motion related 
terms of ࡾ௦,ௌ௑, e.g. ࡾ௙௟௨,ௌ௑,஺ , ࡾூ௡௘௥௧௜௔,ௌ௑,஺ and ࡾ௔ௗௗ_௜௡௙,ௌ௑,஺, are sensitive to the level of the damping forces. While, a numerical 



sensitivity analysis shows that the fore-aft bending moments, which are in the five cross-sections and in equivalent to the 
corresponding damping forces on the corresponding Part A or B, are negligible when compared to ࡾ௦,ௌ௑. It should be noted that, 
as discussed in Section 5.1, the damping forces and moments are affected by incident waves via the term ݎݒሶ .   

Relative importance of load components on the fore-aft bending moments depends on wind and wave conditions, location of 
the cross-section in the hull, amplitudes and phase angles of the rigid-body motions, and configuration of corresponding wetted 
body surface of the hull, as well. Effect of these issues is analyzed in Sections 5.3-5.5. 

5.3 Comparisons of the simulated fore-aft bending moments in the specified five cross-sections 

Spectral densities of the fore-aft bending moments in the five cross-sections for the model in the three wind-wave 
environmental conditions are compared, see Figure 19. The interface between the pontoons and central column is identified as the 
most critical structural component. Ratio between square root of area under low frequency-range and wave-frequency-range of 
each spectral density curve is calculated. We find the ratio varies from 0.1, which means the corresponding fore-aft bending 
moment is dominated by wave frequency components (see the bending moment in S1), to 2.3, which means the corresponding 
bending moment is dominated by low frequency components (see the bending moment in S5 in the model tests 4310 and 4410). 
The ratio is around 1 for the corresponding bending moment in S5 in the model test 4121, S2, S3 and S4. This indicates that both 
of the low frequency and wave frequency components are important.  

 

 
Figure 19 Comparisons of spectral densities of the simulated fore-aft bending moments in the five cross-sections in the 

three wind-wave conditions 
Spectral densities of ܴହ

௪௔௘௫,ௌ௑,஺ , ሺܴହ
ூ௡௘௥௧௜௔,ௌ௑,஺ ൅ ܴହ

௔ௗௗ_௜௡௙,ௌ௑,஺ሻ and ܴହ
௙௟௨,ௌ௑,஺ , ܺ ൌ 1, 2	or	3, ܴହ

௪௔௘௫,ௌସ,஻ , and ሺܴହ
ூ௡௘௥௧௜௔,ௌ௑,஻ ൅

ܴହ
௔ௗௗ_௜௡௙,ௌ௑,஻ሻ  and ܴହ

௙௟௨,ௌ௑,஻  are compared. See Figure 20 for example. From S1 to S3, value of standard deviation of the 
corresponding first order wave excitation load induced fore-aft bending moment increases. Effects of fluctuation of hydrostatic 
pressure forces on wetted body surface of the hull and fluctuation of gravity forces are important to fore-aft bending moments in 
cross-sections in the tower and central column and in cross-sections that are on the pontoons and close to the central column.   

Figure 20 Comparisons of spectral densities of ࡾ௪௔௘௫,ௌ௑,஺ (waveex), ࡾ௙௟௨,ௌ௑,஺ (FLU) and ࡾூ௡௘௥௧௜௔,ௌ௑,஺ ൅  ௔ௗௗ_௜௡௙,ௌ௑,஺ࡾ
(Inertia), ܺ ൌ ூ௡௘௥௧௜௔,ௌ௑,஻ࡾ ௙௟௨,ௌ௑,஻ andࡾ ,௪௔௘௫,ௌ௑,஻ࡾ and ,3	ݎ݋	1,2 ൅ ܺ ,௔ௗௗ_௜௡௙,ௌ௑,஻ࡾ ൌ  5	ݎ݋	4

 
The inertial loads induced fore-aft bending moments in the tower base and base of the central column are dominated by the 

inertial loads that are proportional to the acceleration associate with the surge and pitch motions. Spectral densities of the fore-aft 
bending moments in the tower base, which are in equilibrium to the components of the inertial loads on the tower that are 
associated to acceleration in surge only, acceleration in pitch only and acceleration in combined surge and pitch, are given in the 
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left figure of Figure 21. A cancellation effect between the bending moments induced by the inertial loads that are associated to 
acceleration in surge and pitch can be clearly observed in frequency range from 0.4 rad/s to 0.6 rad/s. The cancellation is due to, 
as shown by the right figure given in Figure 21, the fact that phase difference between simulated surge and pitch motions is close 
to 180 degrees in this frequency range. 

By using the same analysis approach, we find that the inertial loads induced fore-aft bending moments in S3 are dominated by 
the inertial loads that are proportional to the acceleration associate with the heave motions. 

 
 

Figure 21 left: comparisons of spectral densities of the simulated fore-aft bending moments in S5 which are in 
equivalent to different components of the inertial loads of the RNA and tower; right: differences in phase angle between 

simulated surge and pitch motions 

5.4 Analysis for effects of changes in the mean-offset and mean-heeling-angle of the hull on rigid-body motions and 
sectional bending moments 

As mentioned in Section 3, floating wind turbines are subjected to constant forces and moments from wind and waves. These 
constant forces and moments can result in a mean horizontal offset and title angle. The horizontal offset results in a change in 
restoring stiffness of the mooring lines due to change in configuration of the mooring lines and a change in phase angle of each 
frequency component of the incident waves. As shown in Figure 3, the tilt angle means a change in configuration of mean wetted 
body surface of the hull which results in a change in corresponding velocity potential and a change in value and distribution of 
hydro pressure forces on the wetted body surface. This may result in a considerable change in resultant sectional forces and 
moments even though change in resultant of the hydro pressure forces on whole of the wetted body surface could be very limited. 
This statement is substantiated by comparisons of the measurements and simulations of the platform in a combined wind-wave 
condition (the model test 4310), its corresponding wave only condition (model test 2420), and a model for which averaged wind 
induced forces and moments are applied, see Figure 22. 

 

 
Figure 22 Comparison of spectral densities of the simulated and measured fore-aft bending moments in S1, and the 

surge and pitch motions. The model test 4310 is a combined wind-wave condition, while the model test 2420 is its 
corresponding wave only condition.  
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5.5 Convolution terms in expressions of the radiation loads 

It is of great interesting to analyze load effects of the convolution terms shown in the expressions of ࡸ௘,௥௔ௗ,ௌ௑,஺ and ࡸ௘,௥௔ௗ,ௌ௑,஻ 
since computational cost and complexity of the numerical models can be significantly reduced if the convolution terms can be 
neglected. ࡾோ௘௧௔௥ௗ,ௌ௑,஺ and ࡾோ௘௧௔௥ௗ,ௌ௑,஻ are in equilibrium to the corresponding convolution terms, respectively. Comparisons of 
the numerical results presented in Section 5.2 show that ܴହ

ோ௘௧௔௥ௗ,ௌ௑,஻, ܺ ൌ 4	or	5, and ܴହ
ோ௘௧௔௥ௗ,ௌ௑,஺, ܺ ൌ 1,2	or	3, are negligible for 

the analyzed model.  
Spectral densities of the rigid-body motions and fore-aft bending moments in the five cross-sections given by numerical 

models with and without the convolution terms in the expressions of radiation loads on each part of the hull are compared, see 
Appendix B. Numerical model without the convolution terms means that 1) the potential damping forces are not modelled, and 2) 
the frequency dependent added mass coefficients are replaced by added mass coefficients that corresponding to the high-
frequency limit. Components of the potential damping forces with oscillating frequencies in the low frequency range are expected 
to be negligible. We find that effect of the convolution terms on the motions and fore-aft bending moments of the present model in 
the analyzed environmental conditions are negligible. This is agreed by the measured responses and indicates that, for the 
analyzed environmental conditions, Morsion formula with calibrated coefficients could be available to reasonably account for the 
hydro dynamic loads on the hull. However, this should be validated in future. By now, computer codes which implement Morison 
formula focus on rigid-body motions while thorough validation with respect to sectional forces and moments in semi-submersible 
wind turbine hulls is very limited. In addition, as addressed in [8], hydro pressure forces on end surface of each structural 
component of floating wind turbine hulls need to be appropriately accounted for in the computer codes which implement Morison 
formula 

Note that importance of the convolution terms is related to configurations of the wetted body surface, and amplitudes and 
frequencies of the motions of the hull. According to potential flow theory, it is expected that the effect of the convolution terms on 
the dynamic responses of the 5-MW-CSC could be more important when the model is subjected to waves with smaller periods, e.g. 
below 8 seconds. This effect needs to be considered in design of model test in future. It is also of great interest to apply the Luan 
et al’s approach on numerical and experimental analysis of a floater with large water plane area for which the convolution terms 
could be important.  

In contrast to using Morison formula to model the hydrodynamic loads on floaters, hydrodynamic coefficients used in the 
Luan et al’s approach are obtained by solving the corresponding boundary value problem (there is no need to calibrate the 
hydrodynamic coefficients). While, the Luan et al’s approach is expected to be available in situations for which the diffraction and 
radiation effects are important, e.g. for waves with relatively small periods. 

6 Simplification of numerical modelling for global dynamic analysis 

Interaction effect between wind and wave loads may be very limited while the interaction effect on the sectional forces and 
moments may be negligible.  

For example, as shown in Figure 17, the low frequency components of spectral densities of the measured fore-aft bending 
moments in the tower base (S5) and base of the side column 1 (S1) in the model test 4310, for which the model is subjected to 
turbulent winds and moderate irregular waves, are almost identical to the low-frequency components of spectral densities of the 
corresponding measurements in the model test 1713 which is a wind-only model test corresponding to the model test 4310. While 
the interaction effect can be observed from the differences between the wave frequency components of spectral densities of 
simulated pitch motions in environmental condition of the model test 4310 and the model test for which the model is subjected to 
the same condition as the model test 4310 except that the corresponding applied aerodynamic load, which include wave frequency 
components, are replaced by three constant forces and moments that are averaged wind induced forces and moments (constant 
steady wind loads), see Figure 22. However, as shown in Figure 22, the differences between the wave frequency components of 
the spectral densities of the simulated fore-aft bending moment in S1 in these two conditions are negligible. This is because that 
the wave frequency components of the fore-aft bending moments in S1 are dominated by the wave excitation loads and inertial 
and radiation loads which are related to wave induced motions. 

These facts encourage the idea that the fore-aft bending moments of the model in wind and waves could be approximately but 
effectively simulated by superimposing the corresponding simulations of the model subjected to its corresponding wind only 
condition and wave only condition with the corresponding averaged wind induced forces and moments. If the simplification is 
applicable, the number of cases of short-term analysis required in long-term analysis can be significantly reduced. In addition, 
based on the results discussed in Section 5.5, we suggest that the convolution terms could be excluded from the numerical model 
to reduce real-time-computational effort and modelling complexity for each short-term analysis. Consequently, the computational 
time for a 4,600-second-simulation can be reduced from 1,253 seconds to 638 seconds (for a 2.30GHz CPU). Note that effect of 
the convolution terms on responses of a generic floater could be important if the floater has relatively large volume of displaced 
water and/or is subjected to waves with relatively small wave length. 

Applicability of the simplification should be analyzed case by case. Spectral densities of the simulated fore-aft bending 
moments in the five cross-sections of the models with and without the simplification in conditions of the model tests 4310 and 
4121 have been compared. Typical results are shown in Figure 23. As expected, these results substantiate that the simplification 
could be used to simulate the fore-aft bending moments in the hull. Relative difference between square root of area of 



corresponding spectral density curves with and without the simplification under the low frequency-range and wave-frequency-
range are no more than 2.5% and 5%, respectively. We also find that fore-aft bending moments in cross-sections in the tower 
could be sensitive to the difference in the simulated pitch motion and thrust force on the rotor with and without the simplification 
but could be insensitive to the difference in the simulated surge motion. Fore-aft bending moments in cross-sections in the side 
columns could be insensitive to the difference in the simulated motions and thrust force on the rotor since the fore-aft bending 
moments are dominated by wave excitation loads, and inertial and radiation loads which are related to wave induced motions. 

Note that the simulated model responses in the frequency-range around surge and pitch natural frequencies are very sensitive 
to damping level of the numerical model. In the numerical models, the damping forces and moments in the low frequency-range 
come from 1) drag forces on the mooring lines and hull and 2) the quadratic damping matrix. Morison formula, which is an 
empirical formula, is used to model the drag forces. The coefficients implemented in the formula are selected according to [31] 
based on Reynolds number, Keulegan–Carpenter number and surface roughness of the model in full size. As shown in Section 5.1, 
due to implementation of the Morison formula, incident waves can introduce a considerable effect on the damping level of the 
numerical model in the low frequency-range. Consequently, drag coefficients calibrated by using measured responses in decay 
tests and/or selected according to standards, e.g. [31], may failed to accurately model the actual drag forces (value and distribution) 
on the hull and mooring lines. In practice, a quadratic damping matrix is used to compensate the difference between the model and 
actual damping forces and moments. However, calibration for coefficients in the quadratic damping matrix is needed case by case. 
Future work for improving the modelling approach for the drag forces is highly recommended. In addition, the second and higher 
order hydro loads are not completely included in the numerical models but are inherently included in nature. Effect of the second 
and higher order wave excitation loads on the resonant motions should be kept in mind. As shown by the measured responses of 
the model test 4310, in moderate waves, effect of the second and higher order hydro loads is very limited.  

 

 
Figure 23 Comparisons of spectral densities of simulated fore-aft bending moments with and without the 

simplification for two operational conditions 
7 Conclusions and future work 

Multi-body time-domain finite element models, which implement a recently developed numerical approach for determining 
forces and moments in floaters, are developed to simulate rigid-body motions and sectional forces and moments of a reference 5-
MW braceless semi-submersible wind turbine in turbulent winds and irregular waves corresponding to below rated, at rated and 
above rated conditions. The simulated responses are compared with measurements with a 1:30 scaled model test. In general, the 
agreement between the simulations and measurements is very good. The differences in the spectral densities of the measurements 
and simulations have been quantified while the reasons for the differences have been thoroughly analyzed and discussed based on 
the comparisons of measurements in the different conditions and numerical parametrical study. 

The low frequency rigid-body motions are dominated by the wind loads, second and higher order wave excitation loads, and 
restoring stiffness while the resonant motions are sensitive to the damping forces and moments that are empirically modeled by 
the drag terms of the Morison formula in the developed numerical models and are affected by incident waves via the term ݎݒሶ. In 
practice, a quadratic damping matrix is used to compensate for the difference between modelled and actual damping forces and 
moments while the coefficients in the matrix need to be calibrated case by case. Future work for improving numerical model of 
the drag forces, which able to model the drag forces with an acceptable accuracy in blind tests, is highly recommended. 

The uncertainties in the simulated and measured low frequency surge and heave motions have negligible effects on the fore-
aft bending moments in the five cross-sections in the hull. The low frequency fore-aft bending moments are dominated by the 
wind loads, and pitch motion related fluctuations of gravity forces and hydrostatic pressure forces. The inertial load effect on the 
low frequency responses is limited except for responses with frequency components around the pitch natural frequency. Effect of 
the second and higher order wave excitation loads on the fore-aft bending moments is observed from the measurements and 
discussed. In general the effect is relatively limited in the analyzed operational conditions but can be critical in extreme conditions. 

The differences in the simulated and measured wave-frequency rigid-body motions and fore-aft bending moments, for which 
the relative difference for standard deviation of the corresponding measurements and simulations is no more than 10%, are due to 
the difference between the simulated and actual first order and higher order wave excitation loads. Note that the second and higher 
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order wave excitation loads are not included in the numerical models. The level of relative difference, which is due to 
uncertainties and noises in measurements, of standard deviations of the corresponding measurements and simulations could be 
around 2.48%. To further analyze the reason of the differences in the simulated and actual wave excitation loads on the hull, 
numerical modelling approach for full second order wave excitation loads should be developed, while the wave excitation loads 
on the hull, when the hull is fixed at its mean position in wind and waves, should be measured in future test programs. A 
preliminary comparison, which is scheduled to be published with a more comprehensive analysis in future, with respect to the 
simulated and measured responses in a 1-hour extreme condition (the model test 2410) shows that the relative difference of the 
standard deviation and maximum value of the simulated and measured fore-aft bending moment are in the level of 7.3% and 55%, 
respectively. Note that more efforts are needed to quantify uncertainties in the measurements in the extreme condition, in 
particular for the 1-hour maximum value.  

The mean forces and moments from wind and waves result in a change in the configuration of the mean wetted body surface 
of the hull when compared to the configuration in calm water. This may result in a considerable change in the resultant sectional 
forces and moments even though the change in resultant of the hydro pressure forces on the whole wetted body surface could be 
very limited. 

A summary of important load components on the simulated fore-aft bending moments in the five cross-sections is available in 
Table 11. Relative importance of load components on the fore-aft bending moments depends on wind and wave conditions, 
location of the cross-section in the hull, amplitudes and phase angles of rigid-body motions, and configuration of corresponding 
wetted body surface of the hull. The interface between the pontoons and central column is identified as the most critical part. Both 
the low frequency and wave frequency components of load effects could be important. From S1 to S3, value of standard deviation 
of the first order wave excitation load induced fore-aft bending moment increases. The effect of the fluctuation of the hydrostatic 
pressure on the wetted body surface of the hull and the fluctuation of the gravity forces are important to the fore-aft bending 
moments in the cross-sections in the tower and central column and in the cross-sections that are on the pontoons and close to the 
central column. The phase difference between the simulated surge and pitch motions can be close to 180 degrees in the frequency 
range from 0.4 rad/s to 0.6 rad/s and means a cancellation effect for the bending moments induced by the inertial loads which are 
associated to acceleration in surge and pitch. The inertial loads induced fore-aft bending moments in S3 are dominated by the 
inertial loads that are proportional to acceleration associated with heave motions. 

In the analyzed environmental conditions, the convolutional terms have very limited effect on the simulations and could be 
removed from the numerical models to significantly reduce modelling complexity and computational cost for short-term analysis. 
The applicability of this simplification should be analyzed case by case since the importance of the convolution terms is related to 
configurations of the wetted body surface, and amplitudes and frequencies of the motions of the hull. This issue should be kept in 
mind in design of model tests in future.  

Analysis presented in this paper substantiates that the simulated fore-aft bending moments of the model in wind and waves 
could be obtained by superimposing the corresponding simulations of the model subjected to its corresponding wind only 
condition, and wave only condition except that three constant forces and moments which are the corresponding averaged wind 
induced forces and moments are applied if the interaction effect between wind and wave loads and/or the interaction effect on the 
sectional forces and moments are limited. The simplification can significantly reduce computational cost but applicability of the 
simplification should be analyzed case by case. 

Analysis and discussions given in this paper are based on available measurements. More systematical and step by step model 
tests for quantifying and minimizing uncertainties in measurements and identifying the first order and higher order wave 
excitation loads are welcome in future. While, the frequency dependent radiation and diffraction hydrodynamic loads are expected 
to be relatively more significant when volume in water and water plane area of the experimental model are relatively large and the 
experimental model is subjected to irregular waves for which major wave energy is in frequency range from 1 rad/s to 2 rad/s. 
Numerical and experimental analysis for the model in extreme conditions and fault conditions as described for example in [38-40] 
is scheduled as a future work. 

 The aerodynamic loads applied on the numerical models are prescriptive loads measured from the model tests. Analysis 
shows that the actual aerodynamic loads on the experimental model can be accurately measured. Consequently, the difference 
between the measurements and simulations only indicate differences in the hydro loads on the hull and the mass properties of the 
numerical and experimental models. If the deviation between the simulated and measured rigid-body motions is large, the 
prescriptive loads will fail to represent the right dependency of the aerodynamic loads with respect to the rigid-body motions. 
Fortunately, the agreement between the simulated and measured rigid-body motions is very good. This limitation can be avoided 
by developing a numerical model for the wind turbine of the experimental model to simulate the aerodynamic loads in the time-
domain simulations based on numerical wind field and the simulated rigid-body motions. However, increase of uncertainties due 
to the differences between the numerical and actual wind fields, and the differences between performance of the numerical and 
experimental models of the wind turbine must be considered. 

The time-domain approach used for developing numerical models analyzed in this paper is a generic approach that is 
applicable for static determinate and indeterminate structures. The approach could be used for long-term extreme load prediction 
and fatigue damage analysis while the understanding with respect to the wind and wave load effects on the sectional loads could 
be helpful for structural optimization and control for the hull of floating wind turbines, for example, similar work with respect to 
the work presented in [42-45] could be done in future. According to the approach, a genetic structure can be discretized into 
several bodied for modeling hydro loads, which are based on coefficients that are obtained by solving the first order boundary 



value problem with the rigid-body assumption, in time-domain on each body while global flexibility of the structure can be 
modelled by using beam elements. Extension for accounting for hydroelastisity, e.g. [41], is scheduled as future work for 
development of the approach.  
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APPENDIX A 

Detailed observations of comparisons for identifying the dominant load components listed in Table 11 in section 5.2 are 
analysed and described as follows: 

 Components of ܴହ
௦,ௌଵ (realization of the fore-aft bending moment in base of side column 1) with oscillating frequencies in 

the low frequency-range are dominated by ࡸ௘,௚௥௔,ௌଵ,஺ and ࡸ௘,௦௧௔,ௌଵ,஺. Effects of the inertial loads and added mass loads 
with a constant coefficient matrix corresponding to infinite frequency of the corresponding Part A on ܴହ

௦,ௌଵ are negligible 
except for components of ܴହ

௦,ௌଵ with oscillating frequencies in frequency-range nearby natural frequencies of surge and 
pitch. Note that effects of second and higher order wave excitations are not included in the numerical models. 
Components of first-order wave excitations in the low frequency-range are negligible. Spectral densities of incident 
waves are given in Figure 4. Components of ܴହ

௦,ௌଵ  with oscillating frequencies in the wave-frequency-range are 
dominated by ࡸ௘,௪௔௘௫,ௌ௑,஺ and inertial loads and added mass loads with a constant coefficient matrix corresponding to 
infinite frequency of the corresponding Part A. See Figure A1. 

 
Figure A1 Comparisons of spectral densities of simulated fore-aft bending moments in S1. Note that “Wave+Inertia+add__inf” 

corresponding to ࡾ௪௔௘௫,ௌଵ,஺+ࡾூ௡௘௥௧௜௔,ௌଵ,஺ ൅  ௪௔௘௫,ௌଵ,஺ࡾ ௔ௗௗ_௜௡௙,ௌଵ,஺ while “Wave” corresponding toࡾ
 

 Observations for components of ܴହ
௦,ௌଶ are similar to the observations for components of ܴହ

௦,ௌଵ  as described in above 
except that effects of ࡸ௘,௚௥௔,ௌଶ,஺  and ࡸ௘,௦௧௔,ௌଶ,஺  on components of ܴହ

௦,ௌଶ  with oscillating frequencies in the wave-
frequency-range are not negligible. Note that ࡸ௘,௦௧௔,ௌଶ,஺ is related to rigid-body motions and configuration of the wetted 
body surface of the corresponding Part A. See Figures A1 and A2. 

Figure A2 Comparisons of spectral densities of simulated fore-aft bending moments in S2. Note that “Wave+Inertia+add__inf” 
corresponding to ࡾ௪௔௘௫,ௌଶ,஺+ࡾூ௡௘௥௧௜௔,ௌଶ,஺ ൅  ௙௟௨,ௌଶ,஺ࡾ ௔ௗௗ_௜௡௙,ௌଶ,஺ while “FLU” corresponding toࡾ

 
 Observations for components of ܴହ

௦,ௌଷ are similar to the observations for components of ܴହ
௦,ௌଶ as described in above. See 

Figures A2 and A3. 
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Figure A3 Comparisons of spectral densities of simulated fore-aft bending moments in S3. Note that “Wave+Inertia+add__inf” 
corresponding to ࡾ௪௔௘௫,ௌଷ,஺+ࡾூ௡௘௥௧௜௔,ௌଷ,஺ ൅  ௙௟௨,ௌଷ,஺ࡾ ௔ௗௗ_௜௡௙,ௌଷ,஺ while “FLU” corresponding toࡾ

 
 The expression of equilibrium for ܴହ

௦,ௌହ is given in Eq. (8). Inertial loads on the RNA and tower affect components of 
ܴହ
௦,ௌହ with oscillating frequencies that are around pitch natural frequency, e.g. from 0.15 rad/s to 0.25 rad/s. Components 

of ܴହ
௦,ௌହ with very small oscillating frequencies, e.g. below 0.15 rad/s, are dominated by wind loads on and gravity forces 

of the RNA and tower. The inertial loads of the RNA and tower strongly affect components of ܴହ
௦,ௌହ with oscillating 

frequencies that are in the wave-frequency-range. While, effects of the wind loads on and gravity forces of the RNA and 
tower on these components are not negligible.  

 

 
 Figure A4 Comparisons of spectral densities of simulated fore-aft bending moments in S5. Note that “Inertia” corresponding 

to ࡾூ௡௘௥௧௜௔,ௌହ,஻ while “Gra” corresponding to ࡾ௙௟௨,ௌହ,஻ 
 

 Observations for components of ܴହ
௦,ௌସ (realization of the fore-aft bending moment in base of the central column) with 

oscillating frequencies in the low frequency-range are similar to the observations for the corresponding components of 
ܴହ
௦,ௌହ. Observations for components of ܴହ

௦,ௌସ with oscillating frequencies in the wave-frequency-range are similar to the 
observations for components of ܴହ

௦,ௌଶ except that effects thrust forces on the RNA and tower on the components of ܴହ
௦,ௌସ 

with oscillating frequencies in the wave-frequency-range are not negligible. See Figures A2, A4 and A5. 
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Figure A5 Comparisons of spectral densities of simulated fore-aft bending moments in S4. Note that 

“Wave+Inertia+add__inf+FLU” corresponding to ࡾ௪௔௘௫,ௌସ,஻+ࡾூ௡௘௥௧௜௔,ௌସ,஻ ൅ ௔ௗௗ_௜௡௙,ௌସ,஻ࡾ ൅  ”௙௟௨,ௌସ,஻ while “Thrustࡾ
corresponding to ்ࡾ௛௥௨௦௧,ௌସ,஻ 

APPENDIX B 

Spectral densities of rigid-body motions and fore-aft bending moments in the five cross-sections given by numerical models 
with and without the convolution terms in the expressions of radiation loads on each part of the hull are compared. Numerical 
model without the convolution term means that 1) the potential damping forces are not modelled, and 2) the frequency dependent 
added mass coefficients are replaced by added mass coefficients that corresponding to the high-frequency limit. 
 

 
Figure B1 Comparisons of spectral densities of simulated surge, heave and pitch motions with and without the 

convolution terms in frequency range from 0 rad/s to 0.3 rad/s 

 
Figure B2 Comparisons of spectral densities of simulated surge, heave and pitch motions with and without the 

convolution terms in frequency range from 0.3 rad/s to 2 rad/s 

Frequency [rad/s]
0 0.05 0.1 0.15 0.2 0.25 0.3

fo
re

-a
ft 

be
nd

in
g 

m
om

en
t i

n 
S

4 
[(

kN
*m

)2 /r
ad

]

×1010

0

0.5

1

1.5

2
Spectral density function

TDM-S4 4410
TDM-S4 4410 FLU+Inertia+add__inf
TDM-S4 4410 FLU+Thrust
TDM-S4 4310
TDM-S4 4310 FLU+Inertia+add__inf
TDM-S4 4310 FLU+Thrust
TDM-S4 4121
TDM-S4 4121 FLU+Inertia+add__inf
TDM-S4 4121 FLU+Thrust

Frequency [rad/s]
0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9

fo
re

-a
ft 

be
nd

in
g 

m
om

en
t i

n 
S

4 
[(

kN
*m

)2 /r
ad

]

×109

0

0.5

1

1.5

2

2.5

3
Spectral density function

TDM-S4 4410
TDM-S4 4410 Wave+Inertia+add__inf+FLU
TDM-S4 4410 Wave+Inertia+add__inf+FLU+Thrust
TDM-S4 4310
TDM-S4 4310 Wave+Inertia+add__inf+FLU
TDM-S4 4310 Wave+Inertia+add__inf+FLU+Thrust
TDM-S4 4121
TDM-S4 4121 WaveInertia+add__inf+FLU
TDM-S4 4121 Wave+Inertia+add__inf+FLU+Thrust

Frequency [rad/s]
0 0.05 0.1 0.15 0.2 0.25 0.3

S
ur

ge
 [m

2 /r
ad

]

0

20

40

60

80
Spectral density fuction

TDM 4410
TDM 4410 without convolution term
TDM 4310
TDM 4310 without convolution term
TDM 4121
TDM 4121 without convolution term

Frequency [rad/s]
0 0.05 0.1 0.15 0.2 0.25 0.3

H
ea

ve
 [m

2 /r
ad

]

0

0.02

0.04

0.06

0.08
Spectral density fuction

TDM 4410
TDM 4410 without convolution term
TDM 4310
TDM 4310 without convolution term
TDM 4121
TDM 4121 without convolution term

Frequency [rad/s]
0 0.05 0.1 0.15 0.2 0.25 0.3

P
itc

h 
[d

eg
re

e2 /r
ad

]

0

5

10

15

20

25

30

35
Spectral density fuction

TDM 4410
TDM 4410 without convolution term
TDM 4310
TDM 4310 without convolution term
TDM 4121
TDM 4121 without convolution term

Frequency [rad/s]
0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9

S
ur

ge
 [m

2 /r
ad

]

0

0.5

1

1.5
Spectral density fuction

TDM 4410
TDM 4410 without convolution term
TDM 4310
TDM 4310 without convolution term
TDM 4121
TDM 4121 without convolution term

Frequency [rad/s]
0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9

H
ea

ve
 [m

2 /r
ad

]

0

0.2

0.4

0.6

0.8

1

1.2
Spectral density fuction

TDM 4410
TDM 4410 without convolution term
TDM 4310
TDM 4310 without convolution term
TDM 4121
TDM 4121 without convolution term

Frequency [rad/s]
0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9

P
itc

h 
[d

eg
re

e2 /r
ad

]

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
Spectral density fuction

TDM 4410
TDM 4410 without convolution term
TDM 4310
TDM 4310 without convolution term
TDM 4121
TDM 4121 without convolution term



 
Figure B3 Comparisons of spectral densities of simulated fore-aft bending moment with and without the convolution 

terms in frequency range from 0 rad/s to 0.3 rad/s 

 
Figure B4 Comparisons of spectral densities of simulated fore-aft bending moment with and without the convolution 

terms in frequency range from 0.3 rad/s to 2 rad/s 
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ABSTRACT 
This paper deals with analysis of the OC4 DeepCWind 

semi-submersible wind turbine, which is provided by NREL 
through the OC4 project. This concept is a three-column semi-
submersible supporting a 5 MW wind turbine on an additional 
central column.  

The fact that the semi-submersible floater needs a large 
water line restoring moment to achieve sufficient stability and 
the control of the cost based on the steel weight make the 
design of braces and pontoons very challenging. Effective 
methods are needed to check the strength of the brace system 
based on the response forces and moments in the braces under 
different design environmental conditions, while the floating 
wind turbine is needed to be considered as an aero-hydro-servo-
elastic system.   

A novel modeling methodology based on the code 
Simo/Riflex is introduced in this paper. Simo/Riflex is a state-
of-the-art code that can account for the coupling effect between 
rigid body motions and slender structures (e.g. mooring lines, 
braces and blades) in the time-domain. Simo/Riflex can be 
combined with Aerodyn, which is a state-of-the-art 
aerodynamic code, to model the floating wind turbine as an 
aero-hydro-servo-elastic system, as well as be combined with 
simplified aerodynamic codes (e.g.TDHMILL) to improve the 
efficiency of the numerical simulation.  

The novel modeling method can give the forces and 
moments in the brace system of the floater under hydrodynamic 
and aerodynamic loads in the time-domain. In order to get the 
structural response of the braces, the side columns and the 
central supporting column are modeled as independent rigid 
bodies in Simo while the braces are modeled by beam elements 
in Riflex. Master and slave relationship is applied at the joints 
in between of the columns and braces.  

As an application example, the novel modeling method 
based on the code Simo/Riflex+TDHMILL, which is capable of 
modeling the floating wind turbine as an aero-hydro-elastic 
system, has been used to carry out Ultimate Limit State (ULS) 
design check for the brace system of the OC4 DeepCWind 
semi-submersible wind turbine based on relevant standards, i.e. 
NORSOK N00-3, NORSOK N-004, IEC61400-1, IEC61400-3. 

The modeling method can also be used by other codes 
which have similar features as Simo/Riflex.   

 
INTRODUCTION 

The interest in offshore wind energy is increasing since 
most of easy and good onshore wind fields have been 
developed. Moreover, offshore has better wind conditions, and 
offshore has less noise pollution to the local residence. The 
main challenge of developing offshore wind energy is to reduce 
the cost per generated power to a competitive level compared to 
onshore wind energy and other commercial methods for power 
generation such as hydropower and thermal power. 

The substructure of offshore wind turbines makes up a high 
percentage of the total cost of an offshore wind field. Based on 
some existing data of monopile wind turbine farms, the 
percentage may be about 20% or even more [1]. But the cost is 
sensitive to environmental conditions at the specified field. In 
general, bottom fixed concepts, e.g. monopile and jacket, are 
used for shallow water (water depth up to 30-40m for monopile 
and water depth up to 60-80m for jacket). With the increasing 
of the water depth, the cost of the monopile or jacket increases 
significantly. Floating concepts are considered for water depth 
more than 100m. The experiences in the offshore oil industry 
have been used to develop floating wind turbines. Several 
designs with a 5 MW turbine have been proposed, e.g. the 
OC3-Hywind [2], NREL-MIT TLP [3], and WindFloat [4]. 
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In the present paper, the focus is on the OC4 DeepCWind 
semi-submersible wind turbine [5], which is a semi-
submersible wind turbine provided by NREL for the OC4 
project. The OC4 DeepCWind semi-submersible supports the 
wind turbine by a central column, while WindFloat supports the 
wind turbine by an offset-column. 

The semi-submersible concept mainly uses water line area 
restoring moment to achieve sufficient stiffness against 
overturning. On one hand, the large overturning moment due to 
the aerodynamic loads on the blades forces the designer to 
obtain sufficient restoring stiffness by increasing the distance 
between the side columns. On the other hand, the designers 
have to control the steel weight because of the associated costs. 
Consequently, the design of the brace system for semi-
submersible floating wind turbine is a challenging task. 
Meanwhile, long-term harsh environmental conditions and 
wind turbine faults may result in ultimate or fatigue failure. As 
a result, design checks based on well considered numerical 
simulations are important for designers to achieve a floating 
wind turbine design with satisfied reliability and acceptable 
costs.  

The present paper proposes a novel numerical modeling 
method that can be used to obtain the brace responses due to 
environmental loads in the time-domain. The method has been 
applied for ULS design check for the OC4 DeepCWind semi-
submersible wind turbine. The environmental data 
corresponding to an offshore site at the central North Sea has 
been selected in the design check although the floater is 
originally designed for Gulf of Maine. Relevant information 
about model descriptions, modeling method, results and 
discussions have been presented in the following sections. 

WIND TURBINE MODEL 
The outline of the OC4 DeepCWind semi-submersible is 

shown in Figure 1 and Figure 2. Wind turbine is located on the 
centre column, named as main column (MC). There are three 
side-columns around the central column. For each of the side-
columns, it includes an upper column (UC) and a base column 
(BC). Braces are used to connect the main column, the upper 
columns and base column as an integrated body. Relevant 
geometry information about the columns can be found in Figure 
2. 

 
Figure 1Side view of the OC4 DeepCWind 

semisubmersible wind turbine [5] 

 
Figure 2 Plan (left) and Side (right) view of the OC4 

DeepCWind Semisubmersible [5] 
 

The freeboard of the side-columns is 12m. The distance 
between the top of the main column and the SWL is 10m. The 
NREL offshore 5-MW base line wind turbine described in 
reference [6] is used in the current model. The control system is 
described in reference [6] is used in the OC4 project. But it is 
not included in the present model due to the limitation of the 
applied simplified aerodynamic model which has been 
described in the following section. The coordinate system is 
shown in Figure 2. The origin of the coordinate system is at the 
center of the water line area of the main column. 

The names of the columns and braces have been shown in 
Figure 2. All columns and braces have cylindrical shape. The 
diameter of all the braces is 1.6m.  

Normal steel (Desity=7850 [kg/m^3]; Young’s 
modulus=2.1E+11[Pa]; Yield stress=235[MPa]; Poisson 
ratio=0.3; Structural damping ratio=1%) is applied to all the 
braces. The position of each brace is tabulated by Table 1. The 
coordinate system is the same as the one used in Figure 2. 
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Table 1 Member Geometry [5] 

 
It should be noted that the wall thickness in Table 1 is 

specified by reference [5] with the consideration of achieving 
the same mass distribution as a scaled model in the laboratory 
test [7]. 

The mass of the OC4 DeepCWind semi-submersible has 
been re-calculated and reformulated for the purpose of applying 
the novel method described in the next section to do ULS 
design check. 

 
Table 2 Mass property of columns and braces. The centre of 
gravity and moments of inertia are referred to the 
coordinate system described in Figure 2. 

Item Unit 
Offset 

column 1 
Offset 

column 2 
Offset 

column 3 
MC Braces 

M Tonne 4354 4354 4354 152 268 
x 

m 
-14.65 -14.65 29.3 0 0 

y -25.37 25.37 0 0 0 
z -13.78 -13.78 -13.78 -5.77 -1.63 

I_x 

Tonne
*m^2 

4.00E+06 4.00E+06 1.20E+06 1.83E+04 6.44E+04 
I_y 2.13E+06 2.13E+06 4.94E+06 1.83E+04 6.44E+04 
I_z 4.08E+06 4.08E+06 4.08E+06 1.58E+03 4.87E+04 

I_xy 1.62E+06 
-

1.62E+06 
0.00E+00 0.00E+00 0.00E+00 

I_yz 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
I_xz 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

 
The mass of the side-column includes the mass of the steel 

hull of UC and BC and the mass of ballast water in UC and BC. 
There is no ballast water in MC and braces. The mass of MC 
only considers the mass of the steel hull. It should be noted that 
the mass of turbine, tower and mooring lines are not included in 
Table 2.2, but they are available in [5, 6]. 

Three catenary mooring lines are used to provide 
horizontal restoring stiffness. Each of the mooring lines is 
attached at the upper surface of each base column through the 
corresponding fairlead. The distance from each fairlead to the 
centre line of the main column is 40.868m. The anchors are 
located on flat sea floor which is 200m below the SWL. The 
distance from each anchor to the centre line of the main column 
is 837.6m. The unstretched length of each mooring line is 
835.5m. The angle in between of the mooring lines is 120 
degree. Uniform properties are assumed along the length of the 
mooring lines. The diameter of each mooring line is 0.0766m. 
The mass density along the length of each mooring line is 
113.35kg/m. The bending stiffness and torsional stiffness are 
set to be zero. The axial stiffness is 7.536E+8N. 

Numerical decay tests have been done by the authors to 
identify the natural periods the OC4 DeepCWind semi-
submersible wind turbine. The results are tabulated as 
following: 

 
Table 3 Natural periods of the rigid body motions of the 
OC4 DeepCWind semi-submersible wind turbine based on 
numerical decay test simulations. The unit is second. 
Surge Sway Heave Roll Pitch Yaw 

115.9 117.3 17.1 26.0 25.8 80.2 

NOVEL MODELLING METHOD  
The NORSOK standard N004 [8] requires that appropriate 

models should be developed to verify that the structure can 
resist relevant actions associated with conditions that may 
occur during all stages of its life-cycle [8]. In the offshore oil 
industry, different detailed FEM models have been used to get 
the responses of the structure under the specified design loads 
[8]. However, the floating wind turbine is considered as an 
aero-hydro-servo-elastic system [9]. It means that the 
aerodynamic loads on blades, as well as the hydrodynamic 
loads on the floater, are fully coupled with the global motions 
of the floater. In addition, the aerodynamic control of the wind 
turbine will change the aerodynamic loads and therefor the 
floater motions simultaneously. Consequently, it is a big 
challenge to decide the appropriate design loads. Unfortunately, 
by now, the experiences are quite limited.  

From an engineering point of view, a simple and effective 
method is needed, especially for preliminary design, to improve 
the efficiency, reduce the design cost and save the human effort 
and time. The authors of this paper propose a novel modeling 
method that makes it possible to obtain the forces and moments 
in the brace system of a semi-submersible wind turbine based 
on the time-domain analysis, while considering the floating 
wind turbine as an aero-hydro-servo-elastic system. 

The novel method is developed on the basis of the code 
Simo/Riflex [10, 11]. Simo/Riflex is a state-of-the-art time-
domain code that can well address the hydrodynamic loads and 
solve the structural dynamic problem in a fully coupled way 
involving all of rigid body motions and flexible deformations of 
slender structures (e.g. mooring lines, braces and blades) in the 
time-domain. The code Simo/Riflex+TDHMILL [12, 13], 
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which is capable of modeling the floating wind turbine as an 
aero-hydro-elastic system and Simo/Riflex+Aerodyn [14], 
which is capable of modeling the floating wind turbine as an 
aero-hydro-servo-elastic have been used by several researchers 
to model various floating wind turbines with different types of 
floaters such as Spar, TLP and semi-submersible [13, 15-17]. In 
applications that are related to semi-submersible floaters, the 
floater (including the columns, pontoons and braces) is 
considered as an integrated rigid body and modeled as a single 
rigid body system with 6 degrees of freedom of motions. The 
rigid body motions, in general, can be expressed by Equation 
(1) and (2). [18] 
ሺࡹ ൅ ሻ࡭ ሷ࢞ ൅ ࡯ ሶ࢞ ൅ ሺࢌ૛ࡰ ሶ࢞ ሻ ൅ ሺ࢞ሻ࢞ࡷ ൌ ,ݐሺࢗ ࢞, ሶ࢞ ሻ											ሺ1ሻ 

where, M is body mass matrix; A is frequency-dependent 
added-mass matrix; C is frequency-dependent potential 
damping matrix; ࡰ૛ is quadratic damping matrix; ࢌ is vector 
function where each element is given by f௡ ൌ x୬ሶ |x୬ሶ |; K is 
hydrostatic stiffness matrix; ࢞ is position vector; ࢗ is external 
force vector 

,ݐሺࢗ ࢞, ሶ࢞ ሻ ൌ ࡵࢃࢗ ൅ ࡭ࢃࢗ
ሺ૚ሻ ൅ ࡭ࢃࢗ

ሺ૛ሻ ൅ ࢁ࡯ࢗ ൅  ሺ2ሻ									࢚࢞ࢋࢗ
where, ࡵࢃࢗ	  is wind force; ࡭ࢃࢗ

ሺ૚ሻ  is first order wave 

excitation force; ࡭ࢃࢗ	
ሺ૛ሻ  is second order wave excitation 

force;	ࢁ࡯ࢗ is current drag force;  ࢚࢞ࢋࢗ any other forces (wave 
drift damping, specified forces and forces from station-keeping 
and coupling elements, etc). 

X, in Equation (1), is 6×1 vector corresponding to 6 
degrees of freedom of the rigid-body motions of the floater. A 
and C are 6×6 frequency dependent added mass and potential 
damping matrix respectively. They are calculated by the code 
WAMIT based on Boundary Element Method (BEM) [19]. A 
panel model corresponding to the whole structure of the floater 
below water line is needed. The Equation (1) can be further 
expressed in the form of Cummins equation by doing inverse 
Fourier transform. The frequency dependent terms are 
accounted by convolution integrals [20].  

The conventional method is not straight-forward to 
calculate the structural responses of the braces or pontoons 
since all the braces, columns, pontoons of the floater are 
modelled as a single body. Instead, the authors propose to 
model the floater as a multi-body system. Each of the side-
columns and the main column is modelled as independent rigid 
bodies. Meanwhile, each of the braces in between of the 
columns is modelled as beam element to make it possible to get 
the brace structure responses under the action effects of the 
external wave loads and the motions of the side-columns at the 
ends of the brace. A rigid connection with master and slave 
relationship is applied at each of the joints between the side-
columns and braces. It is used to connect the side-columns with 
the beam models.  

In the novel modelling method, each side-column has 6 
degrees of freedom for its rigid-body motion matrix. The 
motions of the columns can also be solved by Equation (1) 
except that the matrix and vectors in the Equation (1) should 
include all degrees of freedom of all columns and the 

corresponding cross terms which account for the interaction 
coupling effects between different bodies.  

Regarding to the floater of the OC4 DeepCWind 
semisubmersible wind turbine model, each of the side-columns 
and main column should be modelled as an independent rigid 
body. Thus, the floater includes four rigid bodies. 
Consequently, A(ω) is 24×24 matrix rather than 6×6 matrix. 
The matrix can be expressed as: 

ሺ߱ሻܣ ൌ

ۏ
ێ
ێ
ێ
ܣۍ

ଵ,ଵ ଵ,ଶܣ

ଶ,ଵܣ ଶ,ଶܣ
ଵ,ଷܣ ଵ,ସܣ

ଶ,ଷܣ ଶ,ସܣ

ଷ,ଵܣ ଷ,ଶܣ

ସ,ଵܣ ସ,ଶܣ
ଷ,ଷܣ ଷ,ସܣ

ସ,ଷܣ ےସ,ସܣ
ۑ
ۑ
ۑ
ې

ଶସൈଶସ	

ሺ3ሻ 

 
ሺ݅	௜,௝ܣ ൌ 1,2,3,4; ݆ ൌ 1,2,3,4ሻ  is 6×6 matrix. ܣ௜,௝ 

expresses the added mass on body ݅  due to 6 degrees of 
freedom motions of body ݆. Frequency dependent potential 
damping matrix is similar to the added mass matrix. These 
coefficients can be calculated by using multi-body option in 
WAMIT. However, due to the limitation of the matrix solver, 
hydrodynamic interaction effect cannot be considered by 
current version of Riflex. It means, in frequency depended 
matrix (e.g. Equation (3)) the cross terms are set to be zero, 
while each of the diagonal terms, e.g. ܣ௜,௝	, ݅ ൌ ݆, accounts for 
the corresponding hydrodynamic load on each body due to the 
motions of the body in open still sea without the other bodies. 
Meanwhile, the first order potential wave load on each body 
does not include hydrodynamic interaction effect. The terms 
without hydrodynamic interaction effects of each body can be 
calculated by WAMIT with the panel model corresponding to 
each body. The second order potential wave loads are not 
included in current model. 

The influence of the hydrodynamic interaction effect on 
the response of the floater is examined in the next section. The 
results show that hydrodynamic interaction effect has very 
limited influence on Response Amplitude Operator (RAO) of 
the floater, for wave periods (varying from 3 second to 30 
second) that are of interest. The hydrodynamic interaction 
effect will be added by a new version of Riflex in the future. 

In addition to the two modelling approaches mentioned in 
above, each of the columns of the floater could be modelled as 
beams. Consequently, the floater is treated as a flexible beam 
element system by which the structural responses of the braces 
or pontoon can be obtained directly from the time-domain 
simulation. However the main challenge of this beam element 
modelling method is how to account for the hydrodynamic 
loads on the beam model of the columns. Moreover, the beam 
model may under-estimate the stiffness at the joint between 
braces and columns, while the local stresses due to stress 
concentration, which cannot be considered by the beam model, 
may dominate the stress responses at the joint. The 
hydrodynamic loads on the columns can be expressed in a 
practical way by using the Morison formula. It means memory 
effects due to frequency dependent potential wave loads, added 



 5  

mass and potential damping have to be neglected. It should be 
noted that the Morison formula is an empirical formula that is, 
in general, applicable when the wave length is larger than five 
times the diameter of the slender structure’s cross section [21]. 
In addition, the Morison formula may not be appropriate to 
estimate the hydrodynamic loads in the axial directions of the 
columns. A study presented in [17] concludes that, for a 5 MW 
semi-submersible wind turbine which is similar to WindFloat, 
pure Morison model tend to result in overestimation of heave 
and pitch motions when compared with the potential theory, 
while diffraction effects became important for heave motions in 
regular wave analysis with periods below 7 second. 

Compared with the conventional method and beam 
element modelling method used in the offshore oil industry, the 
proposed approach makes it be capable of accounting for the 
influence of the hydrodynamic load, aerodynamic load, pitch 
servo system, and elastic properties of the flexible slender 
structures on the structural responses of the brace system. The 
obtained member forces and moments in the brace system can 
be used for design checks with respect to ULS and Fatigue 
Limited State (FLS). 

The authors apply this method with the code 
Simo/Riflex+TDHMILL and short term stochastic analysis 
approach described by NORSOK N003 [22] and NORSOK 
N004 to obtain the characteristic structural responses in design 
load conditions. The responses are used to compare with the 
resistance of the corresponding structure to estimate the safety 
of the structure. It should be noted that proposed modelling 
method can also be used in conjunction with other codes, e.g. 
Simo/Riflex+Aerodyn. 

The features of the developed numerical model are 
summarized in Table 4.  

The structure of the 5 MW wind turbine is composed of 
several systems, i.e. blades, hub, nacelle and tower. The blades, 
hub and nacelle are modelled as an integrated rigid body 
attached at the top of the tower. There are no external loads on 
the rigid body except the gravity and the aerodynamic loads. 
Aerodynamic load on the blades are simplified as a thrust force 
acting at the integrated rigid body by TDHMILL. The thrust 
force and the generated power of the turbine are calculated 
based on the relative wind speed at the nacelle considering the 
effect of floater motions and the specified normalized thrust 
and power coefficients [12]. The gyro moment due to the 
rotation of the rotor and the global motions of the floater is also 
considered by TDHMILL.  

Each of the columns (side-columns and main column) is 
modelled as a rigid body with the mass matrix described in 
Table 2.2. First order wave loads based on the potential theory 
and drag force based on the Morison formula are used to 
express the hydrodynamic loads on the columns. The 
hydrodynamic interaction between the columns is not included 
in the model.  

The tower, mooring lines and braces are modelled as beam 
elements. The loads on the mooring lines and braces are 
considered by the Morison formula. The drag coefficient ܥௗ 
and added mass coefficient ܥ௔  in the Morison formula are 

defined based on the formula described in section 6 of 
reference [23]. These coefficients depend on Reynolds number, 
the Keulegan-Carpenter number and the roughness [23]. The 
drag coefficients used in present model are based on the values 
specified by [5]. The coefficients have been tabulated in Table 
5. The drag coefficients given by reference [5] are selected 
based on Reynolds number except the base columns since they 
work as heave plate. Instead, the drag coefficients for base 
columns are selected based on results of model test [7]. 

The non-linear hydrodynamic loads (the drag forces on the 
columns and the hydrodynamic loads on the braces) due to the 
varying of the wetted surface in the time-domain can be well 
addressed by Riflex. Riflex provides options that can calculate 
wave kinematics and wave loads from the sea bed up to the 
wave surface by stretching the velocity potential of incident 
wave at the mean surface to the actual wave surface or by 
keeping the potential being constant from the mean surface to 
the actual wave surface. In present model, the later one is used. 
During the time-domain simulation mentioned in the flowing 
two sections, the relative fluid particle velocity and acceleration 
at the instantaneous positions of the columns, braces and 
mooring lines of the OC4 DeepCWind semi-submersible wind 
turbine and the corresponding Morison loads or viscous loads 
are calculated by Riflex at each time step.   
Table 4 Summary of the features of the developed 
numerical model 

 
Table 5 Drag coefficients and added mass coefficients in the 
Morison formula [5]. 
 Braces Mooring 

line 
MC UC BC BC(axial 

direction) 
 ௗ 0.63 1.1 0.56 0.61 0.68 4.8ܥ
  ௔ 0.63 1.0ܥ
 

 Mass model Structure 
model 

Load model 

Main 
column 

 
 
 
 
 

Integrated 
mass 

 
 
 
 
 

Rigid body 
 

1)  
Gravity/Buoyancy 
2) First order 
wave loads 
(potential theory) 
3) Viscous force 
(Drag term of the 
Morison formula) 

Side-
column 1 

Side-
column 2 

Side-
column 3 
Nacelle, 
hub and 
blades 

1) Gravity 
2) Aerodynamic 
loads 
(TDHMILL) 

Mooring 
lines and 

braces 

 
 

Distributed 
mass 

 

Flexible 
body, beam 

element 

1)  
Gravity/Buoyancy 
2) Morison 
formula 

Tower Flexible 
body, beam 

element 

1) Gravity 
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MODEL VERIFICATION  
The influence of hydrodynamic interaction effects on the 

responses of the floating wind turbine has been investigated. 
Two numerical models, Model A and Model B, for the 

OC4 DeepCWind floating wind turbine have been developed. 
In Model A, the conventional modeling method with a single 
body including hydrodynamic interaction effects is used. In 
Model B, the novel modeling method with a multi-body system 
but without hydrodynamic interaction effect is used. Regular 
wave simulations in the time-domain with unit wave amplitude 
and different wave periods, which are varying from 3 second to 
30 second with a step of 0.5 second, have been carried out. The 
wave direction is pointed to the direction of positive x axis of 
the coordinate shown in Figure 2. The floating system can be 
considered as a linear system since the amplitude of each 
incident regular wave is small (1m) and the aerodynamic loads 
are not included in the simulations. For each wave period, the 
motion responses of Model A and Model B are quite sinusoidal. 
As a result, the response amplitude of the motions are treaded 
as the motion RAOs, see Figure 3. It should be noted that the 
motion responses will no longer be sinusoidal due to the non-
linear effect when the ratios between the wave height and the 
diameter of the columns or braces are large, e.g. above 10 [21], 
in which the drag force dominates. 

   
Figure 3 RAOs of surge, heave and pitch motions for 

Model A and Model B 
The motion responses of Model A in Figure 3 refer to the 

origin of the body related coordinate which is located at the 
same place as the coordinate system described in Figure 2. 
Model B includes 4 rigid bodies. The motion responses are 
referred to origins of the body related coordinate that is similar 
as the coordinate of Model A except that the positions of the 
origins are at the intersection of the free surface and the center 
line of each column. The motion RAOs of Model B shown in 
Figure 3 are the one of the main column of the floater. The 
results show that the RAO curves of Model A agree with the 
curves of Model B quite well, while resonant heave and pitch 
motions are clearly observed. The results indicate the 
hydrodynamic interaction effect has very limited influence on 
the motion responses of the semi-submersible floater described 
in this paper. 

ULS DESIGN CHECK WITH SHORT TERM 
STOCHASTIC ANALYSIS METHOD  

In this section, we address the responses of the braces in 1-
hour short term sea states. The main purpose is to give an 
example of applying the described modeling method and 
developed numerical model to estimate the responses of the 
brace system in the environmental conditions corresponding to 
annual exceedance probability 0.02 (with a return period of 50 
years). The responses are further used for ULS design check.  

The contour line method [24] is used to predict the long 
term response by using design environmental conditions. The 
environmental data at an offshore site at the central North Sea 
has been used in the example of ULS design check. Information 
about the chosen site and the corresponding 3-D contour 
surface have been described in [25]. The water depth of the site 
is assumed as 200m. Other sites in the northern North Sea, 
which have more serious sea states, may be applied for future 
analysis.    

135 design environmental conditions along the contour 
surface of the central North Sea site corresponding to annual 
exceedance probability 0.02 [26, 27] have been tabulated in 
Table 6. Five different mean wind speed at the nacelle, 
including wind speed below rated speed, at rated speed, above 
rated speed and extreme wind speed have been coved in the 
specified cases. Kaimal wind spectrums are used to generate 
turbulent wind. Normal turbulence wind model is used. The 
turbulent intensity factors given in [26] are applied, while the 
wind class is assumed as class C (low turbulent wind) due to 
the fact that offshore wind is less turbulent than onshore wind. 
 
Table 6 Design environmental conditions. Mean wind speed 
at nacelle: A=9.7m/s; B=11.5 m/s; C=14.69m/s; D=18.3m/s; 
E=28.65m/s. Turbulence intensity: A=0.16; B=0.15; C=0.14; 
D=0.13; E=0.11. Hs is significant wave height. Tp is peak 
period of JONSWAP spectrum. 

LC 
A B C D E 

Hs Tp Hs Tp Hs Tp Hs Tp Hs Tp 

1 0.8 23.6 1.1 22.0 1.2 19.7 1.9 16.8 9.2 16.0

2 2.5 17.0 2.8 17.0 2.9 17 5.9 14.7 9.5 12.0

3 4.1 8.5 4.6 8.5 5.5 8.5 6.5 8.5 8.7 10.0

4 4.0 7.5 4.5 7.5 5.3 7.5 6.1 7.5 7.4 8.5 

5 4.0 7.0 4.4 7.0 5.2 7 5.8 7.0 6.8 8.0 

6 3.8 6.0 4.2 6.0 4.8 6 5.2 6.0 6.1 7.5 

7 3.6 5.5 4.0 5.5 4.5 5.5 4.8 5.5 5.4 7.0 

8 3.3 4.5 3.5 4.5 3.8 4.5 3.8 4.5 4.5 6.5 

9 3.0 4.0 3.2 4.0 3.4 4 3.3 4.0 3.5 6.0 

 
JONSWAP spectrums with peakness factor equal to 3.3 are 

considered. The Hs, Tp and wave incident directions are chosen 
based on the results of regular wave analysis [22].  
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Figure 4 RAO of CB1 axial force based on time-domain 

regular wave analysis. Dir00, for example, means wave 
direction is 0 degree. 

Similar as what have been shown in previous section, 
regular wave simulations with unit amplitude have been done 
by Simo/Riflex to find out structure response RAOs and the 
critical periods for the brace system. The RAOs of the axial 
force of CB1 in regular waves with different periods and 
different incident directions is plotted in Figure 4. The wave 
period varies from 3 second to 30 second with a step of 0.5 
second. The wave direction is defined as the angle from the 
vector (1,0,0) in the coordinate shown in Figure 2 to the vector 
of wave propagating direction. Since the wind load effects have 
not been included in the regular wave analysis, while the hull of 
the floater and the mass distribution are symmetric, seven 
different incident directions varying from 0 degree to 60 degree 
are sufficient to consider effects of waves coming from 
arbitrary directions. Beside the response RAOs shown in Figure 
4, all the other response RAOs have been checked. The results 
indicate the brace system is sensitive to wave periods around 
17s (heave natural period), 26s (pitch natural period) and wave 
periods from 4s to 8.5 seconds. Consequently, Tp, in Table 6, 
are chosen to be as close as possible to those critical periods. 
For each case, Hs is selected as the maximum value on the 
contour surface corresponding to the chosen mean wind speed 
and Tp. The incident wave directions in the design 
environmental conditions are also selected based on the results 
of regular wave simulations. Wind direction is fixed in the 
direction of the 0 degree wave direction. For each design cases, 
three directions of incident wave (0 degree, 30 degree and 60 
degree) have been included to consider the effects due to wind 
and wave misaligned angle. The misaligned wind and wave 
may be critical to floating wind turbine under certain conditions 
[3, 13]. A more systematic analysis regarding to the misalign 
effect on the responses of the brace system should be done in 
the future work.  

It should be noted that, due to the short term response 
variability, contour line method may, in general, underestimate 
the responses. The short term response variability can be 
considered by introducing a correction factor, which depends 

on the nature of the response model on the expected extreme 
response or by choosing the extreme maximum value 
corresponding to a higher percentile of the probability 
distribution [28]. The correction factor for brace system of 
semi-submersible floater needs to be calibrated based on full 
long-term response analysis. Due to the limitation of work 
scope, the correction based on the consideration of the short 
term response variability is not included in the work presented 
in this paper. 

The design check of the brace system is carried out by 
methods and formula specified in NORSOK N004. Utilization 
ratio (U) is used to express the safety margin of each brace. The 
brace will fail if U exceed to 1. In general, U can be expressed 
as [8]: 

ܷ ൌ ܵௗ
ܴௗ
ൗ ;	ܵௗ ൌ ܵ௞ߛ௙;	ܴௗ ൌ

ܴ௞ ெൗߛ 										ሺ4ሻ 

where, ܵௗ  is design action effect; ܴௗ  is design 
resistance;	ܵ௞ is characteristic action effect; ߛ௙ is partial factor 
for actions; ܴ௞  is characteristic resistance; ߛெ  is resulting 
material factor. 

The uncertainty of the material property is reflected in the 
value chosen for ߛெ. It depends on the steel quality. In present 
study, ߛெ is set to be 1.15. ߛ௙ denotes the uncertainty of the 
action effects, e.g. IEC61400-1 [26] suggests that ߛ௙ could be 
1.2 for design wind load. In present study, ߛ௙ is set to be 1.3 to 
all the action effects for the reason of being conservative. It 
should be emphasized that the correction factor, which accounts 
for the short term response variability, mentioned in above is 
not included since the value of correction factors need to be 
calibrated based on full long-term response analysis. 

The character action effects (force and moment responses) 
of the brace system are calculated by Simo/Riflex+TDHMILL 
in time-domain, while the corresponding utilization factors and 
the characteristic resistances are calculated based on the 
interaction formulae of the bending moments and the axial 
forces described in section 6.3.8 of NORSOK N-004. The 
effects of hydrostatic pressure to structure strength are not 
included since the design hoop stress is very small compared 
with design hoop buckling strength. The hydrostatic pressures 
decrease the characteristic resistances of the structure. 

The utilization factor of the interaction formula of tension 
and bending moment is denoted as U୲. Similarly, Uୡ denotes 
the utilization factor of the interaction formula of compression 
and bending moment. In addition, utilization factor U୰ 
accounts for interaction effects of shear force, bending moment, 
and torsional moment. 

The accuracy of the characteristic load effects depends on 
mesh density of each brace. Mesh sensitive studies have been 
done to find out appropriate mesh number for each brace. In 
addition, it should be noted that design checks have been 
carried out for braces rather than the joints in between of the 
braces and columns. 

The joints are modeled as rigid. This is because, based on 
the experience in the offshore oil and gas industry, the bulk 
head and stiffeners inside the columns lead to high stiffness at 
the joints. As a result, the effective length factor for calculating 
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the column slenderness parameter is set to be 0.5 for each of the 
braces. The effective length factor and the distribution of the 
bending moments induced by lateral loads depend on the 
boundary condition at the ends of each brace. The rigid joint 
assumption will increase the buckling resistance and the 
bending moments at the ends of each beam.  

 
Selected results are discussed in the following: 
 
Regarding to the static analysis results, the static responses 

of the forces and moments at the end nodes of each brace in 
calm water without aerodynamic loads have been checked by 
hand calculations. The hand calculation results are consistence 
with the results given by Simo/Riflex+TDHMILL even though, 
in hand calculation, the braces are simplified as beam with 
fixed boundary conditions at the ends and unit distributed loads 
due to the weight and buoyance. 

Regarding to the dynamic analysis results, short term 1 
hour time-domain simulations corresponding to the design 
conditions specified in Table 6 have been carried out. 
According to NORSOK N004, all cross sections along the 
brace should be checked. In present model, each brace has been 
discretized as several beam elements. The utilization factors of 
each brace have been calculated at each time step based on the 
force and moment responses at the end nodes of each beam 
element. Then, the maximum utilization factor corresponding to 
each structure and each design condition can be identified. The 
value of the maximum utilization factor is a stochastic variable 
rather than a deterministic value. As a result, the expected value 
is of interest since it has less variance. For each design 
condition, 10 1-hour simulations with different random seeds 
for wind and wave generation have been carried out. For each 
brace, the average value of the maximum utilization factor of 
each 10 1-hour simulation is considered as the expected 
maximum value. Furthermore, for each brace, the largest value 
of the expected 1-hour maximum utilization factor 
corresponding to each design condition has been identified and 
tabulated in Table 7. 

The results show that the braces of the OC4 DeepCWind 
semi-submersible wind turbine have sufficient strength to 
survive in the specified conditions. It should be emphasized 
that, as what has been discussed in above, due to the inherent 
short term stochastic variability, the maximum response in 1-
hour simulation corresponding to 50 years return period 
environmental condition does not necessary mean that the 
response corresponds to 50 years period probability [24]. A 
more reliable result is based on the full long term approach.  

The results also show that both U୲ and Uୡ are important 
to design of brace system. DL braces are identified as the most 
critical braces. The maximum Uୡ of DL1 in LC3-E30 is 0.91, 
which is close to 1, while the corresponding U୲  is 0.82. 
Although the utilization factors are not exceeded to the limit, 
the high values indicate that either the strength of the DL braces 
may need to be increased or the extreme responses of the braces 
should be reduced to increase the margin of the floater’s safety.  

The directions of wind and wave may also be important to 
brace system design. Figure 5 clearly shows that, for brace 
DL1, the utilization factors in the cases with 30 degree 
misaligned angle are much larger, than the one with 0 degree 
and 60 degree misaligned angles. This is because the wave 
incident direction is in line with the axial direction of DL1 
when the misaligned angle is 30 degree.  

The power spectrum of the force and moment responses on 
DL and DU braces show that the responses of the braces are 
dominated by wave frequency. In the response spectrum of CB 
braces, YU and YL braces, low frequency components 
corresponding to floating wind turbine pitch natural period and 
slow varying wind speed, wave frequency components and high 
frequency components corresponding to first eigenperiod can 
be clearly observed. The results indicate that both the wave 
induced loads and the loads transferred through the base of the 
tower are important to the design of YU, YL and CB braces, 
while DL and DU braces may be more sensitive to wave 
induced loads. 

The torsional moment about the local axial direction along 
each of the braces is quite limited. As a result, U୰ mainly 
accounts for the combination of shear forces and bending 
moments. 

 
Table 7 Largest expected utilization factor of each brace. 
The cases are referred to the design conditions specified in 
Table 6. LC7-C60, for example, means load condition 7, 
wind condition “C”, wave incident direction is 60 degree. 
 

 Ut Uc Ur 
 Value Case Value Case Value Case 
CB1 0.24 LC3-D60 0.33 LC5-E60 0.20 LC7-C60 
CB2 0.17 LC4-E60 0.54 LC5-D00 0.29 LC3-E00 
CB3 0.22 LC6-C30 0.34 LC3-E60 0.19 LC6-D30 
DL1 0.82 LC3-E30 0.91 LC3-E30 0.52 LC7-D30 
DL2 0.60 LC5-D30 0.71 LC6-E30 0.50 LC7-D30 
DL3 0.59 LC6-D30 0.77 LC6-D30 0.52 LC6-D30 
DU1 0.49 LC6-D30 0.47 LC6-D30 0.39 LC6-D30 
DU2 0.48 LC6-D30 0.55 LC6-D30 0.38 LC6-D30 
DU3 0.49 LC6-D30 0.57 LC6-D30 0.38 LC6-D30 
YL1 0.45 LC5-D30 0.54 LC3-E60 0.46 LC6-D30 
YL2 0.45 LC6-D30 0.52 LC3-E00 0.45 LC6-D30 
YL3 0.43 LC7-C30 0.40 LC6-D30 0.40 LC7-D30 
YU1 0.56 LC6-D30 0.71 LC6-D30 0.59 LC6-D30 
YU2 0.61 LC6-D30 0.53 LC6-E30 0.59 LC6-D30 
YU3 0.49 LC6-D30 0.59 LC6-D30 0.54 LC6-D30 
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Figure 5 Plot of expected ܋܃ of DL1 for each design 

condition 

 
Figure 6 Spectrum plots of axial force and bending 

moment on end nodes of CB3 and DL2 in sea state LC6-B30 
(1-hour simulation) 

The application of the proposed novel modeling method 
makes it possible to get dynamic responses of the braces in 
short term time-domain analysis. More case simulations have 
been planned to further release the behaviours of the brace 
system under the combined wind and wave loads and to 
improve the current design. Besides the ultimate responses of 
the brace system, the fatigue problem at the joints may be more 
critical according to the experience of offshore oil semi-
submersible platforms at the North Sea. The brace responses 
given by proposed method can also be used to do FLS design 
check. The stress concentrate effect due to the joints can be 
considered by stress concentration factors based on relevant 
standards or FEM analysis [29]. 

CONCLUSIONS 
A novel modeling method that can be used to simulate the 

force and moment responses in the brace system of a semi-
submersible wind turbine due to environmental loads and 
motions in the time-domain while considering the floating wind 

turbine as an aero-hydro-servo-elastic system has been 
illustrated. 

An example of the ULS design check of the brace system 
of the OC4 semi-submersible wind turbine with the application 
of the novel modeling method based on 
Simo/Riflex+TDHMILL has been shown. The results indicate 
that the braces have sufficient strength to survive in the design 
conditions. The utilization factors of the braces are sensitive to 
misaligned angles of wind and wave. Both U୲  and Uୡ  are 
important to the design of brace system. The DL braces, in 
specified design conditions, are more critical than other braces.  
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ABSTRACT 
This paper introduces the design and numerical analysis of 

a braceless steel semi-submersible wind turbine. The hull of the 
semi-submersible wind turbine is designed to support a 
reference 5-MW horizontal axis wind turbine at a site in the 
northern North Sea. The hull is composed of a central column, 
three side columns and three pontoons. The side columns and 
pontoons are arranged radially outward from the central column 
which is used to support the wind turbine. The side columns 
form the corners of a triangle on the horizontal plane and are 
connected by the pontoons to the central column at the bottom 
to form an integrated structure. Numerical analysis has been 
carried out to analyze the intact stability, natural periods and 
modes and structural strength of the design. Results of the 
numerical analysis show that the design has very good intact 
stability, well designed natural periods and modes, moderate 
rigid-body motions in extreme environmental conditions and a 
reasonable structural design. This paper emphasizes the 
structural responses of the hull in global and local load effects. 
The global forces and moments in the hull are calculated by 
carrying out time-domain global analysis and used as inputs for 
simplified ultimate limit state design checks for structural 
strength of the hull. The design can be used as a reference semi-
submersible wind turbine. A 1:30 model of the semi-
submersible wind turbine has been tested in a hybrid model test 
by Marintek in October 2015. The model test data will be 
presented, utilized and discussed in other papers in future. 

 
1 INTRODUCTION 

Offshore wind energy has become a significant area of 
development. Offshore wind power has several advantages over 
onshore wind power [1]. First, offshore wind sites generally 

produce stronger winds with less turbulence on average 
because the sea surface is considerably smoother than the land 
surface. Second, the effects of noise and visual pollution from 
these sites on humans are negligible because of their distance 
from populated areas. Third, in most countries, the sea is owned 
by the government rather than private landlords, which allows 
for the development of large offshore wind farms. Finally, good 
sea transport capabilities allow for the construction of large 
wind turbines with high rated power (e.g., 5-10 MW).  

The potential of offshore wind energy is substantial, 
particularly in relatively deep water (deeper than 80 m). In deep 
water, floating platforms might be more economically 
competitive than bottom fixed structures. As compared to spar-
type and TLP wind turbines, the advantages of semi-
submersible wind turbines include, but are not limited to, 1) 
greater flexibility in terms of varying sea bed conditions and 
drafts and 2) significantly reduced installation costs due to their 
simpler installation, with full assembly at dock[2]. 

A design challenge is that semi-submersible wind turbines 
must have sufficient stability and structural strength while the 
costs of the produced power must be reduced to a competitive 
level. Natural periods and modes should be well designed to 
avoid resonant rigid-body motions and structural vibrations 
excited by loads such as the 1P and 3P effects and first order 
wave loads. 

Semi-submersible wind turbines mainly use side columns 
to get sufficient intact stability. To reduce the costs of 
construction and maintenance, most of the proposed semi-
submersible wind turbine concepts feature three side columns. 
The side columns are arranged radially outward from the 
geometrical center of the water plane area and form the corners 
of a triangle on the water plane. A wind turbine could be 
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mounted on one side column. Alternatively, the wind turbine 
could be mounted on a central column that is located at the 
geometrical center of the water plane area.  

The 5-MW WindFloat is a well-known three-column semi-
submersible wind turbine [2,3], while the OC4-Semi is a four-
column semi-submersible wind turbine that includes three side 
columns and a central column [4]. For each design, the columns 
are connected by braces to form an integrated structure. At a 
given joint, a column could be connected by several braces. It 
can be very complex and expensive to weld the joint. 
Meanwhile, fatigue life of the joint can be a very critical issue 
due to stress concentration effect at the joint. In addition, to 
avoid heave resonant motions excited by first order wave loads, 
additional heave plates and/or pontoons may be needed. 
Construction of the additional heave plates can be complex and 
expensive as well.  

Braceless semi-submersible wind turbines, for which the 
columns are connected by pontoons rather than braces, may be 
a better solution for reducing design complexity and cost of 
offshore wind power. Several braceless semi-submersible wind 
turbine concepts, e.g. the 5-MW GustoMSC Tri-Floater [5], 
VolturnUS [6] and Dr.techn.Olav Olsen’s concept[7], have been 
proposed. However, discussions on structural behaviors of the 
pontoons in wind- and wave- induced global and local load 
effects are very limited.  

In present paper, we intend to introduce a design of a 
braceless steel 5-MW semi-submersible wind turbine. The 
design is named 5-MW-CSC. The hull of the 5-MW-CSC is 
designed to support a 5-MW NREL offshore base line wind 
turbine [8] at a site in the northern North Sea [9]. The hull of 
the 5-MW-CSC is composed of a central column, three side 
columns and three pontoons. The side columns are connected 
by the pontoons to the central column at the bottom to form an 
integrated structure. The added mass in the heave, roll and pitch 
is mainly provided by the pontoons. There are no heave plates 
or braces. The box-shaped cross-section of the pontoons could 
provide considerable viscous damping at the heave, roll and 
pitch resonant frequencies. 

Numerical analysis has been carried out to analyze the 
intact stability, natural periods and modes and structural 
strength of the design. Results of the numerical analysis show 
that the design has very good intact stability, well designed 
natural periods and modes, moderate rigid-body motions in 
extreme environmental conditions and a reasonable structural 
design. The global forces and moments in the hull are 
calculated by carrying out time-domain global analysis and 
used as inputs for simplified ultimate limit state design checks 
for structural strength of the hull.  

The 5-MW-CSC can be used as a reference semi-
submersible wind turbine. A 1:30 model of the 5-MW-CSC has 
been tested in a hybrid model test by Marintek in October 2015. 
Rigid-body motions, mooring line tensions and global forces 
and moments in the tower base and the base of a side column, 
in winds, waves and currents, are measured. The model test 
data will be presented, utilized and discussed in other papers in 
future. 

 
2 DESCRIPTION OF THE DEFINITION OF THE 5-MW-
CSC 

When the 5-MW-CSC is located at its mean positon, the 
body-fixed coordinate system (ݔ௕-ݕ௕-ݖ௕) of the 5-MW-CSC is 
coincident to the global coordinate system (ݔ௚-ݕ௚-ݖ௚) shown 
in Figure 1. The origins of the global and body-fixed coordinate 
systems (ܱ௚ and ܱ௕) are located at the geometrical center of 
the water plane area. The 0-degree direction of the incident 
winds and waves is the positive direction of ݔ௚, whereas the 
90-degree direction of the incident waves is the positive 
direction of ݕ௚.  

The 5-MW-CSC is composed of a rotor nacelle assembly 
(RNA), tower, hull and mooring system. The properties of the 
RNA are described in [8], and the control system and tower are 
described in [10]. The overall dimensions of the hull are given 
in Table 1. The diameter of the central column is set to 6.5 m, 
which is equal to the diameter of the tower base of the wind 
turbine. The freeboard of the side columns is 20 m. The 
distance between the top of the central column and SWL is 10 
m. The hull is designed to be constructed by steel with the 
following properties: density=7,850 [kg/m3]; Young’s 
modulus=2.1 ∗ 10ଵଵ [Pa]; yield stress=235 [MPa]; Poisson’s 
ratio=0.3; and structural damping ratio=1%.  

The ratio of the total steel weight to the displacement is 
approximately 0.17, yielding the equivalent thickness of the 
hull to be 0.03 m. The global and local load effects at the lower 
part of the columns, pontoons and joints are more critical than 
the load effects at the upper part of the columns. The thickness 
of each component can be adjusted based on a more detailed 
analysis to improve fatigue life and ultimate strength. 
Adjustments to the thickness have a negligible effect on the 
stability, rigid-body motions and global forces and moments in 
the hull because the displacement is considerably larger than 
the steel weight.  

A ballast distribution for the operating draft is shown in 
Figure 3. The ballast mass are symmetrically distributed about 
the central line of the central column. Ballast water is used to 
achieve the operating draft, and the pontoons are completely 
filled with ballast water. The pressure head of the ballast water 
in each side column is 7.7 m as measured from the top of the 
pontoon. Meanwhile, no ballast water is used in the central 
column. Mass and moment of inertia of the hull are given in 
Table 2. The mass properties are calculated by assuming that 
the ballast water inside the columns and pontoons does not 
contribute any free surface.  

The mooring system is composed of three catenary chain 
mooring lines. The chain mooring lines are simplified as a 
uniformly distributed mass with a solid circle cross-section. 
The design parameters are given in Table 3. The axial stiffness 
is 3.08 ∗ 10଺  kN/m. The bending stiffness and torsional 
stiffness are set to zero.  
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Figure 1 Layout of the 5-MW-CSC 

 
Figure 2 Side (left) and top (right) views of the hull of 5-MW-CSC 
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Figure 3 Ballast distribution 
 

Table 1. Dimensions of the hull of the 5-MW-CSC 
݀௖ [m] 6.5 
݀௦ [m] 6.5 
݀௣௛ [m] 6 
݀௣௪ [m] 9 
݀௖௦ [m] 41 
݀௖௦௘ [m] 45.5 
Operating draft [m] 30 
Displacement [tonne] 10,555 
Steel weight [tonne] (hull) 1,804 
Equivalent thickness [m] 0.03 

 
 
 

  
Table 2 Mass properties of the hull of the 5-MW-CSC (including steel and ballast water). The center of gravity and moments of 

inertia are described in the body-fixed coordinate system with respect to ࢈ࡻ 
Mass [tonnes] Center of gravity [m] Moments of inertia [tonnes*m2] 

 ௬௭ܫ ௫௭ܫ ௫௬ܫ ௭௭ܫ ௬௬ܫ ௫௫ܫ ௕ݖ ௕ݕ ௕ݔ
9,738 0 0 -24.36 1.05 ∗ 10଻ 1.05 ∗ 10଻ 8.24 ∗ 10଺ 0 0 0 

 
Table 3. Design parameters of a single mooring line 

Mass per unit length (in the air) [tonne/m] 0.115 
Pretension at the fairlead [kN] 1,683 
Un-stretched mooring line length [m] 1,073 
Diameter of the mooring line cross-section [m] 0.137 
Density of the material [tonne/m3] 7.85 
Clump weight in water[tonne] 15 
Distance from the attachment point of the clump 
weight to the fairlead (along the mooring line) [m] 

240 

 
Table 4. Arrangement of the mooring line anchors and 

fairleads described in the global coordinate system 
Fairlead ݔ௚ ݕ௚ ݖ௚ 

1 44.3 0 -18 
2 -22.1 38.3 -18 
3 -22.1 -38.3 -18 

Anchor ݔ௚ ݕ௚ ݖ௚ 
1 1,084.4 0 -200 
2 -542.2 939.1 -200 
3 -542.2 -939.1 -200 

3 DESIGN CONDITIONS 
Joint probability density function of mean wind speed, 

significant wave height (ܪ௦) and peak period of wave spectrum 
( ௣ܶ) and a 3-D contour surface of the mean wind speed, ܪ௦ 
and ௣ܶ  corresponding to the 50-year return period are 
described in [9]. Two-parameter JONSWAP spectrum is 
employed to describe the waves, while the winds are described 
by Kaimal wind spectrum with normal turbulence. Wind class 

is assumed as class C (low turbulent wind). The turbulent 
intensity factors are given in [11]. 

To address motions of the 5-MW-CSC in extreme 
combined wind and wave conditions, five mean wind speeds 
(from EC1 to EC5), including a wind speed below the rated 
speed, a wind speed at the rated speed, two wind speed above 
the rated speed and an extreme wind speed, are selected and 
tabulated in Table 5. The mean wind speeds in the table are 
referred to the position of the nacelle. 

The points, which are located on the 3-D contour surface 
and correspond to a given mean wind speed, can form a closed 
circle in a 2-D plane with respect to ܪ௦ and ௣ܶ.   

For each mean wind speed, the largest ܪ௦  on the 
corresponding closed circle and the ௣ܶ, which corresponds to 
the largest ܪ௦, are selected. In EC 5, the selected ܪ௦ is 0.1 m 
smaller than the largest ܪ௦ of all the points on the 3-D contour 
surface.  

In addition, a simplified ULS design check for the hull is 
carried out based on 21 design conditions (from U0101 to 
U0902) selected from the 3-D contour surface. The design 
conditions are tabulated in Table 5 
  



 5  

Table 5. Environmental conditions 
 

Environmental 
condition 

Mean 
wind 
speed 

at 
nacelle 
height 
[m/s] 

Turbulence 
intensity 

[%] 

 ௦ܪ
[m] 

௣ܶ 
[s] 

Note 

EC1 9.8 16 7.5 14.7 In 
operation EC2 11.4 15 7.9 14.4 

EC3 16 13 9.14 15.0 
EC4 20 12 10.3 14.7 
EC5 40.4 11 15.3 14.3 Parked 

U0101 4.9 23 4.6 8  
 
 

In 
operation 

U0102 4.9 23 6.1 18 
U0103 4.9 23 4.7 24 
U0201 8.0 17 5.2 8 
U0202 8.0 17 6.7 18 
U0203 8.0 17 5.3 23 
U0301 11.0 15 5.7 8 
U0302 11.0 15 7.3 18 
U0303 11.0 15 5.5 23 
U0401 16.5 13 6.5 8 
U0402 16.5 13 8.4 18 
U0501 21.3 12 7.1 8 
U0502 21.3 12 10.4 16 
U0601 25.4 11.7 7.5 8  

 
 
 

Parked 

U0602 25.4 11.7 11.9 15 
U0701 30.0 11.2 8.7 9 
U0702 30.0 11.2 13.3 15 
U0801 34.6 11.1 8.7 9 
U0802 34.6 11.1 14.6 15 
U0901 39.8 11.1 10.5 11 
U0902 39.8 11.1 15.3 14 

4 CASE STUDY FOR THE 5-MW-CSC 

4.1 INTACT STABILITY ANALYSIS  
The intact stability is checked based on the righting and 

overturning moment curves. The overturning moments come 
from aerodynamic loads on the RNA, tower and hull and make 
the semi-submersible wind turbine rotates with respect to an 
axis in the water plane area. The geometrical center of the water 
plane area is always on the axis. For example, the overturning 
moments induced by constant winds along ݔ௚ result in heeling 
angles with respect to a rotation axis that is in parallel to ݕ௚. 
Righting moment is generated by hydrostatic pressure forces on 
the wet surface of the hull and gravity of the semi-submersible 
wind turbine. To find the most critical situation, righting 
moment curves corresponding to several different rotational 
axes need to be calculated and checked. In this paper, we make 
the rotational axis constantly be in parallel to ݕ௚ while the 
semi-submersible wind turbine is rotated by ϕ degrees with 

respect to ݖ௚ . Since the semi-submersible wind turbine is 
symmetrical with respect to the ݔ௚ െ  ௚ plane, ϕ varies fromݖ
0 degrees to 180 degrees with 15-degree intervals. For each 
righting moment curve, heeling angle varies from 0 degrees to 
90 degrees.  

Aerodynamic loads on the hull and tower are calculated by 
Riflex [12]. To simplify the calculation and to be conservative, 
we neglect the shielding, solidification and finite length effects 
described in [13] and assume that incident winds are constantly 
and uniformly distributed from the sea level up to the tower 
top. The aerodynamic loads on a given cross-section of the 
tower or a given cross-section of a given column can be 
expressed by the drag term of the Morison formula [13]. The 
non-dimensional drag coefficient for the cross-section of the 
tower or the column is specified as 0.65. Wind loads on the 
pontoons are not considered even through, under a very large 
heeling angle, part of the pontoons may be raised from water to 
air. The aerodynamic loads on the rotor are calculated in 
Aerodyn [14].  

Wind induced forces are in line to the direction of the 
incident winds. Consequently, for a given ϕ, the maximum 
overturning moment with respect to the rotational axis is given 
by the 0-degree-winds, which is project to the rotational axis. 
Therefore, for each ϕ, overturning moments induced by the 0-
degree-winds are calculated. We assume that the rotor plane is 
always project to the 0-degree-winds and the restoring forces 
are always acting on (0,0,-18) in the body-fixed coordinate 
system.   

The overturning moments induced by wind loads on the 
tower and central column are independent to ϕ  and 
proportional to square of cosine of the heeling angle. Due to 
distribution of the side columns, when the heeling angle is in 
the range of 0 degrees to 30 degrees, overturning moments 
induced by wind loads on the side columns are insensitive to 
ϕ. An example is shown in Figure 4.  

Overturning moments induced by wind loads on the rotor 
in operational and parked conditions and by wind loads on the 
tower and hull at 0-degree-heeling angle are shown in Figure 5. 
Aerodynamic loads on the rotor contribute most of the 
overturning moments in the operational condition. In the parked 
condition, the overturning moments are proportional to square 
of mean wind speed and can be critical in extreme winds, e.g. 
50 m/s extreme wind at nacelle. 

The criterion specified in the DNV-OS-J103 [15] is utilized 
to check the intact stability of the 5-MW-CSC. We assume that 
the ballast mass will not introduce a free surface inside the hull. 
To simplify the calculation and to be conservative, design 
overturning moment (DOM) is specified as a constant value 
with respect to the heeling angle. The DOM is independent to 
Φ and the heeling angle. The constant value is specified as 
90,000 kN*m which is obtained by applying a 1.2 safety factor 
on the most critical overturning moment. The most critical 
overturning moment is 75,000 kN*m given by the operational 
condition with 11 m/s mean wind speed. We assume that the 
hull is an integrated watertight structure without openings on 
the hull and water will entry to the tower if the central column 
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is submerged in water. Figure 6 shows that the most critical 
situation for the intact stability analysis is given by ϕ ൌ 0. In 
general, a given righting moment curve and a design 
overturning moment curve will have two intersections. The 
ratio of the area under the righting moment curve (ϕ ൌ 0) from 
0 degrees to the second intersection to the corresponding area 
under the DOM is 1.63, which is larger than 1.3 and satisfies 
the intact stability criterion. In addition, the DOM inherently 
includes a large safety margin as well.  

 
Figure 4. Overturning moment curves induced by 50 m/s 
constant wind loads on the tower and central column (the 

solid lines) and on the side columns (the dash lines). ૖ 
varies from 0 degrees to 180 degrees with 10-degree 

intervals. Heeling angle varies from 0 degrees to 50 degrees 
with 10-degree intervals. 

 
Figure 5 Overturning moments induced by wind loads on 

the rotor in operational and parked conditions and by wind 
loads on the tower and hull at 0-degree-heeling angle 

 
Figure 6 Righting moment curve (RMC) v.s. design 

overturning moment curve (DOM), intact stability analysis  

4.2 NATURAL PERIODS AND MODES 
The natural periods of the 6 degrees of freedom rigid-body 

motions of the 5-MW-CSC are calculated by numerical decay 
tests and tabulated in Table 6. The numerical model used in the 
decay tests is denoted as TMD2 and described in the paper [16]. 
The hull is assumed as a single rigid-body with 6 d.o.f.s. 
Slender structures, such as blades, shaft of drive train, tower 
and catenary mooring lines, are modelled by beam elements. 

A pure beam model of the 5-MW-CSC (the mooring lines, 
hull, tower and RNA are modelled by corresponding equivalent 
beam elements) is developed in Riflex [12] to calculate the 
other natural periods and modes (structural vibrations). The 
ballast water inside the pontoons does not contribute to global 
stiffness. The mass of the beam elements accurately accounts 
for the mass distribution of the hull (including steel mass and 
ballast mass). Stiffness of the beam elements for the central 
column and side columns are calculated based on a circle cross-
section with 6.5 m diameter and 0.03 m thickness, while 
stiffness of the beam elements for the pontoons are calculated 
based on a box-shape cross-section with 6 m height, 9 m width 
and 0.03 m thickness. Mooring lines’ flexibility is accounted 
for by using beam elements that do not include bending and 
torsional stiffness. 

The natural periods and modes are calculated based on 
Lanczos' method. Effects of added mass, gravity, hydrostatic 
pressure forces on the natural modes are accounted for by the 
Riflex. The results indicate that the natural periods of the 
natural modes, which are related to the pontoons and columns, 
are in the range of 1.6 to 3 seconds, which is beyond the range 
of the main wave energy. For the 5-MW NREL reference wind 
turbine, 1P is in the range of 5 to 8.7 seconds, while the 3P is in 
the range of 1.7 to 2.9 seconds. Due to the shape of the natural 
modes of the pontoons and columns, the 3P effect excited 
vibrations of the pontoons and columns are negligible.  

Table 6. Natural periods ([s]) of the 6 degrees of freedom 
rigid-body motions of the 5-MW-CSC  

Surge Sway Heave Roll Pitch Yaw 
79.5 79.5 25.8 31.28 31.32 58.12 

4.3 RIGID-BODY MOTIONS 
The wave induced transfer functions for rigid-body 

motions are calculated by WADAM [17]. The transfer functions 
are related to the wave direction and shape of the hull. Some 
representative transfer functions are presented in Appendix A. 
We focus on the transfer functions in the range of 0.314 rad/s to 
2 rad/s. The peaks and troughs in the frequency range indicate 
that the radiation effect and wave diffraction effect are 
important. Viscous loads on the hull and restoring stiffness of 
the catenary mooring lines have very limited effects on the 
transfer functions in the wave frequency range and are not 
accounted for.  

The 5-MW-CSC exhibits relatively small motions under 
different combined wind and wave conditions, even in extreme 
wind and wave conditions. This is because that 1) the pontoons 
of the 5-MW-CSC provide relatively large viscous damping and 
potential damping, 2) water plane area is relatively small, 3) the 
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draft of the 5-MW-CSC is relatively deep, and 4) the natural 
periods are well designed to be away from the wave frequency 
range.  

Time-domain simulations based on the five environmental 
conditions (from EC1 to EC5) described in the Table 5 are 
carried out to check the rigid-body motions of the 5-MW-CSC 
in extreme combined wind and wave conditions. The numerical 
model employed by these time-domain simulations is identical 
to the TDM2 [16] except that mean drift forces and slow 
varying drift forces on the hull are included through the 
Newman’s approximation. In the time-domain simulations, the 
direction of the incident winds is constantly specified as 0 
degrees, while, 19 different wave directions are specified (from 
0 to 180 degrees with 10 degrees interval).  

Statistical properties of the rigid-body motions, i.e. mean, 
standard deviation, maximum and minimum, are calculated 
based on time series in stationary process. To account for 
statistical uncertainty, in this section, we only discuss the 
averaged statistical properties. For a given environmental 
condition with a given wave direction, the averaged statistical 
properties are calculated based on ten 1-h time-domain 
simulations with different random seeds. The averaged 
statistical results are given in Appendix B. The main 
observations are illustrated as follows. 

The 5-MW-CSC has very limited heave motions in most of 
the operational conditions, where ܪ௦ could be less than 4 m. 
For example, in the EC1, where ܪ௦ is 7.5 m and ௣ܶ is 14.7 
seconds, maximum 1-h heave motion is less than 2.4 m and the 
standard deviation is 0.7 m. The most critical heave motion is 
given by the EC5, in which the 1-h heave motion is in range of 
-5 m to 5.5 m and standard deviation is 1.5 m. The heave 
motion is independent to directions of winds and waves. 

The 1-h pitch motion is in range of -3 degrees to 10 
degrees. When the rotor is in operation, the pitch motion is 
dominated by wind loads. When the rotor is parked, wave loads 
dominate the pitch motion. The 1-h pitch motion standard 
deviation is in range of 0.3 degrees to 1.8 degrees. Compared to 
the statistical properties of the WindFloat given by [18], the 5-
MW-CSC has more moderate pitch motions in combined winds 
and waves. The 1-h roll motion is in range of -4 degrees to 3.2 
degrees. The roll motion is dominated by wave loads except 
that, when the rotor is in operation, the aerodynamic torque on 
the rotor results in a mean roll motion.  

Regarding horizontal motions, 1-h surge, sway and yaw 
motions are in range of -7 m to 11 m, -5 m to 9 m and -2.25 
degrees to 2.5 degrees respectively. Surge and sway motions 
are referred to the center of the water plane area rather than the 
center of gravity of the 5-MW-CSC. The moderate horizontal 
motions could be good for power cable design.  

No instable motions, which are induced by the 
misalignment of the winds and waves, are observed. 

4.4 SIMPLIFIED ULS DESIGN CHECK BASED ON A 
LIMITED NUMBER OF DESIGN CONDITIONS 

The pontoons of the 5-MW-CSC are composed of stiffened 
plates, girders and bulkheads. We focus on buckling strength 
design check for the stiffened plates of the pontoons.  

A stiffened plate is shown in Figure 7. We assume that the 
stiffened plate is located at bottom of the Pontoon 1 and is 
nearby a specified cross-section of the Pontoon 1. The specified 
cross-section is shown by the red dashed line in Figure 2. In 
addition, the stiffened plate is assumed to be located in between 
of two transverse girders and the side surfaces of the pontoon. 
Therefore, the width of the stiffened plate (݈ଶ) is equal to the 
width of the Pontoon 1 which is 9 m. We assume that the 
distance between the girders is 3m. Consequently, the length of 
the plate (݈ଵ) is 3 m.  

We assume that the thickness of the plate is 0.016 m, the 
span (s) for the T stiffeners on the plate is 0.5 m, the web height 
and flange length of the T stiffeners is 0.5 m and 0.2 m. The 
web thickness and flange thickness is 0.008 m and 0.016 m. 
Consequently, the steel weight of the stiffened plate is equal to 
the steel weight of a plate with the same length and width and 
0.0315 m thickness, which is very close to the equivalent 
thickness of the hull. However, the steel weight of the girders is 
not included yet. To estimate the steel weight of the girders, at 
least, a preliminary design for structural details of the pontoons 
need to be developed in future. The estimated steel weight of 
the hull can be maintained since the global and local load 
effects on the upper part of the columns are less critical than the 
global and local load effects on the lower part of the columns, 
pontoons and joints. Adjustments to the thickness have a 
negligible effect on the stability, rigid-body motions and global 
forces and moments in the hull because the displacement is 
considerably larger than the steel weight. 

The stiffened plate is subjected to ߪ௛௣, ߪଵ, ߪଶ and ߬ଵଶ. 
 ௛௣ represents hydro-pressure on the plate. The hydro-pressureߪ
includes hydrostatic pressure and hydrodynamic pressure on the 
outer surface of the plate and the ballast water induced pressure 
on the inner surface of the plate. ߪଵ  represents nominal 
uniform stress in stiffener direction. ߪଶ  represents nominal 
uniform stress in perpendicular to stiffener direction. ߬ଵଶ 
represents shear stress. ߪଵ and ߬ଵଶ can be derived from the 
global forces and moments in the specified cross-section of the 
Pontoon 1.  

 Global time-domain analysis is carried out to calculate the 
global forces and moments in the combined wind and wave 
conditions described in Table 5. In the global analysis, the 
TDM3, which is described in [16], is utilized to calculate the 
global forces and moments in the specified cross-section.  

The cross-section discretizes the hull into two parts. In the 
TDM3, the hull is modelled as two rigid-bodies connected by 
three artificial beam elements, while the RNA, tower and 
mooring lines are modelled as beam elements. A novel method 
[16] is implemented to accurately account for the inertial and 
external loads on the hull. Luan et al [16] show that the TDM3 
can accurately calculate the global forces and moments in the 
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hull on the conditions that 1) the hull is a determinate structure, 
2) the hull is very stiff, and 3) second and higher order 
hydrodynamic loads on the hull are not considered.  

We assume that global behavior of the pontoons of the hull 
can be accounted for by Euler-Bernoulli beam theory. The 
cross-section can be simplified as a thin-wall box-shape cross-
section shown in Figure 8. Eight points are specified on the 
cross-section. ܨ௫, ܨ௬, ܨ௭, ܯ௫, ܯ௬, and ܯ௭ denote the global 
forces and moments in the cross-section in the ݔ௜௡௣ ௜௡௣ݕ- -
 ௜௡௣coordinate system isݖ-௜௡௣ݕ-௜௡௣ݔ ௜௡௣coordinate system. Theݖ
a body-fixed coordinate system. The ݔ௜௡௣-ݕ௜௡௣-ݖ௜௡௣ coordinate 
system is coincident to the body-fixed coordinate system of the 
5-MW-CSC (ݔ௕-ݕ௕-ݖ௕) except that the origin of the ݔ௜௡௣-ݕ௜௡௣-
-௕ݔ ௜௡௣ coordinate system is located at (31.5, 0, -27) in theݖ
 .௕ coordinate systemݖ-௕ݕ

For a given point on the cross-section, normal stress (ߪ௫) 
and shear stress (߬) are calculated by Eqs.(1,2).  

௫ߪ ൌ
௫ܨ
ܣ
൅

௬ܯ

௬೔೙೛ݓ
൅

௭ܯ

௭೔೙೛ݓ
															ሺ1ሻ 

߬ ൌ
௫ܯ

௖ݐ଴ܣ2
൅
௬ܵ௭೔೙೛ܨ
௖ݐ௭೔೙೛ܫ

൅
௭ܵ௬೔೙೛ܨ
௖ݐ௬೔೙೛ܫ

						ሺ2ሻ 

௬೔೙೛ݓ .is area of the cross-section ܣ  and ݓ௭೔೙೛  are the 
section moduli corresponding to the ݕ௜௡௣ and ݖ௜௡௣ axes and 
the position of the point on the cross-section. ܣ଴  is the 
circumscribed area of the cross-section. ܵ௬೔೙೛ and ܵ௭೔೙೛  are 
static moments corresponding to the ݕ௜௡௣ and  ݖ௜௡௣ axes and 
the position of the point on the cross-section. ܫ௬೔೙೛ and ܫ௭೔೙೛ 
are the second moments of area of the cross-section. 

To calculate ܣ ௬೔೙೛ݓ ,  and ݓ௭೔೙೛ , the thickness of the 
thin-wall of the box-shape cross-section is specified as 0.03 m, 
which is slightly smaller than the equivalent thickness 
estimated based on the steel weight of the stiffened plate 
(0.0315 m) and on the safe side.  

In the global analysis, torsional stiffness and shear stiffness 
of the cross-section are mainly provided by the plates of the 
pontoon. Contribution of the T stiffeners on the plates to the 
torsional stiffness and shear stiffness is negligible. Therefore, to 
calculate the ܵ௭೔೙೛, ܵ௬೔೙೛ ௭೔೙೛ܫ ,଴ܣ ,  and ܫ௬೔೙೛ in Eq.(8), the 
thickness of the thin-wall of the box-shape cross-section is 

specified as 0.016 m which is equal to the thickness of the 
plates of the pontoon. Consequently, ݐ௖, in Eq.(8), is 0.016 m. 

For each design condition, 10 1-h time-domain simulations 
are conducted to account for statistical uncertainty. For each 1-h 
time-domain simulation, simulation length is 4,600 seconds. 
The first 1,000 seconds is considered as transient process and is 
excluded in post-analysis. We find that averaged ranges of the 
normal stress (ߪ௫) and shear stress (߬) of the eight points on the 
cross-section in the 21 design conditions are -83 MPa to 38 
MPa and -21 MPa to 28 MPa respectively. 

Buckling utilization factors for the stiffened plate in all the 
combinations of the design loads, i.e. ߪ௛௣, ߪଵ, ߪଶ and ߬ଵଶ, 
are calculated by using the S3 element code of PULS [19]. 
PULS is a computerized buckling code for thin-walled plate 
construction and accepted by DNV-RP-C201 [20] for checking 
buckling strength of plated structures. The code implements the 
Marguerre’s non-linear plate theory in combination with stress 
control criteria. The boundary conditions for the edges of the 
stiffened plate are described in [19].To be conservative, we 
specify the hydro-pressure on the stiffened plate (ߪ௛௣) as 0.5 
MPa although the operating draft is 30 m. The ranges of the 
nominal uniform stress in stiffener direction (ߪଵ) and shear 
stress (߬ଵଶ) are obtained by applying a 1.3 load factor on the 
averaged ranges of the normal stress (ߪ௫) and shear stress (߬) 
respectively. Consequently, we specify that the ߪଵ varies in the 
range of -110 MPa to 50 MPa with 10-MPa intervals, while ߬ଵଶ 
varies in the range of -30 MPa to 40 MPa with 10-MPa 
intervals. The combinations of the ߪଵ and ߬ଵଶ are on the safe 
side since the critical value of ߪଵ and critical value of ߬ଵଶ 
may not necessary appear at the same time and/or at the same 
position on the cross-section. We assume that the nominal 
uniform stress in perpendicular to stiffener direction (ߪଶሻ is 
induced by hydrostatic pressure forces on the side surfaces of 
the pontoon. We specify ߪଶ as -60 MPa. 

The maximum buckling utilization factor is 0.62 and 
indicates that the stiffened plate has sufficient buckling 
strength. The buckling utilization factors are very sensitive to 
the length of the stiffened plate (݈ଵ). The maximum buckling 
utilization factor will be increased from 0.62 to 1.14 if the ݈ଵ is 
increased from 3 m to 4 m. 
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Figure 7 stiffened plate of the bottom of the Pontoon 1 of the 5-MW-CSC 

 
 

 
Figure 8 A simplified thin-wall box-shape cross-section 

(for global analysis) 

5 CONCLUSIONS 
Design of a braceless steel semi-submersible wind turbine 

has been introduced in present paper. The hull of the design is 
composed of a central column, three side columns and three 
pontoons and designed to support a 5-MW NREL reference 
wind turbine in offshore sites with harsh environmental 
conditions, e.g. the northern North Sea. Dimensions of the 
columns and pontoons, distributions of ballast water and steel 
and design parameters of the mooring system have been 
tabulated. 

The design has very good intact stability. The intact 
stability of the design has been checked based on the righting 
and overturning moment curves. In the most critical situation, 
the ratio of the area under the corresponding righting moment 
curve from 0 degrees to the second intersection to the 
corresponding area under the design overturning moment curve 
is 1.63, which satisfies the intact stability criterion. 

Natural periods and modes of the design have been well 
designed to avoid resonant rigid-body motions and structural 
vibrations excited by the 1P effect and first order wave loads. 

Due to the shape of the natural modes of the pontoons and 
columns, the 3P effect excited vibrations of the pontoons and 
columns are negligible. 

The design exhibits relatively small motions under 
different combined wind and wave conditions. In extreme wind 
and wave conditions, 1-h surge, heave, pitch and yaw motions 
are in range of -7 m to 11 m, -5 m to 5.5 m, -3 degrees to 10 
degrees and -2.25 degrees to 2.5 degrees respectively. No 
instable motions, which are induced by the misalignment of the 
winds and waves, are observed. 

PULS has been used to check ultimate strength of a 
stiffened plate at the bottom of the Pontoon 1. We assume that 
the stiffened plate is nearby a specified cross-section of the 
Pontoon 1. Specifications for the sizes and thickness of the 
plate and spans and dimensions of the T stiffeners have been 
given. The steel weight of the stiffened plate is close to the 
corresponding estimated steel weight.  

PULS accounts for local and global load effects on the 
ultimate strength of the stiffened plate. Buckling utilization 
factors for the stiffened plate in all the combinations of the 
design loads, i.e. ߪ௛௣, ߪଵ, ߪଶ and ߬ଵଶ, have been calculated 
by using the S3 element code of PULS. 

The nominal uniform stress in stiffener direction (ߪଵ) and 
shear stress (߬ଵଶሻ have been derived from the global forces and 
moments in the specified cross-section of the Pontoon 1. Global 
time-domain analysis has been carried out to calculate the 
global forces and moments in 21 selected combined wind and 
wave design conditions.  

The maximum buckling utilization factor is 0.62 and 
indicates that the stiffened plate has sufficient buckling 
strength. The buckling utilization factors are very sensitive to 
the distance of the girders of the pontoon.  
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APPENDIX A 

  
Figure 1. Surge RAO of the 5-MW-CSC 

 
Figure 2. Heave RAO of the 5-MW-CSC 

 
Figure 3. Pitch RAO of the 5-MW-CSC 

 
Figure 4. Yaw RAO of the 5-MW-CSC 
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APPENDIX B 

 
Figure 1. Statistical properties for surge motion of the 5-

MW-CSC in extreme combined winds and waves, for each 
condition, wave direction varies from 0 to 180 degrees with 

10 degrees interval 

 
Figure 2. Statistical properties for sway motion of the 5-

MW-CSC in extreme combined winds and waves, for each 
condition, wave direction varies from 0 to 180 degrees with 

10 degrees interval  

 
Figure 3. Statistical properties for heave motion of the 5-

MW-CSC in extreme combined winds and waves, for each 
condition, wave direction varies from 0 to 180 degrees with 

10 degrees interval  

 
Figure 4. Statistical properties for roll motion of the 5-MW-

CSC in extreme combined winds and waves, for each 
condition, wave direction varies from 0 to 180 degrees with 

10 degrees interval  

 
Figure 5. Statistical properties for pitch motion of the 5-

MW-CSC in extreme combined winds and waves, for each 
condition, wave direction varies from 0 to 180 degrees with 

10 degrees interval  

 
Figure 6. Statistical properties for yaw motion of the 5-MW-

CSC in extreme combined winds and waves, for each 
condition, wave direction varies from 0 to 180 degrees with 

10 degrees interval  
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Abstract: 
This paper deals with the design criteria, procedure and simplifications for developing conceptual design of 

semi-submersible wind turbine hulls based on the authors’ experience with respect to design and analysis of semi-submersible 
wind turbines in the past six years. The wind turbine systems must be designed for serviceability and safety. This paper focuses 
on limit state design with respect to the safety. The safety factors used in the partial safety factor format should be calibrated by 
reliability methods. While, there is a trade-off between the minimum required safety level and construction, installation and 
maintenance costs. Cost efficient design with acceptable reliability is preferred. It is suggested that floating wind turbines be 
considered strongly coupled systems. The importance of the interactions of the subsystems of floating wind turbines, i.e., the 
rotor-nacelle-assembly, control system, tower, hull and mooring system, is discussed. Criteria with respect to stability, natural 
periods and modes and structural strength are highlighted. The design space for the overall dimensions of the semi-submersible 
hull can be developed based on simplified stability criterion, natural period requirements and simplified steel mass estimation 
methods. Simplifications for ULS and FLS design checks are discussed based on a review of relevant publications.  



 
1 Introduction 

Offshore wind energy has become a significant area of development. Offshore wind power has several advantages over 
onshore wind power [1]. First, offshore wind sites generally produce stronger winds with less turbulence on average because the 
sea surface is considerably smoother than the land surface. Second, the effects of noise and visual pollution from these sites on 
humans are negligible because of their distance from populated areas. Third, in most countries, the sea is owned by the 
government rather than private landlords, which allows for the development of large offshore wind farms. Finally, good sea 
transport capabilities allow for the construction of large wind turbines with high rated power (e.g., 5-10 MW).  

In relatively deep water, e.g. deeper than 80 meters, floating platforms might be more economically competitive than 
bottom fixed structures. Compared with spar-type and TLP wind turbines, the advantages of semi-submersible wind turbines 
include, but are not limited to, 1) greater flexibility in terms of varying sea bed conditions and drafts and 2) significantly 
reduced installation costs due to their simpler installation, with full assembly at dock[2]. Most of the proposed semi-submersible 
wind turbine concepts feature either three columns with a wind turbine on one side column or four columns with a wind turbine 
on the central column. The columns are connected by braces (as in WindFloat [2,3] and OC4-Semi[4]) or pontoons (as in the 
5-MW GustoMSC Tri-Floater [5], VolturnUS [6], Dr.techn.Olav Olsen’s concept[7] and 5-MW-CSC concept [42]). 

   

Figure 1 Configuration of 5-MW-CSC (left), OC4-Semi (middle) and WindFloat (right) 
Successful experience accumulated by the offshore oil and gas industry and wind power industry over the past decades are 

combined and used for design of floating wind turbines. However, to develop a cost efficient design with an acceptable 
reliability to ensure attractive profit for developing offshore energy in deep water, in depth understanding with respect to special 
features of floating wind turbines needs to be accumulated by systematically carrying out numerical and experimental analyses 
with respect to load effect on reference floating wind turbines. Consequently, developments of designs of reference floating 
wind turbines, and numerical and experimental approaches for modelling and simulation are needed before pilot and/or 
commercial floating wind turbines are constructed and operated in real. 

Innovative floating wind turbine concepts are promoted as breakthrough comes from innovation. However, to be practical, 
the concepts must be designed for serviceability and safety, while, reasonable and practical simplifications and assumptions are 
needed to control work load for design. Design is an iterative process. 

This paper deals with the design criteria, procedure and simplifications for developing conceptual design of 
semi-submersible wind turbine hulls based on the authors’ experience with respect to design and analysis of semi-submersible 
wind turbines in the past six years and focuses on limit state design with respect to the safety.  

 



2 Conceptual design criteria for the hull of semi-submersible wind turbines 
2.1 General 

Floating wind turbine systems consist of a rotor-nacelle-assembly (RNA), control system, tower, hull and mooring system. 
The basis of the design of such systems is the experience accumulated by the O&G and offshore wind industries. The IEC 
61400-1 design standard [9] specifies the design requirement for land-based wind turbines. The IEC 61400-3 design standard 
[10] supplements the IEC 61400-1 design standard with design requirements for bottom-fixed offshore wind turbines. The 
guidelines and standards from GL and DNV are also extensively used [11,12]. For the design of floating wind turbine structures, 
DNV-OS-J103 [13] is one of the very few references to date. Wind turbine systems are generally designed for serviceability and 
safety. The main serviceability criterion relates to stable power production, while the safety criteria relate to a leveled failed 
probability for all hazards throughout the planned lifetime. Due to a lack of commercial offshore wind farms using floating 
wind turbines, reliability methods based on results of numerical simulations and analysis could be employed to estimate the 
safety levels for floating wind turbines. Alternatively, to achieve a specified safety level that is quantitatively represented by the 
probability of failure ( ௙ܲ), characteristic load effect (ܵ௖) and characteristic resistance (ܴ௖) in limited states are required to be 
calculated and satisfy partial safety factor format as shown in general by Eq. (1). ߛோ and ߛௌ are partial safety factors for the 
characteristic resistance and load effect, respectively, corresponding to the limited states. ௙ܲ is related to ߛோ,	ߛௌ and the 
methods used to calculate ܴ௖ and ܵ௖.  

ܴ௖ ோൗߛ ൐ ܵ௖ ൈ  ሺ1ሻ																																	ௌߛ

The safety criteria require that floating wind turbines should have sufficient stability, well designed natural periods and 
modes (for rigid-body motions and structural vibrations) and reasonable structural design, while, floating wind turbines should 
be considered strongly coupled systems. In addition, trade-off between the safety levels and cost of developing floating wind 
turbines should be considered and addressed.  

In general, the cost of floating wind turbines increases significantly when higher safety levels are incorporated. Reducing 
the costs of the produced power to a competitive level is an important challenge for the offshore wind energy development. 
Unlike offshore O&G platforms, floating wind turbines are unmanned during operation, limiting the consequences of failures to 
economic losses rather than loss of human life and/or environmental damage. The safety criteria should therefore be based on 
balanced total costs. For example, a redundant mooring system, which limits failure, is used in offshore O&G platforms but not 
necessarily in wind turbines. Another example is related to the damaged stability design criterion, which is applied for manned 
units. The damage stability criterion implies that the hull should be compartmented to prevent capsizing induced by such 
damage as ship collisions. Consequently, the cost of the hull will be increased significantly. To date, there is no consensus 
regarding the trade-off between safety and costs for floating wind turbines.  

To reduce complexity and cost, some requirements and considerations with respect to fabrication and offshore 
transportation, installation, maintenance and decommission are discussed in [2] and are considered to be applicable to a generic 
semi-submersible wind turbine. The safety level could be significantly increased if leak, cracks and other critical hazards could 
be detected and fixed by humans or robots in their early phase. Therefore, appropriate inspection and monitoring methods and 
access should be thoroughly considered. In general, joints, e.g. in between of a column and a pontoon or a brace, are critical 
components. Variable ballast and draft may be essential for inspecting and maintaining the joint in a dry environment. 
Alternatively, semi-submersible wind turbines could be towed back to dry dock. However, the dry dock solution may neither be 
economic nor efficient for large commercial offshore wind farms, where hundreds of semi-submersible wind turbines may need 
to be maintained and inspected annually. 
2.2 Discussions on coupled system behaviours of floating wind turbines  

Hull design for floating wind turbines should not be performed in isolation; rather, the interactions of the subsystems, i.e., 
the RNA, control system, tower, hull and mooring system, should be appropriately considered. The consistency of standards for 
the different subsystems needs to be harmonized, e.g., the treatment of fault conditions is currently not well-defined and the 



drivetrain standards are also problematic. 
Bachynski et al [14] conducted a dynamic analysis of floating wind turbines during pitch actuator fault, grid loss and 

shutdown. The impulse load induced by shutdown could be critical to the design of the rotor and nacelle but has a very limited 
or negligible effect on the tower and hull. The pitch decay induced by the shutdown could result in an extreme load effect and 
considerable fatigue damage for floating wind turbines with relatively low roll/pitch restoring stiffness. In addition, the 
shutdown results in rotor torque variations, while the pitch actuator fault results in imbalanced aerodynamic loads on the RNA. 
As a result, large yaw motion could be excited for floating wind turbines with relatively small yaw moments of inertia, e.g., 
spar-type wind turbines. Pitch actuator fault, grid loss and shutdown effects on a spar-type wind turbine are discussed further in 
[15-18]. 

Butterfield et al [19] note that coupling of the turbine and platform is an engineering challenge for floating wind turbines. 
Xing et al [20,21] investigated the effect of the nacelle motions of a spar-type floating wind turbine on drivetrain dynamics by 
comparing the main shaft loading and internal drivetrain responses between the floating wind turbine and its equivalent 
land-based wind turbine. For spar-type floating wind turbines, the main shaft loading and internal drivetrain responses increased. 
Nejad et al [22] studied the performance of a 5 MW drivetrain mounted on a spar-type platform, a TLP, two semi-submersible 
platforms and a land-based wind turbine. Due to the large wave-induced axial force on the main shaft of the drivetrain, the 
fatigue damage of the main bearing of spar-type wind turbines could exceed that of land-based wind turbines under high wind 
speeds. Meanwhile, the gearbox damage is nearly equal for TLP and land-based wind turbines. Whether criteria related to 
nacelle accelerations should be applied in the design of floating wind turbines is still under discussion. 

For horizontal-axis wind turbines with pitch actuators, appropriately designed controllers [23-28] could be used to diminish 
the negative aerodynamic damping effect [23]. Sandner et al [29] recently presented a design procedure that integrates the 
optimization of the PI-controller parameters into the design space of the overall hull dimensions for a spar-type floating wind 
turbine. Linearized numerical models that can appropriately account for the strong non-linear effect induced by the 
aero-hydro-servo-elastic feature of floating wind turbines are required by the proposed procedure. The work of Gao et al [30] 
indicates that semi-submersible wind turbines could be less sensitive to the negative aerodynamic damping effect. 
2.3 Criteria for intact stability 

The intact and damaged stability could be checked based on the curves of the righting and design overturning moments.  
Overturning moments come from aerodynamic loads on the RNA, tower and hull and make the semi-submersible wind 

turbine rotate with respect to a heeling axis in the water plane area. Righting moment is generated by hydrostatic pressure forces 
on wetted body surface of the hull and gravity of the semi-submersible wind turbine. To find the most critical situation, 
overturning moments and righting moments corresponding to several different heeling axes need to be calculated and checked. 
The righting moment curves corresponding to different rotational axes (represented by ϕ) and design overturning moment 
curve of the 5-MW-CSC are given in Figure 2 as an example [42]. Standards, such as the DNV-OS-J103, require that the ratio 
of the area under the righting moment curve from 0 degrees heeling angle to the second intersection to the corresponding area 
under the design overturning moment curve should be more than a specified value, e.g. 1.3. 



  

Figure 2 Righting moment curve (RMC) v.s. design overturning moment curve (DOM), intact stability analysis, ૖ 
represents different heeling axis. 

2.4 Criteria for natural periods and modes  
Resonant responses excited by dynamic excitation can result in large sectional forces and moments, and expensive 

structures (in order to have sufficient structural strength). Therefore, natural periods and modes should be well designed to, at 
least, avoid resonant responses induced by excitations with considerable energy, e.g., first-order wave load (3-25 seconds) and 
1P and 3P effects [1].  

In general, a given 1-hour turbulent wind may include a wide range of frequency component. Resonance excited by wind 
loads cannot be avoid by tuning the natural periods, however, the resonance can be limited by aerodynamic and hydrodynamic 
damping which may be quite considerable [50, 51]. In addition, vibration modes and frequencies should also be considered. 
Vibration (flexible) modes may be excited due to: 1) the motivation of cost reduction may result in a flexible hull; 2) 
high-frequency rotor loads, e.g., the 3P effect; and 3) the modes and frequencies are affected by the strong coupling effect 
between the hull and other components of floating wind turbines. If structural vibrations are excited by first-order wave loads, 
the effect of hydroelasticity on the hull must be considered. 
2.5 Structural design checks 

Limit state design should be employed to check the structural strength subjected to global and local load effects. It is 
suggested that characteristic load effect ( ܵ௖ ) be calculated by time-domain models to appropriately address the 
aero-hydro-servo-elastic feature [49]. The partial safety factors (i.e., ߛோ and ߛௌ) and characteristic resistance (ܴ௖) could be 
selected based on the methods and formulas described in relevant standards, e.g., IEC61400-3 and DNV-OS-J103. For 
conceptual design, simplified methods for the estimation of ܵ௖ and ܴ௖ could be employed to reduce the workload. ߛோ and ߛௌ 
must be calibrated by appropriate methods, such as reliability analysis, to ensure that the required safety level can be achieved 
when using the simplified methods. 
3 Conceptual design procedure for the hull of semi-submersible wind turbines 

Simplified methods that could be used for the conceptual design of semi-submersible wind turbine hulls are discussed in 
this section. We assume that the design configuration of the RNA, tower and controller has been selected. The overall 
dimensions and mass distribution of the semi-submersible hull should be specified. Note that design is an iterative process.  

Semi-submersible wind turbine hulls may include several columns, pontoons and braces. The wind turbine could be located 
at center of water plane area of the hull supporting by a central column as shown in, e.g., OC4 semi, or supporting by braces as 
shown in, e.g., HiPRwind [31]. Alternatively, the wind turbine could be located on a side column as shown in, e.g., WindFloat. 
The columns could be connected by braces and/or pontoons as shown in, e.g. OC4 semi and 5-MW-CSC. Heave plates could be 
mounted at bottom of the columns to introduce added mass and viscous damping, as shown in, e.g. WindFloat. 
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3.1 Simplified design approaches for developing initial designs of semi-submersible hulls 
In the initial design stage, the dimensions of the columns, pontoons and braces could be selected based on the simplified 

stability criterion and a criterion with respect to natural periods of rigid-body motions, see Eq. (2, 3).  

  		ெ
௄
൑   ሺ2ሻ																																																		௔ߠ

 ௜ܶ ൒ ሺ݅			ݏ	25 ൌ 1,2,3,4,5,6ሻ																ሺ3ሻ 
Eq. (2) works as a simplified indicator for intact stability, and is developed on the base of the area-ratio-based intact 

stability design check criterion with the most critical righting moment curve and design overturning moment curve. As water 
plane area of semi-submersible wind turbines are formed by columns, for which diameter of each column along axial direction 
of the column is a constant value, the most critical righting moment curve can be approximately represented by a line until ߠଵ, 
e.g. see Figures 2 and 3. At ߠଵ, at least one column is fully merged in water. ܭ denotes value of the slope of the line in 
between the origin and ߠଵ and is known as the linearized heeling restoring stiffness about the most critical rotational axis with 
respect to zero degrees heeling angle. ܭ is calculated by using Eq. (4). 

ܭ ൌ ܫ݃ߩ ൅ ஻ܼܸ݃ߩ െ ݉௛௨௟௟ܼ݃ீ,௛௨௟௟ െ ݉ோே஺ା௧௢௪௘௥ܼ݃ீ,ோே஺ା௧௢௪௘௥															ሺ4ሻ 
where ߩ is density of sea water; ݃ is gravity acceleration; ܫ is second moment of water plane area; ܸ is displaced volume of 
the hull; ܼ஻ is vertical position of the center of buoyancy; ݉௛௨௟௟ is mass of the hull (including steel mass and ballast mass); 
ܼீ,௛௨௟௟ is vertical position of the center of gravity of the hull (including steel mass and ballast mass); ݉ோே஺ା௧௢௪௘௥ is mass of 
the RNA and tower; ܼீ,ோே஺ା௧௢௪௘௥ is vertical position of the center of gravity of the RNA and tower. Note that ܼ஻, ܼீ,௛௨௟௟ and 
ܼீ,ோே஺ା௧௢௪௘௥ are described in an earth-fixed coordinate system for which the origin of the coordinate system is located at 
geometrical center of the water plane area of the hull when the semi-submersible wind turbine is in calm water. 

Overturning moments on the semi-submersible wind turbines decrease with the increase of heeling angle. Therefore, a 
simplification which make the values on the overturning moment curve be constantly equal to the value of the most critical 
overturning moment multiplying by a corresponding safety factor will lead to a conservative design. We denote the design 
overturning moment as ܯ. Consequently, the static heeling angle (ߠ଴) under the design overturning moment (ܯ) can be 
calculated by using Eq. (5) as long as ߠ଴ ൑  ଵߠ

଴ߠ ൌ
ܯ
ܭ
																	ሺ5ሻ 

When the heeling angle exceeds ߠଵ, we assume that the righting moment will linear decrease with the increase of the 
heeling angle until ߠଶ. The assumption is supported by the shape of the most critical righting moment curve shown in Figure 2.  

In practice, we suggest that ߠ௔ which represents the upper limit of ߠ଴ can be specified as a criterion to control the intact 
stability, see Eq. (2). It could be very expensive to achieve a design of semi-submersible wind turbine with a very small value of 
 ௔ means large variations in configuration, and forces and moments in structural components of theߠ ௔ while a large value ofߠ
design. Meanwhile, attention should also be paid on dynamic responses of the design. For the 5-MW-CSC, as an example, ߠ௔ 
is specified as 8 degrees.  

Note that effect of mooring system on intact stability is excluded as required by DNV-OS-J103. However, at least, the 
designs of the 5-MW-CSC and 5-MW GustoMSC Tri-Floater have shown that effect of catenary mooring system on roll/pitch 
restoring stiffness is considerable [42, 52].  

 ଵ increases with increase of freeboard of the columns. Freeboard of a selected design, which satisfies the criterion withߠ
respect to the ߠ௔, can be adjusted to make the design to satisfy the intact stability criteria specified in section 2.3. 



 
Figure 3 Righting moment curve and design overturning moment curve. At ࣂ૚, at least one column is fully merged 

in water. 
In Eq. (3), ௜ܶ ሺ݅ ൌ 1,2,3,4,5,6ሻ represent the natural periods of the rigid-body motions, i.e. surge, sway, heave, roll, pitch 

and yaw. As discussed in section 2.4, designers are suggested to develop designs with natural periods that are away from the 
frequency ranges, which include considerable energy, e.g., first-order wave load (3-25 seconds) and 1P and 3P effects.  

 For a semi-submersible concept with a catenary mooring system, the horizontal restoring stiffness is expected to be soft. 
Therefore, the surge, sway and yaw natural periods are far from the wave frequency range. In general, based on linear theory, 
the uncoupled and undamped heave natural period ( ଷܶ) is a good approximation for the actual heave natural period, as the heave 
motion is uncoupled from the other rigid-body motions, see Eq. (6). 

ଷܶ ൌ 2πሺ
ଷଷܯ ൅ ଷଷܣ

ଷଷܥ
ሻ
ଵ
ଶ										ሺ6ሻ 

where, ܯଷଷ is mass of displaced water; ܣଷଷ is added mass in heave induced by heave motion of the hull at resonant frequency 
in calm water; ܥଷଷ is linearized restoring stiffness corresponding to heave motion induced restoring force in heave direction. 
See Eq. (7). 

ଷଷܥ ൌ ߩ ∗ ݃ ∗  ሺ7ሻ										௪ܣ
where, ܣ௪ is mean water plane area when the hull is in calm water. 

In the initial design, the natural periods of roll ( ସܶ) and pitch ( ହܶ) could be estimated by the uncoupled and undamped 
expressions, which are similar to Eq. (6) but with updated mass, added mass and linear restoring stiffness terms. Due to the 
coupling effect between the rigid-body motions, ସܶ and ହܶ must be further checked by solving the eigenvalue problem of the 
equations of rigid-body motions in the frequency-domain. In addition, slenderness of the columns, pontoons and braces are 
related to vibration (flexible) modes and frequencies. The vibration modes and frequencies should be checked by applying 
analysis approaches such as Lanczos' method. More details are discussed in later part of this paper. 

Estimations of the mass and its distribution are essential for estimating the intact stability, natural periods and modes and 
structural strength. For a steel semi-submersible wind turbine, the mass of the hull includes the steel mass and ballast mass. 
Based on experience accumulated by the O&G industry, the steel mass of a semi-submersible platform can be estimated 
empirically by Eq. (8). 

௦௧௘௘௟_௜ܯ ൌ ௦௧௘௘௟_௜ܥ ∗ ߩ ∗ ௜ܸ							ሺ8ሻ 
where, ܯ௦௧௘௘௟_௜ and ௖ܸ_௜ represent estimated steel mass and volume of the structural component ݅ respectively. ܥ௦௧௘௘௟_݅ is an 
empirical coefficient.  



     Experiences of offshore oil semi-submersible platforms show that ܥ௦௧௘௘௟_݅ should be approximately equal to or greater 
than 0.2-0.25 which is dominated by design for resistance against fatigue damage and hydro pressure induced local load effects 
and compartmentalization against accidental flooding events. Possible benefit for implementing compartmentalization needs to 
be analyzed in future in view of risk assessment of the whole floating wind farm. More analyses with respect to design for 
resistance against global load effects are needed [40]. In addition, it should also be noted that, for some structural components of 
some semi-submersible wind turbines, there is a possibility that the local load effect can be moderated. For instance, the design 
of the 5-MW-CSC uses three pontoons to connect four columns as an integrated structure. The pontoons are designed to be full 
filled by water as ballast. The pressure of the water inside the pontoons could be increased to against the pressure of the sea 
water outside the pontoons to moderate the local load effect on stiffened plates of the pontoons. 

Alternatively, equivalent plate thickness could be specified directly based on experience. The experience accumulated by 
the O&G industry show that the unit weights for semi-submersible components range from approximately 150 kg/݉ଶ (20 mm 
equivalent plate thickness) for the upper columns to 250 kg/݉ଶ or more for the pontoons and lower columns (depending on 
draft). Note that the suggested unit weights are functions of the geometry and local loading only. An increase, e.g., by 15–20%, 
could be essential to account for the global load effect as suggested by [53].  

The distribution of the steel mass could initially be represented by an equivalent thickness of the hull, which equals the total 
estimated steel mass divided by the surface of the semi-submersible hull. In reality, the steel mass may vary in vertical levels 
due to the variation of hydrostatic pressure. Especially, thickness of plates and steel mass for girders of the pontoons and 
columns that are located in relatively deep water can be dominated by local hydrostatic pressure. For pontoons that are 
subjected to large global loads, more steel mass for longitudinal stiffeners are needed. At the joints between the columns and 
pontoons, more steel mass may be needed to introduce sufficient stiffness, transfer the internal loads smoothly and reduce 
hotspot stresses. 

Ballast mass is used to achieve the design draft. The lower locations of the ballast mass are helpful for increasing the intact 
stability. Access for inspection, especially at the joints of the pontoons and columns, should be considered. Water and/or 
concrete could be used as the ballast mass.  

Experience with semi-submersible wind turbines remains limited. An overly conservative design would introduce 
unnecessary cost. However, a reasonable structural design is needed to withstand global and local load effects. Consequently, 
structural assessment must be appropriately carried out. Structural vibration modes and frequencies may need to be checked. 
Global finite element models may need to be developed to analyze global responses, e.g. motions and sectional forces and 
moments, of the initial designs in design conditions. Local finite element models, which include structural details, may need to 
be developed to analyze the global and local load effects induced structural responses. To limit the computational costs and to 
save the computational time, necessary simplifications for 1) the design conditions used in, for example, ULS and FLS design 
checks, 2) the approaches for developing the relevant finite element models and 3) the methods for assessing structural 
resistance are needed.  
3.2 Analysis and discussions on design space of semi-submersible wind turbine hulls 

Discussions with respect to determination of the dimensions of the columns, pontoons and braces of the semi-submersible 
hulls based on the simplified design criteria as shown in Eq. (2, 3) are given in this section. 

To satisfy Eq. (2), ܭ must be a positive value and larger than ெ
ఏೌ

. We assume that the design configuration of the RNA, 

tower and controller has been selected. Consequently, the design overturning moment (ܯ), ݉ோே஺ା௧௢௪௘௥ and ܼீ,ோே஺ା௧௢௪௘௥ are 
known while െ݉ோே஺ା௧௢௪௘௥ܼ݃ீ,ோே஺ା௧௢௪௘௥ is a large negative value. Note that the vertical position of center of gravity 
discussed in this paper is described in an earth fixed coordinate system with origin located at geometrical center of water plane 
area. 

We denote ܫ݃ߩ as ܭଵ and ݖܸ݃ߩ஻ െ ݉௛௨௟௟݃ீݖ,௛௨௟௟ as ܭଶ. ܭଵ will always be a positive value, while ܭଶ could be a 
positive value or a negative value. As the origin of the earth-fixed coordinate system is on still water plane, ݖ஻ will always be a 



negative value, while ீݖ,௛௨௟௟ could be a positive or a negative value. When ீݖ,௛௨௟௟ is a positive value, ܭଶ will be a negative 
value. This means that the second moment of water plane area must be large enough to ensure ܭଵ will be a sufficiently large 
positive value against ܭଶ and െ݉ோே஺ା௧௢௪௘௥ܼ݃ீ,ோே஺ା௧௢௪௘௥. When ீݖ,௛௨௟௟ is a negative value, ܭଶ could be a positive value. 
Note that ܸ݃ߩ, ݉௛௨௟௟݃ and resultant of vertical components of pretensions at fairleads of the attached mooring lines are in 
equilibrium. This means that ݉௛௨௟௟ is less than ܸߩ. Consequently, in order to achieve a positive value of ܭଶ, ீݖ,௛௨௟௟ must be 
lower than ݖ஻. Regarding to the design for which ீݖ,௛௨௟௟ is lower than ݖ஻, we have that ݖ஻ is equal to ீݖ,௛௨௟௟ plus ݀௭. ݀௭, 
which takes a positive value, represents the distance from ீݖ,௛௨௟௟ to ݖ஻. Consequently, ܭଶ increases with increase of ݀௭.  

For semi-submersible concepts, ݀௭ is expected to be small, e.g., ݀௭ is 0.31 m for the OC4 semi-submersible wind turbine 
and is 1.93 m for the 5-MW-CSC. The reasons are: 1) seawater is used as the ballast mass (݀௭ could be increased by using blast 
mass with a higher value of density, e.g. concrete), and 2) the relatively small draft (e.g. no more than 30 meters) limits the 
value of ݀௭. 

When ݀௭ is relatively small, the roll/pitch restoring stiffness mainly originates from ܭଵ. However, the appropriate design 
of ݖ஻, ݀௭ and ܸ can further improve the stability and reduce the cost. We use ݉௩,௠௢௢௥௜௡௚݃ to represent the value of the 
resultant of vertical components of pretensions at fairleads of the attached mooring lines. Consequently, ܭଶ can be write as 
ଶܭ ൌ ݉௛௨௟௟݃݀௭ ൅ ሺ݉ோே஺ା௧௢௪௘௥ ൅ ݉௩,௠௢௢௥௜௡௚ሻ݃ݖ஻ . We can see that ܭଶ  linearly increases with ݖ஻  with a slope of 
݉ோே஺ା௧௢௪௘௥ ൅ ݉௩,௠௢௢௥௜௡௚. To exclude effect of the mooring lines on intact stability analysis of semi-submersible wind turbines, 
as required by [13], the slope could be reduce to ݉ோே஺ା௧௢௪௘௥. This fact means that moving ݖ஻ toward the still water line is a 
potential mean of increasing the roll/pitch restoring stiffness for designs with relatively small ݀௭, while moving ݖ஻ toward the 
still water line may increase the hydrodynamic loads on the hull. If ݀௭ is relatively large, it is more attractive to increase ܭଶ 
by increasing ܸ, as. The OC3-Hywind spar [32] is an example of using large draft, ݀௭ and ܸ to achieve the roll/pitch 
restoring stiffness required by the stability criterion. 

In general, for semi-submersible wind turbines, the restoring stiffness mainly comes from ܭଵ which is determined by 
diameter and arrangement of the side columns. Rotational axis of the overturning moment varies with variations of incident 
wind, wave and currents. Therefore, symmetrical arrangement with respect to the vertical axis through the geometrical center of 
water plane area, as shown in Figure 4 for example, is preferred to make the righting moment curves be approximately 
homogeneous with respect to the rotational axes unit the critical heel angle ߠଵ, see Figures 2 and 3.  

A central column may be used to support the tower and RNA at the geometrical center. The side columns and central 
column are connected by pontoons and or braces as an integrated structure. 

As shown in EE2, We denote diameter of the central column and side column as ݀௖ and ݀௦, respectively, while the 
distance between the vertical axis through the geometrical center and central line of a side column is denoted as ݀௖௦. We could 
expect that contribution of the central column on second moment of water plane area is negligible when compared to the 
contribution by the side columns while the second moment of water plane area increases with increase of number of the side 
columns. The 4-side-column semi-submersible wind turbine has larger second moment of water plane area than the 
3-side-column semi-submersible wind turbine. However, the area of water plane area increases with increase of the number of 
the side columns. If the area of water plane area is increased, to satisfy the design criterion given in Eq. (3), the corresponding 
mass and added mass terms must be increased correspondingly. This means displaced volume of the columns, pontoons and 
braces need to be increased and/or heave plates are needed to result in increase of added mass terms of the hull. Consequently, 
cost of construction of the hull increases. We could approximately calculate second moment of water plane area of a 
semi-submersible which includes ݊ (݊ ൒ 3) side columns with respect to a given rotational axis in the water plane (denoted as 

௡. Numerical results show that ூ೙ܣ ௡) by using Eq. (9). We denote the area of water plane area of the hull asܫ
஺೙

, for ݊ in range 

from 3 to 100, constantly equal 0.5݀௖௦ଶ . Note that with increase of number of side columns, more steel is needed to integrate the 
side columns as an integrated structure. These facts suggests that a semi-submersible wind turbine which includes 3 side 
columns could be more cost efficient when compared to its counterpart for which more than 3 side columns are included. 



Consequently, in this paper, we focus on the 3-side-column semi-submersible wind turbines, with and without a central column.  
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Figure 4 Water plane area of 3-side-clolumn semi-submersible wind turbines with and without a central column and 

a 4-side-column semi-submersible wind turbine 
 ଵ is approximately proportional to the square of ݀௦ and the square of ݀௖௦. The upper limits for ݀௦ and ݀௖௦ should beܭ

noted. Increasing ݀௖௦ increases the displaced water and global load effect on the semi-submersible hull. As a result, the 
dimensions and thickness of the braces and pontoons used to connect the columns must be increased, which may increase the 
cost significantly. Increasing ݀௦ increases the hydrodynamic load on the side columns and water plane area, and requires more 
mass and added mass in heave to maintain the same value of ଷܶ. ܣଷଷ is related to configuration of wetted body surface of the 
hull. For large-volume semi-submersible wind turbines without heave plates, we could initially assume that ܣଷଷ is equal to 
 ଷଷ is needed for semi-submersible wind turbines with relatively large ݀௦ to increaseܯ ଷଷ. Therefore, a significant increase inܯ
its heave natural period. High values of ܯଷଷ correspond to large hydrodynamic loads, large steel mass and high cost. 
Compared to ݀௦, ݀௖ has a negligible contribution on roll/pitch restoring stiffness, but it could introduce a considerable area of 
the water plane area. Consequently, removing the central column is helpful for achieving a small value of the ratio of the 
displaced water to the rated power (ܴௗ௣), as in, e.g., WinFloat and HiPRWind. Large heave plates can introduce a large added 
mass and reduce the required ܯଷଷ. However, the application of heave plates will significantly increase the system complexity 
and construction and maintenance costs. The experience of design of the 5-MW-CSC and OC4 semi indicate that, for 
semi-submersible wind turbines without heave plates, a relatively high roll/pitch restoring stiffness and the restriction of the 
heave natural period to beyond the wave range result in a large displaced volume and steel mass of the semi-submersible hull. 
3.3 Discussions on natural periods and modes (rigid-body motions and structural vibrations)  

The dimensions and mass of the semi-submersible hull for several initial designs could be selected based on the design 
space and criterion as mentioned in sections 3.1 and 3.2. Simplified expressions for the natural periods of 6 degrees of freedom 
rigid-body motions are used in sections 3.1 and 3.2. However, in principle, the natural periods and modes should be calculated 
by solving the eigenvalue problem. Lanczos' method [33] is widely used in commercial codes to solve the eigenvalue problem, 
which is related to the generalized mass and stiffness. The stiffness of the pontoons, columns, and braces could be represented 
by beam elements with simplified cross-sections. For example, Figure 5 shows a realistic cross-section of a pontoon with 



structural details. The realistic cross-section is represented by a simplified box-shape cross-section. The mass could be 
represented by mass points attached to the beam elements. Similarly, the mass and stiffness of the RNA and tower could be 
represented by mass points and beam elements. Note that the natural frequencies for the natural modes of the generator and 
drivetrain are expected to be very high. Therefore, the nacelle could be simply modeled by a mass point attached to a beam 
element, which represents the global structural stiffness of the nacelle.  

 

 
Figure 5 A realistic cross-section (left), stiffened plates (right top), and simplified box shape cross-section with 

equivalent thickness (right bottom) 
In analysis for natural periods and modes, it is important to appropriately account for effect of flexibility of the hull, tower, 
RNA, mooring system, added mass and fluctuations of hydrostatic pressure and gravity on the natural modes and frequencies. 
For instance, as shown in Figure 6, numerical analysis shows that natural frequency of the side-to-side tower central column 
bending mode is increased from 0.325 Hz to 0.463 Hz if real flexibility of the hull is replaced by an assumption that the hull is 
considered as a rigid body. Rigid-body assumption for the hull is used in some conventional time-domain computer codes for 
analyzing global responses, e.g. bending moment in tower base, rigid-body motions of the hull and mooring line tensions [40]. 
The rigid-body assumption may result in artificial resonant structural vibrations exited by, for example, the 1P and 3P effects. 



 
Figure 6 Side–to-side tower central column bending mode 

3.4 Simplifications for the design conditions used in ULS and FLS design checks 
Simplifications are proposed with respect to the variables of the time-domain simulations for each short-term analysis and 

the number of short-term environmental conditions. 
In each short-term analysis, the combined wind and wave environmental condition is considered as a stationary process 

represented by such parameters as 1) the duration of the stationary process, e.g., 10 min, 1 h, 3 h; 2) the mean wind speed at a 
specified reference height in the space (ܷ௪,௠); 3) the turbulence intensity factor; 4) the significant wave height (ܪ௦); 5) the peak 
period of wave spectrum ( ௣ܶ); 6) the type of wind spectrum, e.g., Kaimal; 7) the type of wave spectrum; and 8) the wind 
direction (݀௪௜௡ௗ) and wave direction (݀௪௔௩௘). 

It is a common practice to assume 10 min stationary wind for numerical simulations for on-shore and offshore fixed wind 
turbines, whereas 1-6 h simulations are required for wave loads on floating wind turbines [13] to account for the slow varying 
second-order wave load effect. Van der Hoven [34] showed that the power spectrum for wind measured over longer periods has 
small variations. Therefore, the assumption of a 1-3 h stationary wind field could be reasonable. The work of Burton et al [35] 
proved that the 1 h stationary wind field assumption can give satisfactory models in the wind industry. Therefore, each of the 
combined wind and wave environmental conditions could be considered stationary over 1 hour. 

 For each short-term analysis, the uncertainty of the fatigue damage is related to the simulation length and could be reduced 
by using the expected value. Kvittem & Moan [36] studied the effect of simulation length on fatigue for tower base a 
semi-submersible wind turbine. The expected fatigue damage induced by 155 environmental conditions in 20 years is estimated 
by 3 h time-domain simulation for each short-term analysis (ܦଷ௛), 1 h time-domain simulation for each short-term analysis (ܦଵ௛) 
and 10 min time-domain simulation for each short-term analysis (ܦଵ଴௠௜௡௦). The difference between ܦଷ௛ and ܦଵ௛ is no more 
than 4%, while that between ܦଷ௛ and ܦଵ଴௠௜௡௦ is less than 10%. Therefore, 1 h fatigue damage based on 3 samples could be 
used to reasonably account for stochastic uncertainties in short-term fatigue damage estimation with respect to tower base. 
Similar researches with respect to fatigue damage of structural components of the hull are needed in future as structural 
responses of the structural components could be dominated by different load components when compared to structural 
responses of tower base [51]. 

The number of the environmental conditions for fatigue assessment is related to the bin sizes for ܷ௪,௠, ܪ௦, ௣ܶ,	݀௪௜௡ௗ and 
݀௪௔௩௘. A bin size of 2 m/s for ܷ௪,௠, 0.5 m for ܪ௦ and 0.5 s for ௣ܶ is recommended by IEC6140-3. Kvittem & Moan [36] 
show that fatigue damage could be considerably underestimated if the bin sizes for ܷ௪,௠, ܪ௦ and ௣ܶ failed to include critical 



environmental conditions that result in large fatigue damage. However, small bin sizes correspond to a large number of 
environmental conditions and require expensive computations.  

The computational effort could be significantly reduced by conducting the FLS and ULS design checks based on a few 
representative design conditions selected from all of the environmental conditions possible in the design life. The challenge is 
how to select such representative environmental conditions. For the ULS design check, a possible solution is to employ the 
contour line/surface method. The contour line/surface method is a mature method for predicting extreme load effects for 
offshore structures under wave loads. For offshore wind turbines, the contour line/surface method must be calibrated by the full 
long-term analysis because 1) the critical extreme load effect induced by aerodynamic loads is likely to occur at operational 
wind conditions, rather than extreme wind conditions under which the wind turbine rotor is parked to reduce the wind load; 2) 
the load effect on the hull could be more sensitive to the value of ௣ܶ than the value of ܪ௦; and 3) floating wind turbines should 
be considered strongly coupled system. Modified environmental contour method to determine the long-term extreme responses 
of offshore fixed and floating wind turbines are discussed in [54-57]. 
3.5 Simplification of the methods for estimating the load effect on the hull 

Load effects on the hull need to be calculated by using finite element method with emphasis on the aero-hydro-servo-elastic 
feature and reasonable computational expenses. For example, Luan et al proposed a novel time-domain finite element method 
[40] for calculating sectional loads in the pontoons in a straight-forward manner by modeling the semi-submersible hull as a 
multi-body system.  

As pointed in [40], finite element analysis in frequency-domain is very cost-effective. However, the major limitations are 
that 1) it is a big challenge to appropriately account for the strong non-linear dynamic characteristics, which is known as the 
aero-hydro-servo-elastic feature, of floating wind turbines; and 2) transient loading events, such as wind turbine faults, cannot 
be modeled in frequency domain. However, the work of Luan el al [51] shows that sectional forces and moments of some 
structural components, e.g. the side columns of the 5-MW-CSC, in wind and waves could be dominated by first order wave 
excitation loads, and inertial and radiation loads which are related to wave induced motions. Consequently, these structural 
components could be designed based on wave induced responses calculated by using the conventional frequency-domain 
approach described as follows: 

 The semi-submersible wind turbine, which composes these structural components, could be assumed as a rigid-body 
oscillating around its mean position in wind and waves with 6 d.o.f.s, while the rigid-body motions are obtained by 
generating and solving corresponding motion equations in frequency-domain, and are used to derive the inertial loads 
on the hull of the semi-submersible wind turbine [46]. 

 Wave to hydrodynamic pressure force transfer function, for a given point on mean wetted body surface of the hull, 
could be calculated by generating and solving the corresponding boundary value problem as described in potential flow 
theory [46]. 

 Incident wave spectrum, and corresponding motion responses and wave to hydrodynamic pressure force transfer 
function could be used to derive the wave excitation and radiation loads on the hull.  

 The derived inertial, wave excitation and radiation loads can be mapped in a beam element finite element model for the 
hull to analyze wave induced sectional forces and moments and/or a shell element finite element model (including 
structural details) for the hull to analyze wave induced stresses. 

 If the hull is a static determinate structure, e.g. the 5-MW-CSC, a specified cross-section on a structural component, 
such as a column or a pontoon, of the hull could divide the hull into two parts, see [40]. Forces and moments in the 
specified cross-section could be obtained by integrating the derived inertial, wave excitation and radiation loads on 
mean wetted body surface of one of the two parts. 

 Mean position of the semi-submersible wind turbine depends on environmental condition subjected to the model. As 
analyzed in [51] the mean wetted body-surface used in the boundary value problem and for integrating the derived 
loads should correspond to the mean position of the semi-submersible wind turbine. Otherwise, the simulated 



responses may have a considerable deviation when compared to responses in real. 
Regarding the load effect on the global level, we suggest the simplification of pontoons, columns and braces as beam 

elements with simplified cross-sections. Stresses induced by the global load effect could be derived based on the sectional 
forces and moments in the beam elements. Figure 5 shows a simplified cross-section of a box-shape pontoon. The sectional 
forces and moments are represented by ܨ௫, ܨ௬, ܨ௭, ܯ௫, ܯ௬, and ܯ௭ at the geometrical center of the cross-section (the origin 
of the x_inp-y_inp-z_inp coordinate system). For an arbitrary point (ݕ௜௡௣,  ௜௡௣) on the cross-section, the nominal normal stressݖ
 and nominal shear stress (߬) induced by the sectional forces and moments could be calculated by Eq. (10, 11) based on the (௫ߪ)
Euler-Bernoulli beam theory and assumption that stress distribution induced by each load can be linearly combined. 
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where, ܣ is area of the cross-section. ݓ௬_௜௡௣ and ݓ௭_௜௡௣ are the corresponding section moduli. ܣ଴ is the circumscribed area 
of the cross-section. ݐ௖ is the equivalent thickness of the cross-section. ܵ௬_௜௡௣ and ܵ௭_௜௡௣  are static moments corresponding 
to the ݌݊݅_ݕ and  ݌݊݅_ݖ axes and the position of the point on the cross-section. ܫ௬_௜௡௣ and ܫ௭_௜௡௣ are the second moments of 
area of the cross-section.  

Compared with a realistic cross-section, which includes structural details, such as stiffeners, the thin wall box-shape 
approximation with ݐ௖ will underestimate the maximum shear stresses because the stiffeners carry the shear force inefficiently. 
Therefore, a reduction factor could be applied to ݐ௖ to compensate the underestimations for the shear stresses.  

Wave to sectional forces transfer functions and wave to stresses transfer functions could be sensitive to the wave directions, 
wave frequencies and position of the hull. 
3.6 Methods for estimating structural resistance 

The buckling strength of the pontoons and columns could be considered as stiffened plate subjected to local and global load 
effects. Relevant standards and practices such as DNV-RP-C201[38] could be applied. A preliminary detailed structural design 
is required. An application example is available in [42]. 

Fatigue analysis for the components of the hull is normally conducted by the S-N Palmgren-Miner rule approach. The stress 
ranges used in the S-N fatigue approach could be calculated by applying the rainflow counting method to the time series of the 
hot-spot stress. Appropriate SN curves should be selected based on relevant standards, e.g., DNV-RP-C203 [39].  

The hot-spot stresses are induced by stress concentration effect in particular at the structural intersections or joints. The 
fatigue life is very sensitive to the hot-spot stresses (in the order of 3-5 due to the slope of the S-N curves), which may appear at 
the joints between the columns, pontoons or braces. Therefore, the structural details need to be well designed to reduce the 
hot-spot stresses. For a complex joint, it is recommended that the hot-spot stress be calculated by finite element analysis [39].  

For the compartments of the pontoons and columns that are in between of the joints, in general, the stress concentration 
effect is not critical. Therefore, we propose that the fatigue life for such compartments could be estimated by the normal stresses 
of several representative points in the corresponding cross-section of the compartment multiplied by a specified stress 
concentration factor (SCF). A sensitivity study for the fatigue damage with respect to SCF is needed. 

 
4 Conclusions 

This paper deals with the design criteria, procedure and simplifications for developing conceptual design of MW level 
horizontal axis semi-submersible wind turbine hulls. Analysis and discussions presented in this paper are based on the authors’ 
experience with respect to design and analysis of semi-submersible wind turbines in the past six years.  

The wind turbine systems must be designed for serviceability and safety. The safety of the design could be checked by the 
limit state design, whereas the safety factors used in the partial safety factor format should be calibrated by reliability methods. 
While, there is a trade-off between the minimum required safety level and construction, installation and maintenance costs. Cost 



efficient design with acceptable reliability is preferred.  
Hull design for floating wind turbines should not be performed in isolation; rather, the interactions of the subsystems, i.e., 

the RNA, control system, tower, hull and mooring system, should be appropriately considered as floating wind turbines are 
considered strongly coupled systems requiring sufficient stability, appropriately designed natural periods and modes and 
reasonable structural design. 

Design is an iterative process. We assume that the design configuration of the RNA, tower and controller has been selected. 
Consequently, the allowable heeling angle, which is the upper limit of the critical heeling angle induced by the design 
overturning moment about the critical axis, could be used as a simplified stability criterion, in together with a criterion with 
respect to natural periods of rigid-body motions of semi-submersible wind turbines and two practical approaches for estimating 
value and distribution of steel and ballast mass of the hull, for developing initial designs of semi-submersible hulls.  

Design space of semi-submersible wind turbine hulls which is developed by using these criteria and simplified approaches 
are thoroughly analyzed and discussed. The restoring stiffness mainly comes from second moment of water plane area which is 
determined by diameter and arrangement of the side columns. Symmetrical arrangement with respect to the vertical axis through 
the geometrical center of the water plane area, in together with three side columns with or without a central column, is preferred. 
To satisfy the criterion with respect to natural periods of rigid-body motions, sufficient added mass and mass of displaced water 
are required. Heave plates could be used to efficiently increase added mass of the hull but will significantly increase the system 
complexity and construction and maintenance costs. For semi-submersible wind turbines without heave plates, a relatively high 
roll/pitch restoring stiffness and the restriction of the heave natural period to beyond the wave range result in a large displaced 
volume and steel mass of the semi-submersible hull. 

Natural periods and modes should eventually be checked by solving the eigenvalue problem which is related to the 
generalized mass and stiffness. It is important to appropriately account for effect of flexibility of the hull, tower, RNA, mooring 
system, added mass and fluctuations of hydrostatic pressure and gravity on the natural modes and frequencies. 

Simplifications for the design conditions used in ULS and FLS design checks are discussed based on a review of relevant 
publications. Each of the combined wind and wave environmental conditions could be considered stationary over 1 hour, while 
1 h fatigue damage based on 3 samples could be used to reasonably account for stochastic uncertainties in short-term fatigue 
damage estimation with respect to tower base. Similar researches with respect to fatigue damage of structural components of the 
hull are needed in future. The modified environmental contour method could be used to determine the long-term extreme 
responses of offshore fixed and floating wind turbines. More efforts are needed to shed lights on approaches for identifying 
critical environmental conditions for fatigue damage. 

Simplification of the methods for estimating the load effect on the hull is discussed. To appropriately account for the 
aero-hydro-servo-elastic feature of semi-submersible wind turbines, time-domain finite element analysis should be used. 
However, for some design, structural responses of some structural components in wind and waves could be dominated by first 
order wave excitation loads, and inertial and radiation loads which are related to wave induced motions. Consequently, these 
structural components could be designed based on wave induced responses calculated by using the frequency-domain approach 
described in this paper. 

Methods for estimating structural resistance are referred to relevant standards and practices. 
A detailed analysis with respect to design of the semi-submersible hull against accidental events, such as ship collision, loss 

of a mooring line and flooding in a column, is scheduled in future.  
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A Knowledge - Based Planning Approach. (Dr.Ing. 
Thesis) 

MTA-88-
60 

Xu Jun, MK Non-linear Dynamic Analysis of Space-framed 
Offshore Structures. (Dr.Ing. Thesis) 

MTA-89-
61 

Gang Miao, MH Hydrodynamic Forces and Dynamic Responses of 
Circular Cylinders in Wave Zones. (Dr.Ing. Thesis) 

MTA-89-
62 

Martin Greenhow, MH Linear and Non-Linear Studies of Waves and 
Floating Bodies. Part I and Part II. (Dr.Techn. 
Thesis) 

MTA-89-
63 

Chang Li, MH Force Coefficients of Spheres and Cubes in 
Oscillatory Flow with and without Current. (Dr.Ing. 
Thesis 

MTA-89-
64 

Hu Ying, MP A Study of Marketing and Design in Development 
of Marine Transport Systems. (Dr.Ing. Thesis) 

MTA-89-
65 

Arild Jæger, MH Seakeeping, Dynamic Stability and Performance of 
a Wedge Shaped Planing Hull. (Dr.Ing. Thesis) 

MTA-89-
66 

Chan Siu Hung, MM The dynamic characteristics of tilting-pad bearings 

MTA-89-
67 

Kim Wikstrøm, MP Analysis av projekteringen for ett offshore projekt. 
(Licenciat-avhandling) 

MTA-89-
68 

Jiao Guoyang, MK Reliability Analysis of Crack Growth under 
Random Loading, considering Model Updating. 
(Dr.Ing. Thesis) 

MTA-89-
69 

Arnt Olufsen, MK Uncertainty and Reliability Analysis of Fixed 
Offshore Structures. (Dr.Ing. Thesis) 

MTA-89-
70 

Wu Yu-Lin, MR System Reliability Analyses of Offshore Structures 
using improved Truss and Beam Models. (Dr.Ing. 
Thesis) 

MTA-90-
71 

Jan Roger Hoff, MH Three-dimensional Green function of a vessel with 
forward speed in waves. (Dr.Ing. Thesis) 

MTA-90-
72 

Rong Zhao, MH Slow-Drift Motions of a Moored Two-Dimensional 
Body in Irregular Waves. (Dr.Ing. Thesis) 

MTA-90-
73 

Atle Minsaas, MP Economical Risk Analysis. (Dr.Ing. Thesis) 

MTA-90-
74 

Knut-Aril Farnes, MK Long-term Statistics of Response in Non-linear 
Marine Structures. (Dr.Ing. Thesis) 

MTA-90-
75 

Torbjørn Sotberg, MK Application of Reliability Methods for Safety 
Assessment of Submarine Pipelines. (Dr.Ing. 
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Thesis) 

MTA-90-
76 

Zeuthen, Steffen, MP SEAMAID. A computational model of the design 
process in a constraint-based logic programming 
environment. An example from the offshore 
domain. (Dr.Ing. Thesis) 

MTA-91-
77 

Haagensen, Sven, MM Fuel Dependant Cyclic Variability in a Spark 
Ignition Engine - An Optical Approach. (Dr.Ing. 
Thesis) 

MTA-91-
78 

Løland, Geir, MH Current forces on and flow through fish farms. 
(Dr.Ing. Thesis) 

MTA-91-
79 

Hoen, Christopher, MK System Identification of Structures Excited by 
Stochastic Load Processes. (Dr.Ing. Thesis) 

MTA-91-
80 

Haugen, Stein, MK Probabilistic Evaluation of Frequency of Collision 
between Ships and Offshore Platforms. (Dr.Ing. 
Thesis) 

MTA-91-
81 

Sødahl, Nils, MK Methods for Design and Analysis of Flexible 
Risers. (Dr.Ing. Thesis) 

MTA-91-
82 

Ormberg, Harald, MK Non-linear Response Analysis of Floating Fish 
Farm Systems. (Dr.Ing. Thesis) 

MTA-91-
83 

Marley, Mark J., MK Time Variant Reliability under Fatigue 
Degradation. (Dr.Ing. Thesis) 

MTA-91-
84 

Krokstad, Jørgen R., MH Second-order Loads in Multidirectional Seas. 
(Dr.Ing. Thesis) 

MTA-91-
85 

Molteberg, Gunnar A., MM The Application of System Identification 
Techniques to Performance Monitoring of Four 
Stroke Turbocharged Diesel Engines. (Dr.Ing. 
Thesis) 

MTA-92-
86 

Mørch, Hans Jørgen Bjelke, MH Aspects of Hydrofoil Design: with Emphasis on 
Hydrofoil Interaction in Calm Water. (Dr.Ing. 
Thesis) 

MTA-92-
87 

Chan Siu Hung, MM Nonlinear Analysis of Rotordynamic Instabilities in 
Highspeed Turbomachinery. (Dr.Ing. Thesis) 

MTA-92-
88 

Bessason, Bjarni, MK Assessment of Earthquake Loading and Response 
of Seismically Isolated Bridges. (Dr.Ing. Thesis) 

MTA-92-
89 

Langli, Geir, MP Improving Operational Safety through exploitation 
of Design Knowledge - an investigation of offshore 
platform safety. (Dr.Ing. Thesis) 

MTA-92-
90 

Sævik, Svein, MK On Stresses and Fatigue in Flexible Pipes. (Dr.Ing. 
Thesis) 

MTA-92-
91 

Ask, Tor Ø., MM Ignition and Flame Growth in Lean Gas-Air 
Mixtures. An Experimental Study with a Schlieren 
System. (Dr.Ing. Thesis) 

MTA-86-
92 

Hessen, Gunnar, MK Fracture Mechanics Analysis of Stiffened Tubular 
Members. (Dr.Ing. Thesis) 
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MTA-93-
93 

Steinebach, Christian, MM Knowledge Based Systems for Diagnosis of 
Rotating Machinery. (Dr.Ing. Thesis) 

MTA-93-
94 

Dalane, Jan Inge, MK System Reliability in Design and Maintenance of 
Fixed Offshore Structures. (Dr.Ing. Thesis) 

MTA-93-
95 

Steen, Sverre, MH Cobblestone Effect on SES. (Dr.Ing. Thesis) 

MTA-93-
96 

Karunakaran, Daniel, MK Nonlinear Dynamic Response and Reliability 
Analysis of Drag-dominated Offshore Platforms. 
(Dr.Ing. Thesis) 

MTA-93-
97 

Hagen, Arnulf, MP The Framework of a Design Process Language. 
(Dr.Ing. Thesis) 

MTA-93-
98 

Nordrik, Rune, MM Investigation of Spark Ignition and Autoignition in 
Methane and Air Using Computational Fluid 
Dynamics and Chemical Reaction Kinetics. A 
Numerical Study of Ignition Processes in Internal 
Combustion Engines. (Dr.Ing. Thesis) 

MTA-94-
99 

Passano, Elizabeth, MK Efficient Analysis of Nonlinear Slender Marine 
Structures. (Dr.Ing. Thesis) 

MTA-94-
100 

Kvålsvold, Jan, MH Hydroelastic Modelling of Wetdeck Slamming on 
Multihull Vessels. (Dr.Ing. Thesis) 

MTA-94-
102 

Bech, Sidsel M., MK Experimental and Numerical Determination of 
Stiffness and Strength of GRP/PVC Sandwich 
Structures. (Dr.Ing. Thesis) 

MTA-95-
103 

Paulsen, Hallvard, MM A Study of Transient Jet and Spray using a 
Schlieren Method and Digital Image Processing. 
(Dr.Ing. Thesis) 

MTA-95-
104 

Hovde, Geir Olav, MK Fatigue and Overload Reliability of Offshore 
Structural Systems, Considering the Effect of 
Inspection and Repair. (Dr.Ing. Thesis) 

MTA-95-
105 

Wang, Xiaozhi, MK Reliability Analysis of Production Ships with 
Emphasis on Load Combination and Ultimate 
Strength. (Dr.Ing. Thesis) 

MTA-95-
106 

Ulstein, Tore, MH Nonlinear Effects of a Flexible Stern Seal Bag on 
Cobblestone Oscillations of an SES. (Dr.Ing. 
Thesis) 

MTA-95-
107 

Solaas, Frøydis, MH Analytical and Numerical Studies of Sloshing in 
Tanks. (Dr.Ing. Thesis) 

MTA-95-
108 

Hellan, Øyvind, MK Nonlinear Pushover and Cyclic Analyses in 
Ultimate Limit State Design and Reassessment of 
Tubular Steel Offshore Structures. (Dr.Ing. Thesis) 

MTA-95-
109 

Hermundstad, Ole A., MK Theoretical and Experimental Hydroelastic 
Analysis of High Speed Vessels. (Dr.Ing. Thesis) 

MTA-96-
110 

Bratland, Anne K., MH Wave-Current Interaction Effects on Large-Volume 
Bodies in Water of Finite Depth. (Dr.Ing. Thesis) 

MTA-96-
111 

Herfjord, Kjell, MH A Study of Two-dimensional Separated Flow by a 
Combination of the Finite Element Method and 



6 

Navier-Stokes Equations. (Dr.Ing. Thesis) 

MTA-96-
112 

Æsøy, Vilmar, MM Hot Surface Assisted Compression Ignition in a 
Direct Injection Natural Gas Engine. (Dr.Ing. 
Thesis) 

MTA-96-
113 

Eknes, Monika L., MK Escalation Scenarios Initiated by Gas Explosions on 
Offshore Installations. (Dr.Ing. Thesis) 

MTA-96-
114 

Erikstad, Stein O., MP A Decision Support Model for Preliminary Ship 
Design. (Dr.Ing. Thesis) 

MTA-96-
115 

Pedersen, Egil, MH A Nautical Study of Towed Marine Seismic 
Streamer Cable Configurations. (Dr.Ing. Thesis) 

MTA-97-
116 

Moksnes, Paul O., MM Modelling Two-Phase Thermo-Fluid Systems 
Using Bond Graphs. (Dr.Ing. Thesis) 

MTA-97-
117 

Halse, Karl H., MK On Vortex Shedding and Prediction of Vortex-
Induced Vibrations of Circular Cylinders. (Dr.Ing. 
Thesis) 

MTA-97-
118 

Igland, Ragnar T., MK Reliability Analysis of Pipelines during Laying, 
considering Ultimate Strength under Combined 
Loads. (Dr.Ing. Thesis) 

MTA-97-
119 

Pedersen, Hans-P., MP Levendefiskteknologi for fiskefartøy. (Dr.Ing. 
Thesis) 

MTA-98-
120 

Vikestad, Kyrre, MK Multi-Frequency Response of a Cylinder Subjected 
to Vortex Shedding and Support Motions. (Dr.Ing. 
Thesis) 

MTA-98-
121 

Azadi, Mohammad R. E., MK Analysis of Static and Dynamic Pile-Soil-Jacket 
Behaviour. (Dr.Ing. Thesis) 

MTA-98-
122 

Ulltang, Terje, MP A Communication Model for Product Information. 
(Dr.Ing. Thesis) 

MTA-98-
123 

Torbergsen, Erik, MM Impeller/Diffuser Interaction Forces in Centrifugal 
Pumps. (Dr.Ing. Thesis) 

MTA-98-
124 

Hansen, Edmond, MH A Discrete Element Model to Study Marginal Ice 
Zone Dynamics and the Behaviour of Vessels 
Moored in Broken Ice. (Dr.Ing. Thesis) 

MTA-98-
125 

Videiro, Paulo M., MK Reliability Based Design of Marine Structures. 
(Dr.Ing. Thesis) 

MTA-99-
126 

Mainçon, Philippe, MK Fatigue Reliability of Long Welds Application to 
Titanium Risers. (Dr.Ing. Thesis) 

MTA-99-
127 

Haugen, Elin M., MH Hydroelastic Analysis of Slamming on Stiffened 
Plates with Application to Catamaran Wetdecks. 
(Dr.Ing. Thesis) 

MTA-99-
128 

Langhelle, Nina K., MK Experimental Validation and Calibration of 
Nonlinear Finite Element Models for Use in Design 
of Aluminium Structures Exposed to Fire. (Dr.Ing. 
Thesis) 

MTA-99- Berstad, Are J., MK Calculation of Fatigue Damage in Ship Structures. 
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129 (Dr.Ing. Thesis) 

MTA-99-
130 

Andersen, Trond M., MM Short Term Maintenance Planning. (Dr.Ing. Thesis) 

MTA-99-
131 

Tveiten, Bård Wathne, MK Fatigue Assessment of Welded Aluminium Ship 
Details. (Dr.Ing. Thesis) 

MTA-99-
132 

Søreide, Fredrik, MP Applications of underwater technology in deep 
water archaeology. Principles and practice. (Dr.Ing. 
Thesis) 

MTA-99-
133 

Tønnessen, Rune, MH A Finite Element Method Applied to Unsteady 
Viscous Flow Around 2D Blunt Bodies With Sharp 
Corners. (Dr.Ing. Thesis) 

MTA-99-
134 

Elvekrok, Dag R., MP Engineering Integration in Field Development 
Projects in the Norwegian Oil and Gas Industry. 
The Supplier Management of Norne. (Dr.Ing. 
Thesis) 

MTA-99-
135 

Fagerholt, Kjetil, MP Optimeringsbaserte Metoder for Ruteplanlegging 
innen skipsfart. (Dr.Ing. Thesis) 

MTA-99-
136 

Bysveen, Marie, MM Visualization in Two Directions on a Dynamic 
Combustion Rig for Studies of Fuel Quality. 
(Dr.Ing. Thesis) 

MTA-
2000-137 

Storteig, Eskild, MM Dynamic characteristics and leakage performance 
of liquid annular seals in centrifugal pumps. 
(Dr.Ing. Thesis) 

MTA-
2000-138 

Sagli, Gro, MK Model uncertainty and simplified estimates of long 
term extremes of hull girder loads in ships. (Dr.Ing. 
Thesis) 

MTA-
2000-139 

Tronstad, Harald, MK Nonlinear analysis and design of cable net 
structures like fishing gear based on the finite 
element method. (Dr.Ing. Thesis) 

MTA-
2000-140 

Kroneberg, André, MP Innovation in shipping by using scenarios. (Dr.Ing. 
Thesis) 

MTA-
2000-141 

Haslum, Herbjørn Alf, MH Simplified methods applied to nonlinear motion of 
spar platforms. (Dr.Ing. Thesis) 

MTA-
2001-142 

Samdal, Ole Johan, MM Modelling of Degradation Mechanisms and 
Stressor Interaction on Static Mechanical 
Equipment Residual Lifetime. (Dr.Ing. Thesis) 

MTA-
2001-143 

Baarholm, Rolf Jarle, MH Theoretical and experimental studies of wave 
impact underneath decks of offshore platforms. 
(Dr.Ing. Thesis) 

MTA-
2001-144 

Wang, Lihua, MK Probabilistic Analysis of Nonlinear Wave-induced 
Loads on Ships. (Dr.Ing. Thesis) 

MTA-
2001-145 

Kristensen, Odd H. Holt, MK Ultimate Capacity of Aluminium Plates under 
Multiple Loads, Considering HAZ Properties. 
(Dr.Ing. Thesis) 

MTA-
2001-146 

Greco, Marilena, MH A Two-Dimensional Study of Green-Water 
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Loading. (Dr.Ing. Thesis) 

MTA-
2001-147 

Heggelund, Svein E., MK Calculation of Global Design Loads and Load 
Effects in Large High Speed Catamarans. (Dr.Ing. 
Thesis) 

MTA-
2001-148 

Babalola, Olusegun T., MK Fatigue Strength of Titanium Risers – Defect 
Sensitivity. (Dr.Ing. Thesis) 

MTA-
2001-149 

Mohammed, Abuu K., MK Nonlinear Shell Finite Elements for Ultimate 
Strength and Collapse Analysis of Ship Structures. 
(Dr.Ing. Thesis) 

MTA-
2002-150 

Holmedal, Lars E., MH Wave-current interactions in the vicinity of the sea 
bed. (Dr.Ing. Thesis) 

MTA-
2002-151 

Rognebakke, Olav F., MH Sloshing in rectangular tanks and interaction with 
ship motions. (Dr.Ing. Thesis) 

MTA-
2002-152 

Lader, Pål Furset, MH Geometry and Kinematics of Breaking Waves. 
(Dr.Ing. Thesis) 

MTA-
2002-153 

Yang, Qinzheng, MH Wash and wave resistance of ships in finite water 
depth. (Dr.Ing. Thesis) 

MTA-
2002-154 

Melhus, Øyvin, MM Utilization of VOC in Diesel Engines. Ignition and 
combustion of VOC released by crude oil tankers. 
(Dr.Ing. Thesis) 

MTA-
2002-155 

Ronæss, Marit, MH Wave Induced Motions of Two Ships Advancing 
on Parallel Course. (Dr.Ing. Thesis) 

MTA-
2002-156 

Økland, Ole D., MK Numerical and experimental investigation of 
whipping in twin hull vessels exposed to severe wet 
deck slamming. (Dr.Ing. Thesis) 

MTA-
2002-157 

Ge, Chunhua, MK Global Hydroelastic Response of Catamarans due 
to Wet Deck Slamming. (Dr.Ing. Thesis) 

MTA-
2002-158 

Byklum, Eirik, MK Nonlinear Shell Finite Elements for Ultimate 
Strength and Collapse Analysis of Ship Structures. 
(Dr.Ing. Thesis) 

IMT-
2003-1 

Chen, Haibo, MK Probabilistic Evaluation of FPSO-Tanker Collision 
in Tandem Offloading Operation. (Dr.Ing. Thesis) 

IMT-
2003-2 

Skaugset, Kjetil Bjørn, MK On the Suppression of Vortex Induced Vibrations 
of Circular Cylinders by Radial Water Jets. (Dr.Ing. 
Thesis) 

IMT-
2003-3 

Chezhian, Muthu Three-Dimensional Analysis of Slamming. (Dr.Ing. 
Thesis) 

IMT-
2003-4 

Buhaug, Øyvind Deposit Formation on Cylinder Liner Surfaces in 
Medium Speed Engines. (Dr.Ing. Thesis) 

IMT-
2003-5 

Tregde, Vidar Aspects of Ship Design: Optimization of Aft Hull 
with Inverse Geometry Design. (Dr.Ing. Thesis) 

 
 
IMT-

 
 
Wist, Hanne Therese 

 

Statistical Properties of Successive Ocean Wave 
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2003-6 Parameters. (Dr.Ing. Thesis) 

IMT-
2004-7 

Ransau, Samuel Numerical Methods for Flows with Evolving 
Interfaces. (Dr.Ing. Thesis) 

IMT-
2004-8 

Soma, Torkel Blue-Chip or Sub-Standard. A data interrogation 
approach of identity safety characteristics of 
shipping organization. (Dr.Ing. Thesis) 

IMT-
2004-9 

Ersdal, Svein An experimental study of hydrodynamic forces on 
cylinders and cables in near axial flow. (Dr.Ing. 
Thesis) 

IMT-
2005-10 

Brodtkorb, Per Andreas The Probability of Occurrence of Dangerous Wave 
Situations at Sea. (Dr.Ing. Thesis) 

IMT-
2005-11 

Yttervik, Rune Ocean current variability in relation to offshore 
engineering. (Dr.Ing. Thesis) 

IMT-
2005-12 

Fredheim, Arne Current Forces on Net-Structures. (Dr.Ing. Thesis) 

IMT-
2005-13 

Heggernes, Kjetil Flow around marine structures. (Dr.Ing. Thesis 

IMT-
2005-14 

Fouques, Sebastien Lagrangian Modelling of Ocean Surface Waves and 
Synthetic Aperture Radar Wave Measurements. 
(Dr.Ing. Thesis) 

IMT-
2006-15 

Holm, Håvard Numerical calculation of viscous free surface flow 
around marine structures. (Dr.Ing. Thesis) 

IMT-
2006-16 

Bjørheim, Lars G. Failure Assessment of Long Through Thickness 
Fatigue Cracks in Ship Hulls. (Dr.Ing. Thesis) 

IMT-
2006-17 

Hansson, Lisbeth Safety Management for Prevention of Occupational 
Accidents. (Dr.Ing. Thesis) 

IMT-
2006-18 

Zhu, Xinying Application of the CIP Method to Strongly 
Nonlinear Wave-Body Interaction Problems. 
(Dr.Ing. Thesis) 

IMT-
2006-19 

Reite, Karl Johan Modelling and Control of Trawl Systems. (Dr.Ing. 
Thesis) 

IMT-
2006-20 

Smogeli, Øyvind Notland Control of Marine Propellers. From Normal to 
Extreme Conditions. (Dr.Ing. Thesis) 

IMT-
2007-21 

Storhaug, Gaute Experimental Investigation of Wave Induced 
Vibrations and Their Effect on the Fatigue Loading 
of Ships. (Dr.Ing. Thesis) 

IMT-
2007-22 

Sun, Hui A Boundary Element Method Applied to Strongly 
Nonlinear Wave-Body Interaction Problems. (PhD 
Thesis, CeSOS) 

IMT-
2007-23 

Rustad, Anne Marthine Modelling and Control of Top Tensioned Risers. 
(PhD Thesis, CeSOS) 

IMT-
2007-24 

Johansen, Vegar Modelling flexible slender system for real-time 
simulations and control applications 

IMT-
2007-25 

Wroldsen, Anders Sunde Modelling and control of tensegrity structures. 
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(PhD Thesis, CeSOS) 

IMT-
2007-26 

Aronsen, Kristoffer Høye An experimental investigation of in-line and 
combined inline and cross flow vortex induced 
vibrations. (Dr. avhandling, IMT) 

IMT-
2007-27 

Gao, Zhen Stochastic Response Analysis of Mooring Systems 
with Emphasis on Frequency-domain Analysis of 
Fatigue due to Wide-band Response Processes 
(PhD Thesis, CeSOS) 

IMT-
2007-28 

Thorstensen, Tom Anders Lifetime Profit Modelling of Ageing Systems 
Utilizing Information about Technical Condition. 
(Dr.ing. thesis, IMT) 

IMT-
2008-29 

Refsnes, Jon Erling Gorset Nonlinear Model-Based Control of Slender Body 
AUVs (PhD Thesis, IMT) 

IMT-
2008-30 

Berntsen, Per Ivar B. Structural Reliability Based Position Mooring. 
(PhD-Thesis, IMT) 

IMT-
2008-31 

Ye, Naiquan Fatigue Assessment of Aluminium Welded Box-
stiffener Joints in Ships (Dr.ing. thesis, IMT) 

IMT-
2008-32 

Radan, Damir Integrated Control of Marine Electrical Power 
Systems. (PhD-Thesis, IMT) 

IMT-
2008-33 

Thomassen, Paul Methods for Dynamic Response Analysis and 
Fatigue Life Estimation of Floating Fish Cages. 
(Dr.ing. thesis, IMT) 

IMT-
2008-34 

Pákozdi, Csaba A Smoothed Particle Hydrodynamics Study of 
Two-dimensional Nonlinear Sloshing in 
Rectangular Tanks. (Dr.ing.thesis, IMT/ CeSOS) 

IMT-
2007-35 

Grytøyr, Guttorm A Higher-Order Boundary Element Method and 
Applications to Marine Hydrodynamics. 
(Dr.ing.thesis, IMT) 

IMT-
2008-36 

Drummen, Ingo Experimental and Numerical Investigation of 
Nonlinear Wave-Induced Load Effects in 
Containerships considering Hydroelasticity. (PhD 
thesis, CeSOS) 

IMT-
2008-37 

Skejic, Renato Maneuvering and Seakeeping of a Singel Ship and 
of Two Ships in Interaction. (PhD-Thesis, CeSOS) 

IMT-
2008-38 

Harlem, Alf An Age-Based Replacement Model for Repairable 
Systems with Attention to High-Speed Marine 
Diesel Engines. (PhD-Thesis, IMT) 

IMT-
2008-39 

Alsos, Hagbart S. Ship Grounding. Analysis of Ductile Fracture, 
Bottom Damage and Hull Girder Response. (PhD-
thesis, IMT) 

IMT-
2008-40 

Graczyk, Mateusz Experimental Investigation of Sloshing Loading 
and Load Effects in Membrane LNG Tanks 
Subjected to Random Excitation. (PhD-thesis, 
CeSOS) 

IMT-
2008-41 

Taghipour, Reza Efficient Prediction of Dynamic Response for 
Flexible amd Multi-body Marine Structures. (PhD-
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thesis, CeSOS) 

IMT-
2008-42 

Ruth, Eivind Propulsion control and thrust allocation on marine 
vessels. (PhD thesis, CeSOS) 

IMT-
2008-43 

Nystad, Bent Helge Technical Condition Indexes and Remaining Useful 
Life of Aggregated Systems. PhD thesis, IMT 

IMT-
2008-44 

Soni, Prashant Kumar Hydrodynamic Coefficients for Vortex Induced 
 Vibrations of Flexible Beams,  PhD 
thesis, CeSOS 

IMT-
2009-45 

Amlashi, Hadi K.K. Ultimate Strength and Reliability-based Design of 
Ship Hulls with Emphasis on Combined Global and 
Local Loads. PhD Thesis, IMT 

IMT-
2009-46 

Pedersen, Tom Arne Bond Graph Modelling of Marine Power Systems. 
PhD Thesis, IMT 

IMT-
2009-47 

Kristiansen, Trygve Two-Dimensional Numerical and Experimental 
Studies of Piston-Mode Resonance. PhD-Thesis, 
CeSOS 

IMT-
2009-48 

Ong, Muk Chen Applications of a Standard High Reynolds Number   
Model and a Stochastic Scour Prediction Model for 
Marine Structures. PhD-thesis, IMT 

IMT-
2009-49 

Hong, Lin Simplified Analysis and Design of Ships subjected 
to Collision and Grounding. PhD-thesis, IMT 

IMT-
2009-50 

Koushan, Kamran Vortex Induced Vibrations of Free Span Pipelines, 
PhD thesis, IMT 

IMT-
2009-51 

Korsvik, Jarl Eirik Heuristic Methods for Ship Routing and 
Scheduling. PhD-thesis, IMT 

IMT-
2009-52 

Lee, Jihoon Experimental Investigation and Numerical in 
Analyzing the Ocean Current Displacement of 
Longlines. Ph.d.-Thesis, IMT. 

IMT-
2009-53 

Vestbøstad, Tone Gran A Numerical Study of Wave-in-Deck Impact usin a 
Two-Dimensional Constrained Interpolation Profile 
Method, Ph.d.thesis, CeSOS. 

IMT-
2009-54 

Bruun, Kristine Bond Graph Modelling of Fuel Cells for Marine 
Power Plants. Ph.d.-thesis, IMT 

IMT 
2009-55 

Holstad, Anders Numerical Investigation of Turbulence in a Sekwed 
Three-Dimensional Channel Flow, Ph.d.-thesis, 
IMT. 

IMT 
2009-56 

Ayala-Uraga, Efren Reliability-Based Assessment of Deteriorating 
Ship-shaped Offshore Structures, Ph.d.-thesis, IMT 

IMT 
2009-57 

Kong, Xiangjun A Numerical Study of a Damaged Ship in Beam 
Sea Waves. Ph.d.-thesis, IMT/CeSOS. 

IMT 
2010-58 

Kristiansen, David Wave Induced Effects on Floaters of Aquaculture 
Plants, Ph.d.-thesis, CeSOS. 
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IMT 
2010-59 

Ludvigsen, Martin An ROV-Toolbox for Optical and Acoustic 
Scientific Seabed Investigation. Ph.d.-thesis IMT. 

IMT 
2010-60 

Hals, Jørgen Modelling and Phase Control of Wave-Energy 
Converters. Ph.d.thesis, CeSOS. 

 

IMT 
2010- 61 

Shu, Zhi Uncertainty Assessment of Wave Loads and 
Ultimate Strength of Tankers and Bulk Carriers in a 
Reliability Framework. Ph.d. Thesis, IMT/ CeSOS 

IMT 
2010-62 

Shao, Yanlin Numerical Potential-Flow Studies on Weakly-
Nonlinear Wave-Body Interactions with/without 
Small Forward Speed, Ph.d.thesis,CeSOS.  

IMT 
2010-63 

Califano, Andrea Dynamic Loads on Marine Propellers due to 
Intermittent Ventilation. Ph.d.thesis, IMT. 

IMT 
2010-64 

El Khoury, George Numerical Simulations of Massively Separated 
Turbulent Flows, Ph.d.-thesis, IMT 

IMT 
2010-65 

Seim, Knut Sponheim Mixing Process in Dense Overflows with Emphasis 
on the Faroe Bank Channel Overflow. Ph.d.thesis, 
IMT 

IMT 
2010-66 

Jia, Huirong Structural Analysis of Intect and Damaged Ships in 
a Collission Risk Analysis Perspective. Ph.d.thesis 
CeSoS. 

IMT 
2010-67 

Jiao, Linlin Wave-Induced Effects on a Pontoon-type Very 
Large Floating Structures (VLFS). Ph.D.-thesis, 
CeSOS. 

IMT 
2010-68 

Abrahamsen, Bjørn Christian Sloshing Induced Tank Roof with Entrapped Air 
Pocket. Ph.d.thesis, CeSOS. 

IMT 
2011-69 
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